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Net DNA synthesis is preferentially inhibited in Salmonella typhimurium by treat-
ment with the antibiotic streptonigrin. As with other agents that affect DNA synthesis,
short exposures to streptonigrin result in excellent induction of phage production in
inducible lysogenic bacteria. Moreover, these cells produce good yields of active phage
when maintained in the presence of the inhibitor until lysis occurs. The characteristics
of a cell line which shows a high degree of resistance to the antibiotic are desecribed.

INTRODUCTION

Agents that act as inducers of phage
production in lysogenic bacteria appear to
have in common the characteristic of af-
fecting the deoxyribonucleic (DNA) me-
tabolism of the host cell. In the course of
examining some antitumor compounds
(kindly supplied by Dr. D. A. Karnofsky
of the Sloan-Kettering Institute), the anti-
biotic streptonigrin, SN (Rao and Cullen,
1960), was found to be a potent inducer of
phage formation (Levine and Borthwick,
1963a). Some of the properties of this com-
pound and its effect on phage-host inter-
actions are reported.

MATERIALS AND METHODS

Bacterial and bacteriophage strains.
Phage P22, its hosts Salmonella typhi-
murtum LT2 and LT7, derivatives of LT2
and LT7 lysogenic for P22, and a galactose-
negative mutant of strain LT2 were em-
ployed in some of these experiments. In
addition, Escherichia coli W3110 lysogenic
for phage A and an indicator sensitive to
A, E. coli C600, were used. Both are sub-
strains of the K12 strain of E. cols.

Media. The following media were uti-
lized: L broth, nutrient agar, EMB galac-
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tose agar, EMB lactose agar, soft agar for
top layer, and buffered saline. The prepara-
tion of these media has been described (Le-
vine, 1957). In addition, M-9 medium (3g
KH,PO,, 6 g anhydrous Na,HPO,, and
1 ¢ NH,Cl in 1 liter of distilled H;O) sup-
plemented with 1.5% casamino acids, 0.4%
glucose, 2 ml 25% NaCl, and 2.5 ml 1 M
MgS0O, was used as a minimal medium.
Streptonigrin. As originally supplied by
Dr. Karnofsky, SN was dissolved in acetone
and phosphate buffer at 0.5 mg/ml. More
recent samples, obtained directly from the
Chas. Pfizer Company, were in crystalline
form. Stock solutions at 1 mg/ml in acetone
are prepared. (The small amount of acetone
present in the experimental cultures was
shown to be without noticeable effects.)
Mitomycin C (MC)., MC stock solu-
tions were made in distilled water at a
concentration of 1 mg/ml (Levine, 1961).
Ezxperimental procedures. Induction ex-
periments with antibiotics were carried out
in the following way. Log phase lysogenic
cells at concentrations of 1 X 108 cells/ml
were exposed to SN or MC in broth or mini-
mal medium. After various times of incu-
bation at 37°, samples were diluted in
fresh medium and plated for detection of
induction. The lysogenic LT7 and LT2
cells that were galactose positive (gal®)
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were plated on EMB galactose agar with
a heavy inoculum of an LT2 gal— phage-
sensitive mutant. Induced cells lyse and
form plaques scorable after 18 hours of
incubation at 37°. After another 24 hours
of incubation at room temperature, the sur-
viving lysogenic galt cells form dark col-
onies on the background of more slowly
growing gal— cells and show a clear halo of
lysis. Induction of A is detectable on EMB
lactose agar since strain W3110 is lactose
positive (lact) and strain C600 is lac—.

Induction of lysogenic bacteria by ultra-
violet light was accomplished by exposing
1-ml samples of cells in minimal medium
to a 15-watt Sylvania germicidal lamp for
varying times at a distance of 50 ¢m from
the samples. The treated cells were then
plated on the appropriate EMB agar for
detection of induction.

