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A general procedure is described for isolation of T-even phage-tolerant mutants
of Escherichia coli. Two such mutants of E. coli B have been examined in some de-
tail. These mutants adsorb T-even phages but are unable to release viable progeny.
Under certain conditions, viability of the cells is completely unaffected by phage in-
fection in one mutant, and there is but a slight decrease in.colony-forming ability
in the other. Phage deoxyribonucleic acid (DNA) is injected into these cells, as
shown by the formation of phage-specific enzymes, but it is not degraded to acid-
soluble material. Some phage DNA replication occurs in both strains. The mutants
are both more resistant to ultraviolet light than is the parent strain.

To understand the role of host-cell functions in
the replication of bacteriophages, it is useful to
have phage-tolerant bacterial mutants, i.e., strains
which can adsorb virus but are unable to propa-
gate infectious phage. Such mutants have been
described for ¢x174 (2, 3) and for A (10) but not
for the T-even phages. The latter phages contain
so much genetic information of their own that one
might not expect bacterial functions to play essen-
tial roles in phage replication. An additional fac-
tor which may have inhibited research in this area
is the relatively. high frequency with which Esch-
erichia coli mutates to resistance to the T-even
phages. Thus, most mutants which appeared
“tolerant” by virtue of their ability to grow in the
presence of phage would be so because of their
inability to adsorb phage. I have circumvented
this problem by the simple expedient of seeking
strains which can grow in the simultaneous pres-
ence of two different T-even phages, T2 and T4.
Since these phages adsorb to different sites on the
E. coli cell wall (12), any bacterial strains resistant
to adsorption by both phages would have to be
double mutants. Thus, the background of resist-
ant strains encountered in a mutant hunt is
lowered by a large factor. This paper describes
the isolation and some properties of two T-even
phage-tolerant mutants of E. coli B.

MATERIALS AND METHODS

Bacteria were mutagenized by treatment with
N-methyl-N’-nitro-N-nitrosoguanidine by a modifi-
cation of the method of Adelberg et al. (1). E. coli
B, growing in nutrient broth, was harvested, washed

in 0.1 M sodium citrate buffer (pH 5.0), and resus-
pended in the same buffer. N-methyl-N’-nitro-N-
nitrosoguanidine was added at 100 ug/ml, and the
cells were incubated at 37 C for 15 min. The cells were
centrifuged and washed in sterile 0.99, NaCl, and a
sample was diluted into nutrient broth and incubated
overnight at 37 C.

For isolation of T-even-tolerant mutants, a sample
of mutagenized bacteria containing between 107 and
108 viable cells was applied to a nutrient agar plate, by
use of the pour-plate technique, in the presence of
about 10° plaque-forming particles each of T2 and
T4. The plates were incubated at 37 C. Between 20
and 50 bacterial colonies were seen on each plate
against a background of confluent lysis. (It should be
observed that no colonies were seen when a non-
mutagenized stock was plated under identical condi-
tions.) Ten colonies were picked and streaked on
nutrient agar plates. These 10 stocks were checked
for their ability to adsorb phages T2, T4, and T6 and
for their failure to lose colony-forming ability after
infection by one of these phages. Two strains were
selected for further study and were named E. coli B
tet 1 and E. coli B tet 2 (tet being the initials for T-
even-tolerant).

Preparation of bromouracil-labeled phage and
equilibrium density gradient centrifugation of CsCl
were carried out as described by Murray and Mathews
(9). Other methods, including ultraviolet (UV) irradi-
ation, preparation of phages with labeled deoxyribonu-
cleic acid (DNA), and assay of phage-induced en-
zymes, were carried out as described previously (8).

RESULTS AND DISCUSSION

T-even phage adsorption by tet mutants. The
ability of B fer 1 and B tet 2 to adsorb T-even
phages was checked in single infection of broth-
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TABLE 1. Adsorption of T-even phages by
tet mutants®

Per cent of unadsorbed phage
Bacteria
T2 T4 Té6
Escherichia coli
.................... 7.3 11.3 4.5
Brerl............... 8.3 16.7 4
Btetr2............... 10 26.7 7.7

e Cells were grown at 37 C in nutrient broth to
about 2 X 10%8 mi—! and infected at an average
multiplicity of 0.1. Unadsorbed phage titers were
determined after chloroform treatment at 10 min
after infection, with E. coli B as the plating bac-
teria.

