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A temperature-sensitive allele of a locus of phage P22, known to be involved in
establishment of lysogeny, has been isolated. This mutant, P22 s mnt, forms stable
lysogens at 30 C which are induced by heating to 43 C. This shows that this locus
is involved in the maintenance of lysogeny. The s mnt locus is about 18 recom-
bination units away from the ¢ region. The wild allele, mnt*, is dominant over mnt
and is responsible for a cytoplasmically diffusible product.

The functioning of the ¢, locus of phage P22
is required for the maintenance of lysogeny (4, 5,
9). Zinder (12) described another mutant, P22
v1 , which is unable to form a stable lysogen when
it infects Salmonella typhimurium. As one ex-
planation for the behavior of P22 v, , he suggested
that it might be able to initiate lysogeny but lack
the ability to maintain it.

A temperature-sensitive (zs) allele of the v;
locus has been isolated. This mutant forms stable
lysogens at temperatures below 30 C, but eleva-
tion of the temperature to 43 C causes prophage
induction. Therefore, the function of the v, locus,
as well as the c; locus, is required to maintain
lysogeny. Because of its properties and the ac-
cepted use of “v”’ to designate virulent mutants,
I have renamed the v, locus mnt. Experiments
which show that mnt* is dominant over mnt and
that mnrt is not repressed by an active ¢, locus
in the prophage are described. The ts mnt locus
has been mapped near the m; region of the P22
chromosome.

MATERIALS AND METHODS

Media. Liquid cultures were grown in M9-CAA
medium (9) and platings were done on indicator agar
(1, 4) and tryptone agar. All dilutions were made in
buffered saline (9). Some experiments were scored on
EMB, (Difco) galactose-agar by using a lawn of S.
typhimurium LT 2 Gal™ bacteria. These platings allow
the determination of infective centers and lysogenic
and sensitive colonies on the same plate (4). The
number of mature phage was determined by diluting
samples into buffered saline containing CHCl; before
plating.

Phage strains. Wild-type P22, P22 c¢;, P22 m;, P22

1 Present address: Department of Microbiology,
Baylor University College of Medicine, Houston,
Tex. 77025.

myciha (4), and P22 int [called “P22 L” (8, 10)] have
been described. The P22 mnt used as a reference is the
original P22 v; of Zinder (12). The mapping of the
conditional-lethal loci #s 1.1, and s 11.1 has been de-
scribed (2).

Bacterial strains. The strain of S. typhimurium LT 2
used in these experiments is wild-type LT 2 cured of a
defective prophage [strain SA1 (12)]. A Gal™ strain
of LT 2 (4) was used as plating bacteria. R. Nagaraja
Rao prepared a P22 ts mnt lysogen of S. typhimurium
F~ pur E66 pro AB47 (6). The normal attachment
site (atflpse) for P22 is deleted in this strain and the
P22 s mnt prophage is integrated at a secondary
attachment site (ar/Tpy;) on the S. typhimurium
chromosome. S. typhimurium att'ps; (P22 ts mnt) was
crossed with S. ryphimurium Hfr Su576 pur C7 str A
attlpse (P22 miciha) (7) to isolate double lysogens.
Purine prototrophs were selected and streaked on
tryptone-agar plates which were overlaid with soft
agar containing sensitive bacteria. Recombinants
which were S. typhimurium atflpes (P22 miyciha)
attpye (P22 ts mnt) liberated phage which produced
both C and Mnt type plaques.

Phage crosses. The method of Gough and Levine
(2) was used for phage crosses.

RESULTS

Isolation of P22 ts mnt. H. O. Smith isolated
40 P22 mnt phages from a 5-bromodeoxyuridine
mutagenized phage stock. All 40 displayed the
“bullseye” plaque morphology typical of v;-type
mutants (12) at 37 C. One produced wild-type
plaques at 25 C. This mutant was designated zs
mnt.

Different colony morphologies on indicator
agar are characteristic of clones of bacteria which
harbor a stably or unstably integrated prophage
(10). Stable lysogens produce faster-growing
white colonies which may or may not be tan-
centered. Unstable lysogens produce slower-
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growing green colonies, or colonies with dark
green areas. Bacteria infected with P22 mmnt
yielded green colonies when incubated at any
temperature, whereas LT 2 infected with P22 rs
mnt made green colonies at 42 C and white
colonies at 25 C. This observation confirms that
P22 ts mnt makes a stable lysogen only at low
temperatures.

