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INTRODUCTION

Bacteriophages are viruses that specifically infect
bacteria.

They were discovered independently by Twort in

England and d'Herelle in France (1).

d'Herelle and his

colleagues demonstrated the bacteriophage to be a self pro
ducing organism; a virus which infects sensitive bacteria and
causes lysis of its host (2).
It was subsequently revealed by investigators that there
was another possibility of phage-cell interaction distinct
from that proposed by d'Herelle (3, 4, 5).

Instead of the

sensitive host being lysed, it was determined that some bacteria
possessed the capacity to give rise to, and maintain, a phage
producing clbne in the absence of free bacteriophage.

Andre

Lwoff defined this hereditary power to produce bacteriophage
as lysogeny.

A lysogenic bacterium thus is one that possesses

and transmits the power to produce bacteriophage (2).
The lysogenic state is considered stable, but a small
amount of free phage can be observed in a growing culture of
lysogenic bacteria.

Each cell in the culture has a small prob

ability of undergoing some change that may upset the phage-host
relationship.

The result is the lysis of the host cell and the

release of mature, infectious phage.

This phenomenon is known

as spontaneous induction.
The process of induction is under the control of at least
three different factors:

(a) genetic factors of the prophage,
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(b) physiological condition of the growing culture, and, (c)
exposure to the action of inducing agents (1).
The property of inducibility appears to be a function of
the phage genome.

The same phage type can always be induced

regardless of the bacterial strain harboring it.

The physio

logical condition of the growing culture also has some influence
in determining the inducibility of lysogenic cells.

After

irradiation of an inducible lysogenic bacterium, the ability
for phage production is greatly reduced if the culture has
previously been starved (1, 6).
Many physical and chemical agents can induce lysogenic
cells.

These agents include radiation, alkylating agents,

products of microbial metabolism and chemicals, the activities
of which have not been fully characterized (7).

In 1953, Andre

Lwoff observed that these inducers of the lysogenic state could
also provoke mutations or were carcinogenic (2).

Investigators

pursued this hypothesis and have since established a relation
ship between the carcinogenic, carcinostatic, mutagenic and/or
teratogenic characteristics and the inducing activities of
certain chemical compounds (8, 9, 10).
With the increased possibility of greater exposure of
man to pollutants, synthetic chemicals and natural chemical
products, investigators are becoming more aware of the capa
bilities of some of these chemicals to cause or inhibit cancer,
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cause mutations and/or provoke congenital malformations (11,12).
This situation has led to an increased interest in the estab
lishment of a system that would provide a method of detecting
agents that could cause such harmful effects in man.
A procedure innovated by Price, Buck and Lein utilized
a prophage induction system to detect antitumor drugs (13).
The lysogenic organism utilized was Escherichia coli W1709 (A)This procedure has proven advantageous to bioassaying of chem
icals in laboratory animals, in that the induction system is
rapid, economical, quantitative, requires small amounts of
test agents and is sensitive to weakly active agents (14).
It has been the purpose of this investigation to determine
the effects of selected classes of chemicals on the induction
of Escherichia coli W1709 (A).

The procedure followed in the

investigation was that established by Price, Buck and Lein (14).
The chemicals selected for the study included antimetabolites,
antibiotics, food additives, carbohydrates, solvents, synthesized
compounds

and a group of miscellaneous chemicals.

Certain

members of these groups possessed known carcinogenic, mutagenic,
carcinostatic and/or teratogenic activities.

Chemicals, of

which little was known as to chemical activities, were also
available for the study.

Information obtained regarding the

inducing abilities of any of these chemicals should make that
chemical suspect as a hazardous agent.

REVIEW OF THE LITERATURE

In a classic review of lysogeny, Lwoff noted an apparent
correlation between the inducing capabilities of a chemical
and its mutagenic and carcinogenic activity (2).

At that time

only a small number of chemicals had been tested for inducing
activity, but Lwoff suggested that if it should be determined
that water-soluble carcinogens are inducers, then the inducible
lysogenic bacterium might become a good test for carcinogenic,
and perhaps anti-carcinogenic activity.
Investigations were then pursued to support evidence for
a relationship between the induction ability and the carcin
ogenic and carcinostatic properties of a chemical.

Gots, Bird

and Mudd correctly predicted that azaserine, because of its
radiomimetic properties, could induce the formation of active
lambda-prophage in the lysogenic Escherichia coli K-12 (A)

(15).