Unless otherwise noted, the percentage of
induced cells or percentage of cells remain-
ing lysogenic after a given treatment was
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Fic. 1. Induction of 8. typhimurium LT7(P22)
after treatment with 100, 5.0, and 10 zg SN per
milliliter for varying time intervals.
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calculated from the number of plaques or
colonies observed on the EMB agar plates,
divided by the initial number of cells ex-
posed to the treatment. Both the P22 and
the A lysogenic systems showed on detec-
tion agar a spontaneous background of
plaques around 1%.

Protein, ribonucleic acid (RNA), DNA,
and turbidity determinations were made
as previously described (Levine, 1961).
Other experimental methods will be de-
scribed as needed.

RESULTS

Induction of Phage Production in Lyso-
genic Bacteria

Typical induction curves for strain
LT7(P22) treated with SN are shown in
Fig. 1. Relatively short exposures, 10-15
minutes, to 10 pg SN per milliliter achieved
frequences of induction approaching 100%;
that is, practically every exposed cell pro-
duced phage. High levels of induction were
found also after somewhat longer exposures
to 5 pg/ml. Treatment with 1 ug/ml SN
also was found to induce, but lower indue-
tion levels are reached by the time lysis of
induced cells occurs. Concentrations of SN
greater than 10 pg/ml also result in induc-
tion, but a loss of infective centers occurs at
these high concentrations. Figure 2 de-
scribes a survival curve of the lysogenic
condition for strain LT7(P22) exposed to
10 ug SN per milliliter. The log per cent of
remaining lysogenic cells versus duration
of exposure to the antibiotic plots as a
straight line, indicating that the inducing
action of SN proceeded with single-hit ki-
neties. Similar curves have been described
for survival of lysogenic bacteria with other
agents (Jacob and Wollman, 1953; Marco-
vich, 1956).

Escherichia coli W3110(A) was also in-
duced by SN (Fig. 3), as was strain
LT2(P22).

Evidence for a Preferential Effect of SN
on Bacterial DNA

Nonlysogenic strain LT7 bacteria grow-
ing logarithmically in minimal medium
were exposed to 0.1, 1.0, and 10 pg/ml SN
at 37° with aeration. Samples were removed
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Fre. 2. Survival of 8. typhimurium LT7(P22)
cells after treatment with 100 ug SN per milliliter
for varying time intervals.

after 30, 60, and 90 minutes of treatment,
washed two times in buffered saline, and
resuspended in buffered saline. These sam-
ples were used for turbidity, DNA, RNA,
and protein determinations (Table 1).

Net synthesis of bacterial DNA was
almost completely inhibited in cells ex-
posed to 10 ug SN per milliliter. Synthesis
of RNA and protein lagged somewhat be-
hind control rates, but appreciable amounts
were formed during the first 60 minutes of
treatment. Synthesis of all components
virtually ceased after 60 minutes at 10 pg
of the antibiotic per milliliter. More rapid
inhibition of all components was found at
higher concentrations. Similar results were
obtained when cells were exposed to SN
in broth.

The observed increase in turbidity of the
10 pg/ml-treated culture was due to cell
enlargement; snakelike forms were ob-
served on microscopic examination. No evi-
dence was found for cell multiplication as
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measured by increase in number of colony
formers. In fact, the antibiotic is bacteri-
cidal. Less than 1% cells survived 60 min-
utes at 10 pg/ml in minimal medium and
only 0.2% survived in broth. No marked
inhibition of DNA synthesis was found
with 1 or 0.1 ug SN per milliliter. However,
1 pg/ml had some bactericidal action; only
about 50% of the treated cells survived 60
minutes of exposure in minimal medium.

