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BIKE\'s JouR\AL 4,235-241 (1961)

The Effect of Glucose on the Induction of Lambda Phage
Formation by Milomycin C

Tlic crr'ect or energy metabolisn. on the induction or I. phagc clcvclopmcnt by milomycin C
was studicc1. 11 glucose is eliminatecl from Ihc synihctic ritediuin during exposure or E. coli K12
to milomycin C, indtiction of phagc clcvclopmcnt lakes I, Iacc more elmciently at a lower conccnl-
ration of the drug Ihai, Ihat in a nomial medium. The effect or glucose deficiency on milomycin
C induction is also apparent on the addition of a bactciiosiaiic concentration of 2.4-dinitrophcnol,
potassium cyanide or sodium arsenalc. This effect is ITot producecl by inhibition or bacicrial
protein or ribonucleic acicl synthesis. The rcsulis arc discussed in terms or the relationship betwccn
milomycin C in ductioiT and energy metabolism in bacterial cells

Del"rime"! of Biology, Faculty of Science
OJnk" Uni, 87,111, , Osaka

(Recei, ed/or 1/1/61icat!'on, 0,106er 20,1961)

NOZOMU OTsuJj*

Recently, an antil)jotic Initomycin C (MC' Ilas received special attention
because its effects on tumors and microorganisms are very similar to those of
ultraviolet (UV) 110ht. It has been reported that MC ITas a selective inhibitory
action on Ihc synthesis of deoxyribonucleic acid (DNA) in E$cheitchirr coli (Shiba
at d/., 1959; Reich at a!., 1960), but that the synthesis of DNA inhibitcd by MC
is restored upon infection \vith phages T2, T3, T5 and P22 (Seki. 'uchi and Takagi,
1960; Levine, 1961). Phages ?. and T3Inactivated IJy UV can lie reactivated
by irifection o1T I, acteria previously treated \\, ith U\-' or \\'ith MC (OtsuJi and
Okuli0,1960). It has also liceii found that inductioil of phage development in
Iysogenic bactel. Ia is produced by exposing the cells to MC (01suji at a/., 1959).

It was reportecl that the metal)o11c disturlJan. CG produced in Ivsogenic bacteria
IJy starvation resulting from Irisumcient nitrogen, carlion or energy sources before
on. after UV irradiation decreased the proportion of Iysis in the I, acterial popu-
Iation \\, hiclT occurred after a givenlatent period (Jacob, 1952; Borek, 1952). Thus
the physiological state of the bacteria plays an important role in converting pro-
phage Into the vegetative state. This paper extends our previous work by analysis

SUNIMARY

INTRODUCTION
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of the physiological factors during exposure of E. coli K12 to MC, which affect
the induction of ?. phage development in the bacteria.

I. Bac!81 I'd! ,!Jam$

E. coli K12 wild type strain and its nutritional mutants (58-161, methionineless; 4506, adenine-
less), all of which are Iysogenic for I. prophage, were used in these experiments. As plating indi-
cators for' phage ?,, E. coli CGOO or E. coli \\, 3101 \\, ere LISed

2 . ,Meata

All cultures. except the indicaio^ strains for phage titration, were growlt in a salts glucose
syniheti. in"dium (" medium .. rimining 2.5 g (NH. ), HP0, , 1.5 g KH, P0, , 01 g MgS0, .7H, 0,
5 g 1< aCl and 3 g glucose in I liter of H20. Indicator strains for. plating were grown on nutrient
broth mediunt (log meat extract, 10 g polypeptone, Ig NaClin 11iter of H. O and pH 7.2 adjusted
with NaOH). For titration of phage PIoducing bacteria, the indicator strain was suspended in
an AD solution containing 0.001 A1 phosphate buffer, 0.01 AT iVlgSO, and 0.0851\{ 1<aCl