To confirm that mnt and s mnt are in the same
cistron, a series of complementation tests was run.
Cells were infected with mixtures of phage plated
on indicator agar at either 42 or 25 C, and green
and white colonies were scored. Mixed infections
with P22 ts mnt and P22 wild type, P22 c,, or
P22 int produced white or tan-centered colonies
at both temperatures. The same results were ob-
tained when P22 mnt was used in place of P22 ts
mnt. This shows that the mnt function can be
supplied by a mn:* phage in a mixed infection.
An infection was made with a mixture of P22
mnt and P22 ts mnt and plated at 42 and 25 C.
At 25 C, white colonies were obtained. At 25 C,
P22 ts mnt supplied the function missing from
P22 mnt. At 42 C, on the other hand, green
colonies were observed. The inability of P22 ts
mnt to complement P22 mnt at 42 C is consistent
with the two mutations being in the same cistron.

Since the isolation of the P22 s mnt used in
this report, two more mutants have been found.
They display the same induction kinetics reported
for P22 zs mnt in this paper, but have not been
further studied.

Mapping of the ts mnt locus. Zinder (12) re-
ported that mnt mapped about 25 units away from
the ¢ region of P22. H. O. Smith (personal com-
munication) located mnt near m; .

Phages carrying ts mnt and m; mutations were
crossed with phages carrying a conditional lethal
ts marker. Lysates from crosses were plated at
37 C on tryptone agar to select for nontempera-
ture-sensitive phage. Mnt and Mnt* plaques can
be distinguished on these plates (12). The dis-
tance between ts mnt and the conditional lethal
ts is measured as the fraction of Ts+ Mnt+ phage
at 37 C on these plates. Tst Mntt plaques were
picked with needles onto indicator agar plates
(1, 4) seeded with LT 2 to score M and M+
plaque morphology markers. These three factor
crosses ordered the mmnt locus with respect to
three ts loci and m;. The four genes ts 1.1—#s
11.1—mz—1s 9.1 are linked in the order shown in
Fig. 1 (2).

Crosses were carried out in duplicate (Table 1).
Cross 1 established that #s mnt is to the right of
ts 11.1. Since mntt and m* showed more than
809, linkage, mnt+ and m* must have remained
in parental linkage after the crossover event
between zs 11.1* and s mnrt. Two gene orders
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FiG. 1. Linkage of some genetic markers of phage
P22,

are compatible with this finding: s 11.1—msz—ts
mnt or ts 11.1—ts mnt—m;. In either case, the
conclusion is that the mnt locus is to the right of
ts11.1.

Cross 2 showed that s 1.1 is farther from ¢s
mnt than is ts 11.1. The s 1.1 locus is known to
be to the left of 75 11.1 (2) and the order s 1.1—
ts 11.1—ts mnt was established by these two
crosses. Analysis of the frequency of recombi-
nation between £s mnt and m; in these two crosses
lead to the conclusion that ts mnt is to the right
of ms.

If m; is to the right of mnt, then recombinants
with tst mntt m; genotype would be the result
of two crossover events: one between the wild
allele of the conditional lethal zs gene and mntt,
the other between mnrt and m;. The frequency
of crossovers in the first interval should have
no effect on the frequency of crossovers between
ts mnt and m; The frequency of crossovers
between ts mnt and m; are different in crosses
1 and 2. These results were inconsistent with
the mnt locus being located to the left of ms.

On the other hand, if the linkage is conditional
lethal zs—ms;—mnt, both tst mgmnitt and tst m*
mntt recombinants are the products of single
crossover events. As the distance between the
conditional lethal zs mutation and ts mnt length-
ens, the frequency of crossovers occurring in the
msz—ts mnt interval compared to the total be-
tween the conditional lethal rs mutation and ts
mnt will decrease. The frequency of crossovers
in the ms—ts mnt interval in cross 1 was greater
than that in 2. These data were consistent with
the order zs 1.1—zs 11.1—ms—ts mnt.

A third conditional lethal marker zs 9.1 has
been mapped about 5 to 7 units to the right of
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TABLE 1. Mapping of ts mnt
Ts* Mnt*e M Mnt*
Cross no. Phage genotypes recombinants/total recombinants/M
plagues Mnt* + M Mnt*®

1 ts 11 X ms ts mnt 162/2,595 (6.2)b 18/104 a7)>
77/965 (8.0) 11/71¢ (16)
2 ts 1 X ms ts mnt 150/1,038 14.5) 10/104 10)
277/2,058 (13.5) 14/156¢ )

3 ts9 X ms ts mnt 68/4,505 (1.5) 0/23 (<4)
131/4,118 @3.1) 5/132 4)

= Nontemperature-sensitive (Ts*), wild-type plaques (Mnt*) were picked from platings at 37 C on
tryptone-agar. These were stabbed into indicator agar to score M and M* phenotypes.

b Numbers in parentheses indicate percentages.