grown cells at 37 C. As seen in Table 1, the mu-
tants adsorbed T2 and T6 to about the same ex-
tent as E. coli B. T4 was not adsorbed quite as
well, but more than 709, of the added phages
were adsorbed in all cases studied. In other ex-
periments, the mutants were found to adsorb T4
phage to a lesser degree than the parent strain
when grown in minimal media. In one such ex-
periment, E. coli B grown in M9 medium ad-
sorbed 989, of added T4D within 5 min, whereas
tet 1 and tet 2 adsorbed but 61 and 63 %, respec-
tively. Adsorption of T4 by the tet mutants is also
quite poor in glycerol-Casamino Acids medium
(5). Since satisfactory adsorption is seen in nu-
trient broth, this has been used for many of the
preliminary experiments described in this report.
However, for most of our biochemical experi-
ments we are using glycerol-Casamino Acids
medium in conjunction with infection by T,
because this system gives both satisfactory ad-
sorption and a chemically defined environment for
the infected cells.

Effects on cell viability. The two rer mutants
differ somewhat from one another in response to
infection by T-even phages. Infection of rer 1 by
T4 in nutrient broth has no detectable effect on
cell viability (Fig. 1), and infected cells continue
to grow. On the other hand, infection of et 2 by
T4 leads to loss of colony-forming ability in one-
third to one-half of the cells. However, in neither
case are productive infections observed. As shown
in Table 2, no infectious centers could be detected
in cultures of either mutant infected with T4, nor
was there any detectable formation of viable
progeny phage.

Effects on viability in glycerol-Casamino Acids
medium are somewhat variable, with survival
after T6 infection of either strain ranging between
40 and 809, in different experiments.

Other properties. The ter mutants show no
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Fic. 1. Survival of bacteria after infection with
T4D. Cells were grown in nutrient broth to about 3 X
108 mI™ and infected at an average multiplicity of 5.
Surviving bacteria were assayed at the indicated times.
Symbols: O, E. coli B; A, B tet 1; ¥V, B tet 2.

absolute nutritional requirements, although
growth in defined media is slower for both strains
than for the parent strain. For example, E. coli
B has a mass doubling time of 45 min in glycerol-
Casamino Acids medium at 37 C, whereas the cor-
responding values for zet 1 and zet 2 are 78 and 69
min respectively. However, both mutants grow as
rapidly in nutrient broth as does E. coli B. The
mutant bacteria form smaller colonies on nutrient
agar plates than does the parent strain, and
microscopic examination shows cells of both zez 1
and zet 2 to be somewhat smaller than those of
E. coli B. Unlike the analogous REP— mutants
affecting development of ¢x174 (2, 3) and A (10),
the zet mutants are considerably more resistant to
irradiation by UV light than the parent strain, as
shown in Fig. 2. Neither mutant is temperature-
sensitive, as judged by relative ability to form
colonies when incubated at 30 or 43 C.

One note of caution should be sounded in con-
nection with work on T-even-tolerant strains. The
mutants seem to revert with fairly high frequency,
or else the few revertants formed can rapidly out-
grow the mutants in a culture. At any rate, we
find that stocks which have been transferred
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TaBLE 2. Lack of productive infections in tet
mutants infected with T4*

Bacteria
Determination

‘ Biet 1 . B et 2
Per cent of surviving 1‘ ‘ }
bacteria..............0 1.2 ;100 . 47.7
Per cent of cells yield- | i i
ing infective centers. 1100 f <0.02 ' <0.02
Average burst size...... 1220 ‘ <0.03 | <0.05

|

o Cells were grown at 37 C to about 3 X 10® ml—?
in nutrient broth and infected with T4D at an
average multiplicity of 5. At 5 min, the cells were
centrifuged to remove most unadsorbed phage
and resuspended in fresh broth. Five minutes after
this, samples were removed for determination of
surviving bacteria and infective centers (the latter
corrected for the small amount of remaining un-
adsorbed phage). At 60 min after resuspension,
samples were taken for determination of average
burst size (based upon the cell concentration at
time zero, and also corrected for unadsorbed
phage). All platings were carried out with E. coli
B.

several times tend to lose their tolerance to T-even
phages. For this reason, we isolate stocks from
single colonies at frequent intervals and check the
phenotype before doing any biochemical experi-
ments.