This was of interest not only because of the antibiotic nature
of azaserine, but because of its radiomimetic and anti-neoplastic
properties.

In 1959 a newly isolated antibiotic, mitomycin C,

received special attention because of its anti-neoplastic
activity as well as its selective inhibitory action on the
synthesis of bacterial DNA.

These properties suggested that

this antibiotic could induce the development of active phage
from the prophage state in a lysogenic bacterium.

Such activity

was demonstrated by Otsuji, Sekiguchi, Iijima and Takagi in
Escherichia coli K-12 (A)

(16).

Aminopterin, a carcinostatic
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antimetabolite, was subsequently demonstrated by Ben-Gurion
to induce bacteriophage (17).

As a result of these investi

gations, the ranks of chemical inducers of prophage develop
ment were greatly expanded.

Also elucidated were other possible

properties of inducing agents besides those of carcinogenesis
and carcinostasis.
PRODUCTS OF MICROBIAL METABOLISM
Lein, Heinemann and Gourevitch studied the effects of
mitomycin C and a variety of antibiotics of known activity on
the induction index of Escherichia coli K-12 (X)

(10).

Their

evidence demonstrated that the agents which had a significant
induction index also displayed antitumor activity.

It was also

noted that not all of the antibiotics known to have antitumor
activity gave a significant index.

Endo, Ishizawa, Kamiya

and Sonoda demonstrated inducing activity by mitomycin C and
related compounds, nitrogen mustard and derivatives
antitumor antibiotic, carcinophilin (18).

and the

Heinemann and Howard

utilized the Escherichia coli K-12 (X) system in studying the
effect on induction of lambda-prophage by 209 substances (19).
Of the 26 active inducers found, 21 had anti-neoplastic activity
in rodent tumors, whereas, 62 compounds with carcinostatic
properties were ineffective in inducing the bacteriophage.
These investigations provided evidence for a positive associa
tion between prophage induction capability and anti-neoplastic
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activity and suggested that the induction system detects only
certain classes of antitumor activities.
In view of these findings, Price, Buck and Lein applied
the induction procedure to screening fermentation broth fil
trates for inducing agents with potential antitumor activity
(9).

Because filtrate nutrients frequently caused growth

stimulation of Escherichia coli K-12 (A) during the induction
period, a new lysogenic system, Escherichia coli W1709 (A),
was employed.

The new organism was streptomycin-dependent and

was found to be induced by all antibiotics previously reported
as inducers of Escherichia coli K-12 (A).

Therefore, Escherichia

coli W1709 (A) proved superior for the screening of fermen
tation filtrates because its growth was not stimulated during
the induction period by filtrate nutrients.
The induction abilities of 95 fermentation filtrates were
determined (9).

Each filtrate contained an unidentified anti

biotic inhibitory for one or more transplanted rodent tumors.
Inhibitors of sarcoma 180, adenocarcinoma 755, solid myeloid
leukemia C1498 and adenocarcinoma of the duodenum in the ham
ster displayed a low incidence of induction.

However, seven

of eight filtrates active against leukemia 1210 had induction
capability.

From a screen of 1000 Actinomycete culture fil

trates, 28 were identified as producers of induction activity.
Nine of the 28 inducers were investigated further and 8 showed
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at least presumptive evidence of anti-neoplastic activity in
one or more rodent tumor systems.
In an attempt to characterize the Escherichia coli W1709
(A) system, Price, Buck and Lein applied various groups of
chemicals to the inductive procedure for determining the in
ductive capacity of such agents (13).

Included in the investi

gation were inhibitors of transplanted rodent tumors.

Of the

103 known carcinostatic compounds tested, the induction capa
bility was 41 of the 103 (39.8%).

Of special interest was

the result that 70% of the alkylating carcinostatic agents in
duced the lambda-prophage.

Due to the responsiveness of the

system, Price, Buck and Lein concluded the procedure utilizing
Escherichia coli W1709 (A) to be a useful and effective screen
for anti-neoplastic antibiotics.
Escherichia coli K-12

As was the case with the

( \ ) system, the results suggested that

the procedure detected only certain classes of antitumor agents.
As a result of the previous investigations, interest devel
oped in the effects of antibiotics on the induction of phage
and the possible mechanism of action of such inducing activity.
Levine and Borthwick found streptonigrin to be a potent
inducer of phage production in Salmonella typhimurium (P22)
and Escherichia coli K-12 (A)

(20).