3. IVe!frod for a$saying filthced 6,618i'I"

E. fuji K12(?.) at the logarithmic phase of growth were exposed to A{C for 10 minutes and
then dilutecl with AD solution to dilutions of 1:10, or 105. The dilutecl suspensions were plated on
E. coli CGOO or E. coli \\13/01 \vhiclT were glowih to the stationary phase at a concentration of about
109 cells per in I and were suspended at the same concentration in AD solution. At a dilution of
105 or 103, no piaques were produced by free I, hagcs. PIaque forming centcrs were assayed by the
soft agar' layer metllod (Adams, 1950)

4. Ch, mica!J

The A1C used in these experiments \\, as suppliecl by Kyo\\, a Hakk0 1<0gyo Co. and chloram-
pilenicol was obtained from Sank}, o Co. Stock solutions of NIC and chloramphenicol were made
in salt solutioiT and stored in a refrigeratoi

OTSUJl

MATERIALS AND METHODS

The first experiment \-\, as to find \\, hethcr the presence of glJcose during
exposure of E. coli to MC controls the alJility to respond to MC induction. Cells
harvested at the logarithmic phase of growth \\ere suspended in salt solutioiT and
the suspensioi} divided into two parts. To one I>art \-\, as added glucose at a
concentration of 3 ing per in I and to the other sterile water. The cells after ex-
POSure to various concentrations of MC for 10 minutes, \\, ere immediately diluted
and plated to count PIaque former. Thc conccntration of A{C which gave
maximal PIaque formers was ITigher in the presence of glucose than in its absence
(Flu. I) . This result indicates that elimination of glucose from the Incubation
medium results in more Gincient inducation of phage formation at a low level
of I\IC.

To see whether the effect produced Iiy Iacl< of glucose \-\, ould IJe due to the
metal>o11c disturl>alite I, roduced by a deficiency of glucose utilizatioiT as ai} energ\,
supply, the following experiment \-\, as carried out.

RESULTS
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Cclls at a logarithmic phase of growth were exposcd to MC in a salt glucose
synthetic medium to it, hiclT 2.4-dinitrophenol was added. After 10 n, inutcs ex-
POSure of the cells, the incubation mediunl \\, as diluted \\, 111T salt solutioit alld
assayecl for piaque formers. A concentratioi\ of 10~3 M of 2.4--dinitrophenol Inhi-
I)ited I)actcrial ,'rowih, I, ut did ITo kill the I)acteria. Thereforc, the 2.4-dinitro-
phenol treatccl cells sho\\, the same <1egrec of colony formers as non-treated cells.

Conceni, ., 10n of M^tonyc, n C IIJ" 'rill

Effect of Glucose on the Induction of Phoge Development by Milomycin C

E. coll K 12 o1 a logoriihmic phase of growth were exposed 10 various
conceniroiions of MC wilh or wiihoui glucose 13 ing/in11. Aller 10 minutes
o1 37' C o1iquois were plated OS infective ceniers ICOrresponding 10 in-
duced bocieriol
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Fig. 2. Effect of 2,4-dinilrophenol on Induction of Phage Development by Mifomycin C

E. coli K12 o1 a logarithmic phase of growlh were collecied by cenlrifugolion
and divided in 10 two portions. One was suspended in sterile woler and Ihe

other was preincubaied for 5 minutes wiih 2.4-diniirophen01 o1 a final concen-
iruiion of 10~a M. Then the former was incubated wiih MC in a 5.11s glucose
synthelic medium Grid the loiter was incubated in Ihe some medium conicining
MC and 2.4-diniirophen01 o110~' M. Aller 10 minuies PIOiing for piaque for-
mer was carried out
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OTSUJl

As seen in Fig. 2, this agent was found to be effective in increasino the susceptibilit
of cells to induction by MC. In the presence of 2.4-dinitrophenol a concentration
of 0.1 Ag per inI of MC causes a conversion of 12 per cent of the bacterial popu-
Iation Into phage formers, \\, hereas only 1.1 per cent was induced by the same
concentration of MC in the absence of 2.4-dinitrophenol. It can IJe concluded
from the data that addition of 2.4-dinitrophenol to the glucose containino medium
has the same effect as lack of glucose in the incul>ation medium.