Phage Production in SN-Treated Cells

Infectious phage particles are produced
in the presence of SN by both induced lyso-
genic and infected nonlysogenic cells. Yields
of progeny particles within 50% of the
yield obtained following ultraviolet light
induction are observed when lysogenic cells
of strains W3110(r), LT7(P22), and
LT2(P22) are induced by 10 ug SN per
milliliter. Similarly, almost normal yields
of active phages are obtained on infection
of LT2 nonlysogenic cells with phage P22
in the presence of 10 pg/ml SN. The dura-
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Fic. 3. Induction of E. coli W3110(\) after

treatment with 10.0, 5.0, and 1.0 gg SN per milli-
liter for varying time intervals.
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tion of the latent period is the same as for
untreated controls. It should be emphasized
that phage is being produced in these cells
under conditions which inhibit net synthe-
sis of cellular DNA. Phage production is
taken to indicate restoration of DNA syn-
thesis in the presence of the inhibitor.

Characterization of a SN-Resistant Lyso-
genic Bacterium

By repeated selection in broth and on
petri plates supplemented with SN, a num-
ber of lines of strain L'T7 have been iso-
lated that show varying degrees of resist-
ance to 10 pg of the antibiotic per milliliter,
One of these, line 74, lysogenic for phage
P22 at the beginning of the selection proce-
dure, will be described.

In 10 pg SN per milliliter, line 74 is
highly resistant to both the killing and in-
ducing action of SN; it multiplied at an
exponential rate only slightly slower than
control cells (Fig. 4). Over a 3-hour treat-
ment period, the number of plagques on

TABLE 1

PREFERENTIAL INHIBITION oF DNA SYNTHESIS
1N Salmonella typhimurtum BY STREPTONIGRIN

. Per cent of amount at time 0
Concentra-| Time of
tion of SN inczlbation T P
'm] min. ur- | Pro- “
(g/m) ) bidity | tein RNA#| DNA
0 0 100 100 100 100
0 30 178 212 | 411 213
0.1 30 200 | 227 | 394 | 211
1.0 30 200 | 224 | 415 | 214
10.0 30 205 | 176 | 279 | 111
0 60 356 | 414 | 542 | 411
0.1 60 336 | 366 | 556 | 460
1.0 60 340 | 324 | 625 | 388
10.0 60 311 | 275 | 489 | 120
0 90 600 | 569 | 895 | 666
0.1 90 578 | 539 | 854 | 731
1.0 90 500 | 510 | 865 | 583
10.0 90 311 293 521 115

s In this and other experiments the RNA
values at 30 minutes were unexpectedly but
consistently too high. The cause of this finding is
unknown.
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F1e. 4. Multiplication and induction of line 74
in 10 g SN per milliliter. Line 74 growing in the
absence of SN (®). Line 74 growing in the
presence of the antibiotic (Q). Plaques in pres-
ence of SN (A).

EMB galactose test plates varied between
4 and 13% of the cell number, indicating
that line 74 is only slightly inducible by
10 pg SN per milliliter. Line 74 is not, how-
ever, completely resistant to the action of
SN. When the concentration of the anti-
biotic was raised to 50 ug/ml, 50% of the
treated cells were induced to produce phage
after 30 minutes of exposure.

The question arises as to which compo-
nent of the lysogenic complex, the host cell
or the prophage, is responsible for the ob-
served resistance of line 74 to SN. To test
the possibility that resistance is due to an
alteration in the prophage, sensitive LT7
cells were lysogenized with phage derived
from the prophage of line 74. Resistance to
induction by SN on the part of these new
lysogenics, the cells of which had never



572

before been exposed to SN, would be evi-
dence for an alteration in the prophage. On
the other hand, sensitivity to induction by
10 pg SN per milliliter would be presump-
tive evidence that the alteration lay at the
cellular level. On exposure to 10 pg SN per
milliliter, these newly formed lysogenic
bacteria show excellent induction of phage
production, typical of that described in Fig.
1 for wild-type LT7(P22) cells. This result,
therefore, suggests an alteration in the bac-
terial part of the complex of line 74. A
direct test of this could be made if some
cells of line 74 could be cured of prophage.
No such nonlysogenic derivatives of line
74 have been found.

Susceptibility of line 74 to induction by
agents other than SN has been examined to
determine whether resistance to induction
by SN necessarily carries with it cross-
resistances to other agents.