Streptonigrin is an inhi

bitor of DNA synthesis and has been shown to have carcinostatic
and teratogenic properties (21, 22).

Antibiotics related to
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streptonigrin, rufochromomycin and bruneomycin, have carcinostatic activities and are potent inducers of the prophage
state (14).
Myxin, a phenazine derivative, is similar in its anti
microbial activity to mitomycin C and stretonigrin, in that
DNA synthesis is inhibited, intracellular DNA is degraded
and cell death rather than bacteriostasis results (23, 24).
Because of these properties Lesley and Behki examined the
effect of myxin on the induction and development of active
phage in the lysogenic bacterium, Escherichia coli K-12 (A)
Y10 (25).

Myxin showed activity in the system and was added

to the list of antibiotics that induce the production of
bacteriophage.
Synthetic antimicrobial drugs have been investigated for
their effect on lysogenic systems.

Endo, Ishizawa, Kamiya

and Kuwano described the inducing activity of a nitrofuran deriva
tive, 3-amino-6-2(5-nitro-2-furyl)vinyl,-1,2,4-triazine hydro
chloride (NET) for phage development in Escherichia coli K-12
(A.) (26).

Waterbury and Freedman conducted a study with

several nitrofurans with special reference to the possible
role played by an attached vinyl group (27).

It was concluded

that the vinyl group was not critically associated with the
phage inducing capabilities of the nitrofurans since the vinyl
analogues gave similar results to those of the non-vinyl analo-
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gues.

Nitrofuranquinoline compounds were investigated for

phage inducing activity by Miura and Okada (28).

Eleven of

16 nitrofuranquinoline compounds tested had phage inducing
activity as well as antitumor effects.
Nalidixic acid (NAL) is a synthetic antibacterial compound
whose mode of action was shown to depend on selective inhi
bition of DNA synthesis, without impairing RNA and protein
synthesis (29).

Cowlishaw and Ginoza have confirmed that

nalidixic acid does induce prophage, and have used this chem
ical as a means of studying the kinetics of induction of the
lambda-prophage (30).
The investigations of Gelderman, Lincoln, Cowie and
Roberts extended the correlation between lysis-inducing agents
and antitumor agents to a correlation between combinations
of drugs which affect lysogenic bacteria and combinations which
inhibited the ascites tumor (31).

These studies were based

upon the hypothesis that the studies of the lysogenic bacterium
might indicate which conditions are favorable for inhibiting
the growth of ascites tumor cells.

They tested the hypothesis

by determining which combinations of drugs were most effective
in altering of the growth of lysogenic bacteria and then obser
ving the effect of the same combination in ascites tumors grow
ing in mice.

Their results demonstrated the value of testing

agents first in bacteria and second in the ascites tumor.
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Aflatoxins are toxins produced by some molds when growing
on certain foods, notably stock feed like peanuts.
vity of aflatoxin

The acti

has been studied in a number of different

systems and impairment of DNA synthesis is indicated in all
of these systems (32).

In an Escherichia coli system, afla

toxins inhibited DNA synthesis and significantly reduce primer
activity of DNA isolated from cells cultured in the presence
of the toxin (33).

A potent carcinogen, aflatoxin

was

shown to cause an increase in plaque-forming phage in
Staphylococcus aureus LM204 (34).

Lillehoj and Ciegler used

the induction of a lysogenic strain of Bacillus megatherium
NNRL B-3695 as a technique for biological verification of
aflatoxin B^ (35).
ALKYLATING AGENTS
Alkylating agents added a new interest in the area of
chemical inducers as investigators began to realize the muta
genic, carcinogenic, carcinostatic, teratogenic and inducing
activities of this group of chemicals.
Of the alkylating agents, the aliphatic mustards were
among the first to be investigated.

Nitrogen mustard, known

to have mutagenic, carcinogenic, carcinostatic and teratogenic
properties was shown by Jacob to be a potent inducer (37, 38,
39, 40, 36).

Bis(2-chloroethyl)amine HC1 and alanine mustard

were other examples of compounds shown to have inducing
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properties (19, 18).