The same type of experiments were performed with an inhibitor of the encrg\,
supply, and the results were identical with those obtained with 2.4-dinitro henol.
Potassium cyanide at a concentration of 10~2 M or sodium arsenate at a concent-
ration of 10-I M had no effect on the colony forming alJility of cells, but inhibit
bacterial growth. As is apparent in Fig. 3, I. phage producing IJacteria are
Induced at a lower concentration of MC if potassium cyanide is present ThaiT in
its absence. The result obtained with sodium arsenale is essentially the same
as that with 2.4-dinitrophenol or potassium cyanide.
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Fig. 3. Effect of Potassium Cyanide on Induction of Phoge Development by Mifomycin C
The Ireaimeni of E. coll K12 with MC and potassium cyanide o1 a final conceniro-
lion of 10~2 M was similarioihoi described in figure 2 After incubation with

Ihe drug for 10 minutes, Ihe bccle, io were diluted into AD solution 10 a I 10

dilution and further incuboiion with shaking for 30 minutes was conlinued Then

ajiqnols were plated for PIOque formers
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To see \-vhether the effect produced by blocking the eneruy supply could also
be produced by other treatments \\, hicl} inhibit protein and ribonucleic acid
synthesis of E. coli, the following experiments \\, ere carried out. In the first place,
E. coli K12 at a logarithmic phase of orowth were exposed to 20 I, g per inI of
chloramphenicol. At this concentraion protein synthesis of bacteria is suH'cientl},
Inhibited. The cells were then incubated with various concentration of MC.

At the concentration tested, chloramphenicol did not affect the effciency, of induc-
tion by MC. In the second set of experiments a methionine requirin, ' mutant

10 ~,

C

0.10.01

Concen, ,., inn of Milo"VLM C 1/19/'11
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of E. coli K12 was used. Cells Drown in a salt o1ucose s\, nthetic medium sup-
PIemented willT 50 11g per inI of nTethionine \-\, ere harvested ancl starved for 60
minutes in a In inImal medium. The cells \\ere divided into two parts. To one
pal I was added methionine at a final concentratiori of 50 11u per in I and to the
other was sterile \\, ater. The cells \\, ere exposed to MC for 10 minutes and then
the piaque forming centers \\, ere counted. Again it \\, as found that methionine
starvation did not affect the inducing ability of \, IC. In the third set of experiments,
an adenine requiiing mutant E. coli K12, growl} in a salt glucose synthetic medium
supplemented \\, it}l adenine (50 11g 13er InI), \\, as starved for 60 minutes. Then
the cells werc exposed to AJC in a salts glucose synthetic medium with or \\, ithout
adenine. Elimination of adenine fron} thc inculJation medium also It ad no effect.

These results are illustrated in Table I

80cierio

Table I

K12

Addilion

1/19/in 11

EfFect of Various Treatments of E. coli K12 on induction of Phage
Developmenl by milomycin C

**

CM
o

20

o

** 50

o

50

o

50

58.161

Glucose

ling /in 11

30

30

3.0

30

o

o

4506

0.01

**

Ad

induced bccierio
The number shows x 102

original number of bacteria
** CM ^ chloramphenicol, MeI ^ methionine, Ad ^ Adenine

*

0.03

5.5*

5.2

DISCUSSION

It is apparent from Figure I that conversion of prophage into its vegetative
form by ATC occurs more effective Iy in the absence of glucose than in its presence,
when the concentration of ATC is low. The result shows that glucose inhibits the
ability of A, 10 to convert the prophage into the vegetative state. The addition
of a I>acteriostatic concentration of 2.4-dinitrophenol (Fig. 2), cyanide (Fig. 3) or
arsenate to the glucose containing medium Induces a higlT rate of phage nTultipli-
catioiT at lower concentration of MC. These results indicate that induction of

phage development Iiy AtC in a Iysogenic strain of E. coltrl\as some relations to
the ener^, metabolism of IJacterial cells. However, therc is ILO relationship