Line 74 showed no resistance to induction
by ultraviolet light. The ultraviolet induc-
tion curve for line 74 was essentially the
same as that of SN-sensitive LT7(P22)
cells (Fig. 5).
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Fic. 5. Induction of 8. typhtmurium LT7(P22)
(®) and line 74 () by ultraviolet light.
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Fic. 6. Induction of S. typhimurium LT7(P22)
(®) and line 74 (Q) by treatment with 10 ug
mitomyecin C per milliliter for varying time inter-
vals.

Of particular interest is a comparison of
the inducing activity of another antibiotic
mitomycin C (Otsuji et al., 1959; Levine,
1961) on line 74 and control LT7(P22)
cells. MC and SN are similar in a number
of ways (see discussion) and probably be-
long to the same family of compounds. A
variety of results have been obtained. Line
74 shows no cross-resistance to the inducing
action of 10 wpg/ml MC; the induction
curves of line 74 and SN-sensitive
LT7(P22) cells were found to be the same
(Fig. 6). However, another line of
LT7(P22), independently selected as re-
sistant to SN, did show cross-resistance to
MC.

DISCUSSION

SN may be added to the list of agents
that induce lysogenic bacteria. In common
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with these agents, SN has a preferential
deleterious action on bacterial DNA syn-
thesis. Net DNA synthesis practically
ceases in the presence of appropriate con-
centrations, whereas synthesis of protein
and RNA proceeds. Other effects of SN on
DNA are known: (1) SN causes degrada-
tion of bacterial DNA (Radding, 1963).
(2) The antibiotic induces chromosome
breaks in human leukoeyte cultures (Cohen
et al., 1963). (3) Increases in genetic re-
combination between appropriately marked
T4, and between appropriately marked
P22, phages are found when infected com-
plexes are exposed to SN (Levine and
Borthwick, 1963b).

The mechanism by which SN stimulates
the induction of phage in lysogenic bacteria
is unknown. The effect on bacterial DNA
synthesis may upset the stable relationship
between cell and prophage in such a way
that vegetative replication of phage is no
longer repressed. Of particular interest is
the ability to form phage in the continued
presence of the antibiotie. This finding sug-
gests that phage DNA is synthesized by
some system which is much less sensitive to
SN than the host DNA synthesizing system.
It further suggests that the apparent differ-
ential action of SN on bacterial and phage
DNA metabolism may be a convenient way
to study synthesis of DNA of temperate
phages under conditions in whieh little or
no synthesis of cellular DNA takes place
(Radding, 1963).

SN and MC appear to be similar in a
number of respects: (1) Both are quinones
(Rao, personal communication). (2) Both
selectively inhibit net DNA synthesis in
bacterial cells (Shiba et al., 1959; Levine,
1961). (3) MC and SN initiate bacterial
DNA degradation (Reich et al., 1961;
Radding, 1963). (4) Both compounds in-
duce lysogenic bacteria (Otsuji et al., 1959;
Levine, 1961). (5) DNA synthesis, as meas-
ured by phage production, can be restored
by phage infection or induction in the
presence of either antibiotic (Sekiguchi and
Takagi, 1959, 1960; Levine, 1961). On the
other hand, there are dissimilarities be-
tween these compounds: (1) Resistance to
one antibiotic does not necessarily carry
with it resistance to the other. (2) Exposure
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of mixedly infected bacteria to SN results
in increases in the frequency of phage re-
combination. No such increases are found
with MC (Levine, 1961; Levine and Borth-
wick, unpublished).

Lein et al. (1962), using the ability to
induce A phage formation in E. coli K12
{A) bacteria as a method to screen for anti-
tumor agents, also found induction with
SN. Since inducers of phage formation act
by virtue of their effect on the nucleic
acid economy of lysogenic cells, the ca-
pacity to induce should also be a powerful
tool for the detection of compounds that
affect DNA metabolism.
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