¢ The probability that the difference between 29/175 and 24/260 is due to chance is <0.05.

my (unpublished results). Cross 3 showed that s
9.1 is to the right of ts mnt. The tst mntt re-
combinants are primarily m*. Because m* and
mntt entered the cross in parental linkage and
this linkage was preserved after the crossover
between s 9.1 and ts mmnt, it was concluded that
the m3 and ts mnt linkage was not disrupted by
the crossover between 7s mntt and s 9.1t
Since the frequency of crossovers between ts
mnt and ts 9.1 is only about 29, if m; were be-
tween those markers it should segregate as a
middle marker and appear in recombination with
ts mnt much more frequently than it does. This
observation reinforces the conclusion that fs
mnt is to the right of m;.

Figure 1 shows the location of ts mnr with
respect to some other markers of P22.

Temperature induction of LT 2 (P22 ts mnt).
The kinetics of thermal induction of LT 2 (P22
ts mnt) are shown in Fig. 2. LT 2 (P22 ts mnt)
was grown at 30 C to about 2 X 108/ml, treated
with anti-P22 serum, and diluted into 43C
medium containing anti-P22 serum (K = 2).
Samples were taken at the indicated times to
determine colony-formers and infective centers.
The number of mature phage particles was de-
termined in samples from 43 C medium which
contained no antiserum. For determination of
cell number, 8 ml of the 30 C culture was diluted
into 8 ml of 56 C M9-CAA and put at 43C.
At the indicated times, 0.5 ml of culture was re-
moved, added to 1.0 ml of buffered saline con-
taining 0.01 M NaCN, and subsequently counted
with a phase microscope.

The number of colony-forming units remained
more or less constant for about 30 min, then fell
precipitously, at which time the number of in-
fective centers began to increase. The loss of
colony-forming units and their conversion to
infective centers showed that prophage P22 ts
mnt is induced by the high temperature.
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FIG. 2. Thermal induction of prophage P22 ts mnt.
LT 2 (P22 ts mnr) was grown in M9-CAA at 30 C,
treated with P22-antiserum and diluted into 43 C me-
dium. At the indicated times, samples were plated to
determine infective centers () and colony-formers
(@). Other samples were diluted into buffered saline
containing CN~ and cells were counted with a phase
microscope (O). Mature phage particles were counted
by diluting samples from 43 C medium containing no
antiserum into buffered saline containing ChCl;, waiting
5 min, and plating on indicator bacteria (A).
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By 120 min, the number of infective centers was
three times the number of colony-formers at
time-zero. Although there was no threefold in-
crease in colony-formers, microscopic counts
show that the number of cells in the culture did
increase threefold. The increase in cell number was
sufficient to account for the threefold excess of
infective centers at 120 min, compared to colony-
formers at time-zero.

The latent period for the induction of P22 ¢s
mnt, estimated as the time between the ap-
pearance of infective centers and mature phage,
was about 90 min. Although data are not shown
in Fig. 2, the yield of infectious phage particles
was about one per infective center. This small
yield is consistent with the report of Israel (3)
that the yield of infectious particles of P22 from
induction of prophage at temperature higher than
40 C is less than 1 phage per infective center.
Israel (3) found that the reduced yield of in-
fective particles was due to the failure of P22
to produce a sufficient number of tails at high
temperature.

The secondary increase in colony-formers,
which begins at around 70 to 80 min and con-
tinues to about 120 to 150 min, has been observed
in all thermal inductions of prophage P22 ts
mnt. When LT 2 (P22 ts mnt) was held at 43 C
for 360 min, no other “rounds” of increase of
colony-formers was observed. However, the
number of colony-formers remained constant at
about 0.1 of that seen at time-zero. In another ex-
periment, after 18 hr at 42C, the number of
colony-formers was still 0.14. A colony was
picked from platings made at 80 min, 150 min,
and 18 hr after a shift from 30 to 43 C. Each
colony was grown at 30 C and induced by shift-
ing to 43C. All were induced with the same
kinetics shown in Fig. 2.