To date, we have not attempted any genetic
analysis of either strain, particularly with respect
to the question of whether single or multiple
mutations are involved in generating the rer
phenotype. The relatively high rate at which
revertants appear suggests that single mutations
are involved. Moreover, when a large colony-
former was picked from a et 2 culture as a possi-
ble revertant, it was found to have both the UV
sensitivity and the susceptibility to T6 infection
characteristic of E. coli B. Thus, at least in the
case of rer 2, it would appear that a single muta-
tion is responsible both for tolerance and for
resistance to UV.

Can tolerance be overcome? One can easily
isolate host-range mutants of T-even phages, i.e.,
strains which can productively infect bacteria
which are resistant to adsorption by wild-type
phage. One would like to know whether phage can
undergo analogous mutations which would allow
them to overcome the tolerance exhibited by the
tet mutants. We have not yet investigated this
question in detail. However, when as many as 10°
viable particles of T2, T4, or T6 are plated on a
lawn of either ter 1 or fet 2, no plaques are seen.
Therefore, if T-even phages can mutate to over-
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FiG. 2. Ultraviolet light inactivation curves for E.
coli B (O); B tet 1 (A); and B tet 2 (V).

come phage tolerance, the rate of spontaneous
mutation is certainly quite low.

The same results were seen when phages T3 or
T5 were plated on a lawn of either zer mutant; no
plaques were seen even when 10° infectious phage
were applied to a plate. Therefore, the two mu-
tants may well be T-odd-tolerant as well as T-
even-tolerant. However, since no definitive ex-
periments have yet been carried out with the
T-odd phages, we prefer to retain the name “T-
even-tolerant” to define our mutants, at least for
the present.

On the metabolic changes associated with T-
even-tolerance. Why is infection abortive in cul-
tures of the fer mutants? Clearly, an answer to this
question will involve extensive studies of the
reactions of phage development in tolerant cells.
Such experiments are currently in progress and
will be reported subsequently. To date, however,
we have performed experiments which allow us to
rule out three superficially plausible explanations
of tolerance. First, one might expect that infec-
tions are abortive because fef mutants can degrade
phage DNA. In this context, Smith et al. (11)
showed that some strains of E. coli W survive T2
infection by virtue of an ability to break down
phage DNA. However, we find no detectable
degradation of labeled T4 DNA to acid-soluble
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FiG. 4. Phage-induced enzyme synthesis. Cells were
grown in glycerol-Casamino Acids medium to about
3 X 103 mi™ and infected with T6 at an average
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FiG. 3. Degradation of parental phage DNA to
acid-soluble material. Cells grown in nutrient broth to
about 3 X 103 mlI™ were infected at an average multi-
plicity of 4 with “C-uracil-labeled T4D. At the in-

40

multiplicity of 5. Samples were removed at the indicated
times and assayed for dACMP hydroxymethylase (HM),
dihydrofolate reductase (DR), and lysozyme. Symbols:
O,E.coli B; \,Btet1; A, B tet2.

TABLE 3. Lack of productive infections in tet
mutants infected with T6*

dicated times, 0.1-ml samples were removed and added
to 1.0-ml portions of cold 5%, trichloroacetic acid. The
samples were passed through membrane filters (Milli-
pore Corp.), which were than washed in cold 5%,
trichloroacetic acid, dried, and counted in a liquid
scintillation counter. Symbols: O, E. coli B; A, B
tet 1; V, B tet 2.

material (Fig. 3) even though some such break-
down was seen in infected cultures of E. coli B.
Another possible explanation of tolerance is
that the bacterial cell surface might be altered in
such a way that phage DNA is not injected into
the cell. Although DNA injection has not been
tested directly, we do find that phage-induced
enzymes are synthesized by both ter mutants in
Té6-infected cells, a phenomenon which could
occur only if DNA were injected. Synthesis of the
early enzymes, dCMP hydroxymethylase and di-
hydrofolate reductase, occurs to the extent of
about 409, of control values although the reduc-
tase activity decreases to preinfection levels late in
infection (Fig. 4). A small amount of the ‘“late”
enzyme, lysozyme, was also synthesized. Although
at first glance it may seem surprising that a late
phage function seems to be expressed in abortively
infected cells, it must be stated that there is no
assurance that lysozyme is synthesized in all of the
infected cells. Cell survival was only 399, in the
tet 1 culture used for this experiment (Table 3)
and 809, with tet 2. It is conceivable that lysozyme
is synthesized only in those cells which do not
survive. In any case, we should observe that, just
as seen with T4, infection of all cells by T6 is
abortive, as judged both by the failure of any cells