Among the ethyleneimines investigated

were TEPA (tris(1-aziridinyl)-phosphine oxide) and TEM (2,4,6tris(l-aziridinyl)-s-triazine (9, 19).
Other alkylating agents studied were the nitroso compounds.
N-methyl-N'-nitro-nitrosoguanidine (MNG) induced phage develop
ment and subsequent lysis of Escherichia coli C600 (

) (41).

Heinemann studied the effects on prophage induction in lysogenic
Escherichia coli with N-nitroso compounds, their denitrosonate
derivatives, and hydroxylamine and hydrazino analogues of nitrosamines (7).

Seven of 14 phage inducing nitrosamines and nitro-

samides had carcinostatic activity in rodent tumors.

Not only

was the test effective in detecting potential antitumor com
pounds, the system was also responsive to 6 nitrosamides, 5
of which had already been reported to produce mutagenic and
carcinogenic effects, four produced chromosome-damaging effects,
and two teratogenic effects.
Endo, Ishizawa and Kamiya observed the ability of 4NQ0
(4-nitroquinoline 1-oxide) and several of its derivatives to
induce phage formation (42).

Of ten compounds tested, the 4

having carcinogenic properties also induced the lambda-prophage.
Using a different lysogenic system and some of the same chemi
cals, Epstein and Saporoschetz expanded the number of nitroquinolines tested (8).

Sixteen nitroquinolines and hydroxy-

aminoquinolines of known carcinogenicity were examined for
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their effects on the production of phage in Escherichia coli
C600 (A.)-

Their results indicated a positive association

between phage induction and carcinogenicity among those
chemicals.

Of the 16 chemicals tested, 6 non-carcinogens

did not induce the lambda-prophage, and of the 10 carcin
ogens 9 were effective inducers.
OTHER CHEMICALS
Various types of chemicals have been shown to be active
inducers of lysogenic systems.
pterin, amethopterin

Three vitamin analogues, amino-

and 3,5'-dichloroamethopterin, have been

shown to be inducers of the lytic cycle in the temperate phage
(9, 17).

In addition to this activity, these compounds are

carcinostatic, and aminopterin and amethopterin have mutagenic
and teratogenic properties (43, 44, 45).
In the presence of visible light, dyes such as acridine
orange, thiopyronine and methylene blue have shown moderate
inducing abilities (46, 47, 48).

Geissler and Wacker obser

ved the induction of bacteriophage in Escherichia coli K-12
by thiopyronine only after light irradiation (47).

With

visible light, acridine orange was shown to cause phage and
colicin production in lysogenic and colicinogenic Escherichia
coli cells (46).
Halogenated pyrimidine nucleosides have been indicated
as having slight inducing abilities.

5-Fluorouracil, 2'-deoxy-
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5'-fluorouridine and 2'-deoxy-5-bromouridine not only have
been shown to Induce lysogenic cells, but also have been
demonstrated to have mutagenic, carcinostatic and teratogenic
properties (49, 50, 9).
Kato, Ando and Arima investigated phage inducing activity
of nine monosaccharides, five disaccharides, one trisaccharide
and three related compounds (51).

Utilizing an agar diffusion

method, induction activity was demonstrated for mannose,
maltose, melibiose, trehalose and glucuronolactone.

Because

of evidence that a variety of monosaccharides especially
glucosamine and mannose can cause a loss in transplantability
by ascites tumor cells and the induction ability of the chem
icals, it was suggested that carbohydrates could affect the
macromolecular synthesis of a cell (52).
The observation that some inorganic platinum compounds
could induce prophage and have antitumor activity broadened
the base of the classes of chemicals studied.

Cis-dichloro-

diamineplatinum (II) is a potent antitumor agent, inhibits
cell division, induces filamentous growth in bacteria and has
been demonstrated by Reslova to induce prophage from lysogenic
strains of Escherichia coli (53).

MATERIALS AND METHODS

Microorganism
The organisms used in this study were Escherichia coli
strain W1709, isolate 5 and Escherichia coli strain W3001,
isolate 4-1 (Bristol Laboratories, East Syracuse, N.Y.).
Escherichia coli W1709 is lysogenic for the lambda-phage, and
streptomycin dependent.
threonine

and thiamine.

It is also auxotrophic for leucine,
Escherichia coli W3001, the indicator

strain, is sensitive to the lambda-phage, streptomycin resist
ant

and tetracycline resistant.