Temperature induction of prophage P22 ts mnt
when in the secondary P22 attachment site (attys,).
The normal attachment site for prophage P22 on
the S. typhimurium chromosome is between pro
A and pro C (8). At least one secondary attach-
ment site exists on the LT 2 chromosome (R. N.
Rao, personal communication).

A strain of LT 2 with prophage P22 ts mnt
present at the secondary site was grown at 30 C
then shifted to 43 C. The induction of prophage
P22 ts mnt at the secondary site (Fig. 3) was
similar to that seen when P22 ts mnt was present
at the primary site (Fig. 2). The number of
colony-formers remained almost constant for
20 to 30 min, then fell rapidly. At the same time,
the number of infective centers began to increase
and reached a number equal to two or three times
the colony-formers present at time-zero. In
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F1G. 3. Thermal induction of prophage P22 ts mnt
present at a secondary attachment site on the LT 2
chromosome. The experiment was run as described for
Fig. 1. Symbols: infective centers, (A); colony-formers,
(@); mature phage, (A).

these respects, the induction was the same as
that shown in Fig. 2.

There was a striking difference between in-
ductions at the two sites, however. At 180 min,
in the experiment shown in Fig. 3, there were
fewer than 0.01 of the colony-formers present at
time-zero. Such extensive loss of colony-formers
has not been observed in any thermal induction
of S. typhimurium attl,, (P22 ts mnt).

Although there are differences between in-
duction of prophage P22 ts mnt at the primary
and secondary attachment sites, a temperature
shift causes induction at either site. Therefore, a
double lysogen is suitable to test whether mnt+
or ts mnt is dominant at high temperature.

Dominance of mnt* over ts mnt at high tempera-
ture. The doubly lysogenic strain LT 2 atth,,
(P22 mscihz) attsly, (P22 ts mnt) was prepared by
crossing an Hfr atths (P22 mscihn) with an F~
attss, (P22 ts mnt).

The two parental strains and the double
lysogen were grown at 30 C then shifted to 43 C.
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Because the parental strains required purines for
growth, the double lysogen was grown in medium
with and without addition of adenosine. (Fig. 4).
As expected, LT 2 attts, (P22 ts mnt) was in-
duced by high temperature and the number of
colony-formers decreased while infective centers
were produced. The singly lysogenic strain LT 2
atthyy (P22 mycihn) grows exponentially and no
infective centers are produced. The doubly
lysogenic strain containing a ts mnt and a mnt*
prophage also grew exponentially in either the
presence or absence of purines and produced no
infective centers (<0.01 of time-zero colony
formers). The presence of one mntt allele in the
double lysogen was sufficient to prevent thermal
induction. Therefore, mnt* is dominant.

DiscussiON

Shifting a culture of S. typhimurium (P22 ts
mnt) from 30 to 43 C results in induction of the
prophage. This demonstrates that the mnt locus
is involved in the maintenance of lysogeny.

There are two general models for the induction
of prophage P22 ts mnt at high temperature.
Either the higher temperature (i) causes the ts
mnt to synthesize a “new’’ product which results
in induction, or (ii) heat stops the synthesis or
functioning of a product normally provided by the
mnt locus. Model 2 fits the results found when a
double lysogen is heated (Fig. 4). Heating P22
ts mnt normally results in induction, but the
presence of a mnt* gene in another prophage in
the same cell prevents such induction. The ob-
servation that the product from the mnrt locus
prevents induction of either prophage shows
that it is diffusible and works as a cytoplasmic
agent. The conclusion that the mnr* cistron pro-
duces a cytoplasmic agent which is necessary for
the maintenance of lysogeny is the basis for the
following discussion of the thermal induction of
prophage P22 s mnt.

After shifting LT 2 (P22 ts mnf) from 30 to
43 C, the cell number increases threefold in
about 40 min. Even though cell number increases,
not all cells are competent to form colonies, as
shown by an increase in colony-formers of <1.3
in the same time. I define the loss of ability to
form a colony as a killing event.

Three assumptions can be used to construct a
model for the first 60 min after the shift of LT 2
(P22 ts mnt) from 30 to 43 C. (i) There is an
excess of mnt product in lysogenic cells at the
time of the shift. (ii) Synthesis of mnt product
stops immediately at 43 C. (iii) Reduction of the
amount of mnt product in a cell below a critical
level results in cell death.
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FiG. 4. Failure of a temperature shift to induce a
double lysogen LT 2 atf'pss (P22 mcihn) attpys
(P22 ts mnt). The experiment was run as described for
Fig. 1. Symbols: colony formers, LT 2 att'pss (P22
M3L’1hzl), O, LT 2 altlpzz (P22 msclhgl) aIIHPn (P22 ts
mnt) grown in the presence, 7 and in the absence (1)
of purine; LT 2 attllpy, (P22 ts mnt), @; infective
centers from LT 2 attYpyy (P22 ts mnt), .