i Bacteria
Determination !
I B Btet 1 Blet2
Per cent of phage not
adsorbed............. 3.3 6.5 4.2
Per cent of surviving |
bacteria.............. 4.6 | 38.7 79.6
Per cent of cells yield-
ing infective centers. .| 100 <0.06 | <0.06
Average burst size. .. .. 274 <0.30 | <0.10

a Cells were grown in glycerol-Casamino Acids
medium to about 3 X 108 ml~! and infected with
T6 at an average multiplicity of 5 (these were the
same cultures used in the experiment described in
Fig. 4). Samples were taken at 10 min after infec-
tion for assay of unadsorbed phage, infective
centers, and surviving bacteria, and at 60 min for
determination of average burst size, as described
in the legend to Table 2.

to form infective centers or of viable phage prog-
eny to be formed.

As a third explanation for tolerance, one might
propose that the et mutants are unable to sup-
port phage DNA replication. Suppose, for exam-
ple, that the structure of the bacterial membrane
is altered such that parental phage DNA cannot
attach to it as a prelude to replication. One cannot
test DNA replication in this system by following
incorporation of isotopic DNA precursors, for we
have not yet established the extent to which bac-
terial functions are depressed in fet mutants soon
after infection. Certainly the shutoff of bacterial
functions, even if it occurs, is not permanent;
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FIG. 5. DNA replication. Cultures initially at cell
concentrations of 3 X 100 ml™ to 5 X 10" mI™ in
glycerol-Casamino Acids medium were grown in 37 C
for about one generation. BUDR was then added to
20 ug/ml, along with 30 ug of 5-fluorodeoxyuridine per
ml, the latter added to block endogenous thymidylate
synthesis and promote BUDR incorporation. Uracil
was also added at 20 ug/ml. The cells were density-
labeled by growth for a further two generations,
whereupon 5-ml cultures were infected at a multiplicity
of 8 with T6 containing “C-uracil-labeled DNA.
Twenty minutes after infection, the cultures were
centrifuged to remove unadsorbed phage and resus-
pended in 2 ml each of tris(hydroxymethyl)amino-
methane (Tris)-glucose salts (9). Lysis was carried out
by the low-temperature procedure of Frankel (4).
Tritium-labeled T4 phage preparations were added as
density markers to each culture: a sample of “light”
phage prepared by labeling with 3H-thymidine, and
a sample of “‘dense” phage prepared by labeling with
3H-BUDR. The lysates were then extracted with two
successive 4-ml portions of phenol saturated with
Tris-glucose salts. The extraction was carried out by
gentle rolling in a cold room, and precautions were
taken to minimize hydrodynamic shear. The DNA
samples were dialyzed exhaustively against standard
saline citrate, and samples were prepared for CsCl
gradient centrifugation (9). The gradients were
centrifuged at 37,000 rev/min for 52 hr. The vertical
dashed lines on the graph indicate the positions of the
dense and light 3H-labeled marker DNA values, as
indicated. It was impossible to monitor cell survival in
this experiment, since bacterial viability was severely
affected by growth in BUDR. However, infection of the
tet mutants was abortive, as shown by the absence of
infective centers and the failure of detectable progeny
phage to be formed.
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otherwise, the cells could not survive to form
colonies. Accordingly, I tested for phage DNA
synthesis by examining the extent to which “C-
labeled parental T6 DNA increased in density
after infection of cells grown for two generations
in the presence of 5-bromodeoxyuridine (BUDR).
As discussed by Kozinski and Felgenhauer (7),
this approach provides a more sensitive test of
DNA replication than does isotope incorpora-
tion, even in the absence of complications caused
by possible incomplete shutoff of host-cell func-
tions.

Significant DNA replication occurs in the tet
mutants (Fig. 5). By 20 min after infection, the
time at which cells were harvested in this experi-
ment, the proportion of parental DNA which had
undergone replication is actually greater in B rer 1
than in B, although considerably less in B ez 2.
Similar results were seen in other experiments
(not shown) involving collection of the infected
cells at 15 rather than 20 min.