Media
The defined media employed for the growth and induction
of Escherichia coli W1709 was a modified Davis-Mingioli medium
(54) (see Appendix A ) .

A complex medium used in these experi

ments was Heart Infusion Broth (Difco) to which a sufficient
sterilized glucose solution had been added to give a final
concentration of 250 ¿ig/ml.

Slants of Heart Infusion Agar

with 0.1% glucose, streptomycin (100 jug/ml)

and tetracycline

HC1 (25 ¿ig/ml) were used for maintainence of the indicator,
Escherichia coli W3001, for short durations (see Appendix A).
Soft nutrient agar was prepared from nutrient broth, agar
(0.6%) and NaCl (0.5%) and dispensed in metal-capped 13mm x 100mm
tubes in 3 ml/tube aliquots.

Heart Infusion Agar (Difco)

served as the base layer for the soft nutrient overlay.
Dilutions were made in enriched saline blanks.

The enriched
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saline consisted of physiological saline with 10% Heart
Infusion Broth (HIB).
The organisms were maintained for long periods of
time by drying on small porcelain beads according to the
method of Hunt, Gourevitch and Lein (55).

Once a week, a

bead-inoculated broth culture of Escherichia coli W1709
was transferred after 18-24 hours growth at 37° C to agar
slants of modified Davis-Mingioli medium.

At the same time

a bead of Escherichia coli W3001 was transferred to a tube
of Heart Infusion Broth with 0.1% glucose.

After incubation

for 18 hours, a slant of Heart Infusion Agar with glucose,
streptomycin and tetracycline was inoculated from this bead
culture.

These slants were used for inoculating cultures

on the day prior to an experiment.
Chemicals to be tested were dissolved in sterile dis
tilled water and when necessary in other solvents.

The high

est concentration of solvents employed without effect in the
induction test were as follows:

ethyl alcohol, 8%; acetone,

8%; dimethylacetamide, 2%; N,N-dimethylformamide, 2%; and
dimethylsufoxide, 2%.
Procedure
The procedure followed in this investigation was the
same as that described by Price, Buck and Lein (13).

An 18-

hour Escherichia coli W1709 culture on a defined media slant
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was suspended in Growth Medium to an optical density (OD) of
0.2 at 530 mp.

Two ml of this standardized cell suspension

were added to 58 ml of Growth Medium with streptomycin
(250 pg/ml).
bath.

This was aerated and incubated in a 37° C water

The Escherichia coli W1709 cells were then harvested

in the logarithmic growth phase, collected by centrifugation,
and then resuspended in Induction Broth to an OD of 0.05 at
530 mp.

The chemical to be tested was added in a 0.1-0.3 ml

volume to 0.7-0.9 ml of the above standardized cell suspension.
This mixture was incubated for 90 minutes at 37° C.

At the

completion of this induction period, 9 ml of RIB + 0.1% glucose
and streptomycin (250 pg/ml) were added to the 1 ml mixture
of cells and chemical.

This diluted sample was then incubated

an additional 2 hours at 37° C.

Upon completion of this

growth period, the 10 ml samples were chilled briefly and
then appropriately diluted in enriched saline.
Plating for plaque formers was accomplished by adding
0.1 ml of each dilution to 3 ml of soft agar already containing
0.1 ml of an 18-hour culture of the indicator, Escherichia coli
W3001, and 0.1 ml of tetracycline to give a final concentration
of 50 pg/ml.
agar base.

This was mixed and then overlayed on a warmed
These plates were left at room temperature for

approximately 20 minutes and incubated at 37° C overnight.
Plaque counts were made the following morning.
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Test sample activity was reported in the terms of the
ratio of the number of plaque forming phage in the test
sample to that in the control sample.

All phage present in

the control sample were assumed to be the result of spontaneous
induction.

A concentration of a test sample having a T/C value

of 3.0 (3 times the spontaneous phage count) or greater was
considered to be inducing the lytic cycle in Escherichia
coli W1709 (\).

RESULTS

Eighty-three substances were evaluated for inducing activ
ity in an Escherichia coli W1709 ( A ) system.
master chart for these 83 chemicals.

Table 1 is the

The classes of chemicals

studied included antitiotics, food additives, carbohydrates,
synthesized compounds, solvents, antimetabolites and miscell
aneous compounds.
Table 2 lists 13 food additives applied to this system.
With the exception of sodium carboxymethyl cellulose, all were
tested at a maximum concentration of 100 jug/ml and a minimum
concentration of 1 pg/ml.