When the culture is shifted, synthesis of mnt
product stops and the preexisting mnt product
segregates between the daughter cells of each
cell division. The distribution of mnt product is
such that, on the average, one daughter of each
pair is killed because of a lack of mnt product.
During this time, the number of colony-formers
will remain constant. The viable cells go on to
divide again, but the amount of mn¢ product is
now so reduced that neither daughter receives
enough mnt product to prevent Kkilling. These
conjectures are consistent with the number of
colony-formers remaining constant for 30 min,
while cell number increases three times. By 30
min, the mnt product per cell is so reduced by
the threefold dilution that most cells are killed.

The above model says nothing about induction,
which is defined here as the production of an
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infective center. It is clear that the Kkilling event
and induction are temporally separated. The
removal of mnrt function results in immediate
killing, but a train of events, set in motion by the
removal of mntt function, requires several
minutes to cause induction. The killing event is
irreversible by a shift to low temperature. Since
many cells between 0 and 120 min produce
neither colonies nor infective centers, some proc-
ess necessary for induction must be inhibited by
low temperature. If a killed cell is plated before
the induction is complete at high temperature,
the low temperature would stop the induction
and no infective center would be formed. How-
ever, the cell could not form a colony, since
killing is irreversible. This makes understandable
the failure to recover all cells as colony-formers
or infective centers before 120 min.

After 60 min, the continued survival of lyso-
genic colony-formers in a culture of LT 2 attl,,
(P22 ts mnt) cannot be explained on the basis
of any product with a discrete half-life. Because
of the round of secondary growth between 70
and 120 min (Fig. 2), it seems likely that the
lysogenic cells are dividing but not all the daugh-
ters are viable. The residual colony-formers could
be explained if 0.1 of the population at time-
zero had a completely stable mnit product and
this was not synthesized at the high temperature.
However, a colony-former picked from a plating
18 hr after the shift to high temperature, grown at
30 C and shifted to 43 C, displayed the same
induction kinetics as shown in Fig. 2. The same
number of colony-formers (about 0.1) sur-
vived 360 min at 43 C. Therefore, if 0.1 of the
population has a stable mnr* product, not all of
the progeny of these cells produce such a product
and the survivors are not genetically determined.
Any discussion of residual colony-formers is
complicated, because essentially no colony-
formers in a culture of LT 2 atthy, (P22 ts mnt)
survive after 180 min at 43 C.

The other gene of P22 known to be involved
in maintenance of lysogeny, c., makes the P22
repressor (4, 5, 9). A thermal inducible allele of
¢2, 1S c2, has been isolated (5). When LT 2 (P22
ts ¢) is shifted from 30 to 43 C, the prophage is
induced. Colony-formers decrease and infective
centers appear from time-zero. Induction is
essentially complete in 20 min, when all colony-
formers are lost and a number of infective centers
equal to the number of colony-formers at time-
zero is observed (Wing, Levine, and Smith, in
press and unpublished results). These kinetics
are quite different from those observed with P22
ts mnt. Removal of ¢, function or product may
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be a critical step in thermal induction of P22 ts
mnt. Experiments are underway to investigate
this possibility.

At least five genes are involved in establishment
and maintenance of lysogeny by P22. The three
clear genes, ¢, ¢z, and c¢; (4) are required to
establish lysogeny and c; is also necessary to
maintain it. The int locus, called “L” (8, 10), is
necessary for integration. I have shown a fifth
gene mnt, known to be involved in establishment
of lysogeny (12), which is also necessary to main-
tain lysogeny. The three ¢ genes are clustered (4)
and int is near them (10) on the P22 chromosome.
However, mnt is some distance away from int
and at least one “late” gene, ts 9.1, which is the
structural gene for the P22 tail protein (Botstein
et al., unpublished results), is between int and
mnt.

It is now known that at least four genes of P22
are active in the prophage state: the ¢, repressor;
the gene al, which is responsible for an antigenic
change in the host (11, 13); sie, which excludes
superinfecting phages (R. N. Rao, in press); and
mnt. It will be interesting to find out where sie
maps, and a careful study may reveal that these
three genes, al, sie, and mnt, which are not under
the control of ¢, repression, are clustered. An
intriguing possibility is that these three genes are
of host origin.
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