Examination of Fig. 5 shows that the replicated
parental DNA in infection of E. coli B assumes a
density comparable to that of heavy phage DNA
(i.e., fully labeled with BUDR). This is, of
course, expected from the fragmentation and
dispersion of parental DNA among progeny
DNA molecules, as described by Kozinski (6).
On the other hand, replicated parental DNA in
infection by either fer mutant assumes a hybrid
density. Since the DNA samples used in this ex-
periment were isolated by a low-shear procedure
minimizing DNA degradation, one can explain
this result either by postulating that dispersion of
parental label does not occur, or else that disper-
sion does occur but intracellular phage DNA
undergoes extensive breakage in the fer mutants.
Resolution of this question must await the results
of studies on the sedimentation rates of intra-
cellular phage DNA in infection of the fer mu-
tants. One should note also that the experiment of
Fig. 5 says nothing about the relative extents of
DNA replication in the various cultures, but only
shows that some DNA replication occurs. It is
conceivable that only a single round of DNA re-
plication occurs in the zez mutants.

I have thus described a method for isolation of
bacterial mutants which can adsorb T-even phages
but cannot support virus growth. Several early
phage functions are expressed, including early
enzyme synthesis and some DNA replication.
The metabolic step at which phage multiplication
stops is unknown.

ACKNOWLEDGMENTS

This investigation was supported by Public Health Service re-
search grant AI-08230 from the National Institute of Allergy and
Infectious Diseases and research grant 68 811 from the American
Heart Association.



168

I thank Mildred Ceizyk for capable technical assistance. I also
thank David W. Mount for providing me with details of a pro-
cedure for mutagenizing bacteria.

LITERATURE CITED

1. Adelberg, E. A., M. Mandel, and G. C. C. Chen. 1965. Opti-
mal conditions for mutagenesis by N-methyl-N’-nitro-N-
nitrosoguanidine in Escherichia coli K12. Biochem. Biophys.
Res. Commun. 18:788-795.

2. Calendar, R., B. Lindqvist, G. Sironi, and A. J. Clark. 1970.
Characterization of REP~ mutants and their interaction
with P2 phage. Virology 40:72-83.

3. Denhardt, D. T., D. H. Dressler, and A. Hathaway. 1967. The
abortive replication of ¢x174 in a recombination-deficient
mutant of Escherichia coli. Proc. Nat. Acad. Sci. U.S.A. 57:
813-820.

4. Frankel, F. R. 1968. Evidence for long DNA strands in the
replicating pool after T4 infection. Proc. Nat. Acad. Sci.
U.S.A. 59:131-138.

5. Fraser, D., and E. A. Jerrell. 1953. The amino acid composi-
tion of T3 bacteriophage. J. Biol. Chem. 205:291-298.

MATHEWS

=

o

11.

12.

J. ViroL.

Kozinski, A. W. 1961. Fragmentary transfer of P32 labeled
parental DNA to progeny phage. Virology 13:124-134.

. Kozinski, A. W., and Z. Z. Felgenhauer. 1967. Molecular

recombination in T4 bacteriophage deoxyribonucleic acid.
II. Single-strand breaks and exposure of uncomplemented
areas as a prerequisite for recombination. J. Virol. 1:1193-
1202.

. Mathews, C. K. 1966. DN A metabolism and virus-induced en-

zyme synthesis in a thymine-requiring bacterium infected
by a thymine-requiring bacteriophage. Biochemistry 5:2092—
2100.

. Murray, R. E,, and C. K. Mathews. 1969. Addition of nucleo-

tides to parental DNA early in infection by bacteriophage
T4. J. Mol. Biol. 44:233-248.

. Naha, P. M. 1968. Bacterial control of A replication. I. Initial

characterization of a rep mutation of Escherichia coli K12.
Virology 36:434-441.

Smith, H. S., M. Miovic, and L. I, Pizer. 1969. Correlation be-
tween degradation of bacteriophage DNA and the resistance
of Escherichia coli to infection. J. Virol. 4:195-196.

Weidel, W. 1958. Bacterial viruses. Annu. Rev. Microbiol. 12:
27-59.