Results of studies using cupric

sulfate at 1000 pg/ml showed reduced plaque counts due to the
toxicity of the chemical.

The maximum concentration of sodium

carboxymethyl cellulose was 200 pg/ml.

This concentration was

limited as a result of the solubility of the chemical in warm
distilled water.
Table 3 lists the solvents used in these experiments.
The maximum concentration tested for N,N-dimethylformamide,
dimethylsulfoxide

and N,N-dimethylacetamide was a 0.9% solution.

No toxic or inducing effects were observed at these concentrations.
Sodium hydroxide was tested at a maximum concentration of
50 jjg/ml.

At this concentration reduced plaque counts were

observed, but no inducing effect.
Table 4 indicates 5 carbohydrates ineffective as inducers
of Escherichia coli W1709

(A)-

Concentrations tested included
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1 pg/ml, 500 jag/ml

and 1000 jag/ml.

Plaque counts were always

similar to those obtained in the control system, indicating
no stimulating effect on Escherichia coli W1709 (A)Table 5 lists the antibiotics that had no inducing effect
on the lambda-bacteriophage.

Due to limited solubilities and

toxicity to Escherichia coli, the maximum and minimum concen
trations tested for each chemical varied.

Reduced counts were

observed with everninomicin D and cephalothin at 300 jjg/ml.
This was later determined to be due to the sodium hydroxide
solution (50 pg/ml) used to place the antibiotic in solution.
Toxic effects were observed at maximum concentrations tested,
but not at 1 pg/ml by the following antibiotics:

halomicin,

30 pg/ml; gentamicin A sulfate, 200 pg/ml; and rifampin,
100 pg/ml.

Cycloserine, sisomicin sulfate and tobramycin were

toxic at all concentrations tested.

Plaque count values for

sulfadiazine, sulfamethoxazole, trimethoprim and clotrimazole
were somewhat less than the control values.
Antimetabolites tested are listed on Table 6.

The antime

tabolites included 9 amino acid analogues, 8 purine or pyri
midine analogues

and 3 vitamin analogues.

studied varied from 1 pg/ml to 1000 pg/ml.

The concentrations
No inducing

activity was observed for these classes of antimetabolites.
The concentrations studied for Table 7 ranged from 1 pg/ml
to 1000 pg/ml.

Maximum concentrations were limited mainly by

the solubility characteristics of the chemicals.

These 7
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miscellaneous compounds were ineffective as inducers of
Escherichia coli W1709 (A).
Table 8 lists the results of the 8 chemicals synthesized
by Dr. Emma Stecter of Barnard College, Columbia University.
These chemicals had no inducting effect upon Escherichia coli
W1709 (A)The 3 chemicals determined to be effective inducers of
the lambda-bacteriophage in Escherichia coli W1709 (A) are
listed in Table 9.

The antibiotic CL64,855 (2-amino-5-(l-

methyl-5-nitro-2)imidazolyl)-!,3,4-thiadiazole) was found to
be a potent inducer at a concentration of 1 pg/ml.

Miscell

aneous compounds, semicarbazide HC1 and hydroxyurea were
moderate inducers at a minimum concentration of 500 >ig/ml
and at a maximum concentration of 1000 jug/ml.

TABLE 1.

Master chart of chemicals investigated for
inducing activity.

FOOD ADDITIVES
Ferrous Sulfate
Calcium Pantothenate
Cupric Sulfate
Manganese Sulfate
Potassium Citrate
L-Ascorbic Acid
Fumaric Acid
Monosodium Glutamate
Sodium Carboxymethyl Cellulose
Potassium Sorbate
Sodium Saccharin
Sodium Caseinate
Thiamine Mononitrate
ANTIBIOTICS
Tobramycin
Gentamicin A Sulfate
Cephalothin
Everninomic in D
Cycloserine
Halomicin
Rifampin
Sulfadiazine
Sulfamethoxazole
Trimethoprim
Sisomicin Sulfate
Clotrimazole
2-amino-5-(l-methyl-5-nitro-2-imidazolyl)-1,3,4-thiadiazole
SYNTHESIZED COMPOUNDS
ST-101 BPAK
ST-102 4-C1 BPAK
ST-103 3,4,C12BPAK
ST-104 2,4,Cl2BPAK
ST-106 BPA SemiCarb
ST-108 BLA (4-Br)
ST-109 CA LA
ST-110 FPAK
SOLVENTS
N,N-Dimethylformamide
D ime thylsulfoxide
N,N-Dimethylacetamide
Sodium Hydroxide
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TABLE 1.