38

3.9

74

4.3

08

0.2

Concentration of MC 1149/in 11
0.30.1 1.0

15.0 30.0

9.7 23.0

8.02.7

805.4

16.0

15 O

2.0

1.3

30

3.0

9.1

83

3.0

2.8

23.0

20.0

1.5

1.3

170

13.0

1.0

30

24.0

21.0

10.0

8.5

15.0

12.0

8.7

6.0

9.0

10.0

11.0
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between the MC induction and protein or RNA synthesis, I, ecause inhibition of
protein or RNA synthesis with chloramphenicol or nutritional requirina mutants
of the bacteria has ITo effect on induction of phage development (Table I)

At the present time t}le Inechanism of action of glucose on MC induction is
not known, but the result is of interest in connection with the effect of glucose on
enzyme formation, because there are several reports indicating that enzyme for-
mation is inhibited by the presence of glucose (Neidhardt and Magasanik, 1957 ;
Pardee at d/., 1959; Freundlich and Lichstein, 1960\. This inhibitory effect of
glucose on enzyme formation ITas been discussed on the basis of a repressor model,
suggesting a metabolite from glucose may act as a precursor of internally syn-
thesized repressor of enzyme synthesis (Neidhardt and Magasanik, 1957; Pardee
at a/., 1959). Therefore, one possible explanation for. the inhibitorv action of
glucose on MC induction may I>e that the repressor for phage multiplication is
stabilized only under conditions when there are sumcient energy sources, because
Jacob and Campbe11 (1959) showed that there are repressors in Iysooenic bacteria
which constrain phage multiplication. According to this hypothesis it may I>e
supposed that the repressor is easily mactivated I, y MC, so that the induction of
phage formation takes place at a low ICvel of drug, if the energy source is removed
from the incubation medium.

However, there is an alternative explanation for. the present study. One
can suppose that when energy supplying systems are actively operating in bacterial
cells, A{C itself is mactivated in some manner or can not penetrate into the
bacterial cells, so that the efficiency of MC induction in Iysooenic bacteria decreases.
we have not as yet sumcient data to give a dinnte explanation for this glucose effect.
These strikino effects of energy metabolism are observed not only in experiments
on the inductioit of phage formation in the by, sogenic strain of E. coli K12, but also
in experiments on the bacteriocidal action of MC on E. coli B. The killing of
E. coli B I, y A{C is inhibited by addition of vincose, the effect of which is decreased
I, y a bacteriostatic concentration of 2.4-dinitrophenol, cyanide or arsenate (Otsuji,
unpublished data) .

The data obtained in the analysis of the physiolouical factors affectin. ' MC
induction are \\, orthy of further discussion ill connection \-vith the report of Bertani
(1957). H, f. und that th, f"equ, ,". y of byog, Direti. n of E. ,,/i C by phag, , P2
and P22 could IJe increased by the addition of chloramphenicol or 5-hydroxyuridine
to the infected bacteria, but the addition of bacteriostatic concentrations of c\, anIde,
azide or dinitrophenol did not increase the frequency of I), sogenization. These
rcsults apper to IJe opposite to those obtained in the I>resent experiments on MC
induction. The difference between these t\\, o experiments is of interest I, ecause
Iysogenization and induction are opposite phenomena, that is, the former is the
integration of phage chromosome to a specific site on the I)acterial chromosome,
while the latter is the initiation of development of the temperate phaue from the

OTSUJl



prop}lage state. The significance of the effect of ener^, In etabolism and I>rotein
synthesis o1T Iysogenization and Induction of the temperate phage Ilas not been
assessed, nut its study will provide a useful approach to investigation of the pro~
pertics of Iysogenic Iiacteria

EFFECT OF GLUCOSE ON A1C I\DUCTIO\
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