Master chart of chemicals investigated for
inducing activity (continued).

CARBOHYDRATES
Maltose
Rhamnose
Me liblose
Trehalose
Mannose
ANTIMETABOLITES
Amino Acid Analogues
L-Ethionine
D-Ethionine
DL-a. -Amino Glutamic Acid
L-Arginine HC1
DL-Formylphenylalanine
L,3,4-Dihydroxyphenylalanine
N-Acetyl-L-Tyrosinamide
Purine and Pyrimidine Analogues
2-Amino-4-Methylpyrimidine
Xanthosine
6-Mercaptopurine
Barbituric Acid
Caffeine
Vitamin Analogues
DL-Desthiobiotin
Oxythiamine HC1
<x -Picolinic Acid
MISCELLANEOUS CHEMICALS
Pyridine Sulfonic Acid
Deoxypyridoxine HCl
Histamine Dichloride
Indole
Imidazole
Benzimidazole
Dialuric Acid
2,2-Dithio, bis(ethylamine) 'HCl
DL-2-Amino-1-Butanol
o-Tolidine
Berberine HCl
ß -Naphythylamine
Propamidine Isethionate
Pentamidine Isethionate

TABLE 1.

Master chart of chemicals investigated for
inducing activity (continued).

Aspidospermine
Boldine
Veratrine Sulfate
DL-,0-Phenylactic Acid
Hydroxyurea
Semicarbazide HC1
DL-(X-Guanidino Propionic Acid
Thymidine
Adenosine
Glycine
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TABLE 2. Food additives found ineffective as
inducers of Escherichia coli W1709 ( A ) .

Agent

Maximum concn
tested
(pg/ml)

Minimum concn
tested
(pg/ml)

Ferrous Sulfate

1000

1

Calcium Pantothenate

1000

1

Cupric Sulfate

1000

1

Manganese Sulfate

1000

1

Potassium Citrate

1000

1

L-Ascorbic Acid

1000

1

Fumaric Acid

1000

1

Monosodium Glutamate

1000

1

200

-

Potassium Sorbate

1000

-

Sodium Saccharin

1000

1

Sodium Caseinate

1000

-

Thiamine Mononitrate

1000

1

Sodium Carboxymethyl Cellulose
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TABLE 3.

Solvents found ineffective as inducers
of Escherichia coli W1709 ( A ).

Maximum concn
tested
(jag/ml)

Agent

N,N-Dimethylformamide

0.9%

Dimethylsulfoxide

0.9%

N,N-Dimethylacetamide

0.9%

Sodium Hydroxide

TABLE 4.

Agent

50 jag/ml

Carbohydrates found ineffective as inducers
of Escherichia coli W1709 ( A ).

Maximum concn
tested
(jag/ml)

Minimum concn
tested
(jig/ml)

Maltose

1000

1

Rhamnose

1000

1

Melibiose

1000

500

Trehalose

1000

1

Mannose

1000

500
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TABLE 5.

Antibiotics found ineffective as inducers
of Escherichia coli W1709 ( A )•

Maximum concn
tested
(pg/ml)

Minimum concn
tested
(pg/ml)

Tobramycin

200

1

Gentamicin A Sulfate

200

Cephalothin

300

1

Everninomicin D

300

20

Cycloserine

200

1

30

1

100

1

Sulfadiazine

80

1

Sulfamethoxazole

30

1

Trimethoprim

60

2

Agent

Halomicin
Rifampin

00.5

Sisomicin Sulfate

200

0.5

Clotrimazole

200

0.5

TABLE 6. Antimetabolites found ineffective as
inducers of Escherichia coli W1709 (À).

Agent

Maximum concn
tested
(jug/ml)

Minimum conci
tested
(Mg/ml)

Amino Acid Analogues
L-Ethionine

1000

10

D-Ethionine

1000

10

DL-0(-Amino Glutamic Acid

200

1

L-Arginine HC1

500

1

DL-Formylphenylalanine

200

1

L,3,4-Dihydroxyphenylalanine

500

1

N-Acetyl-L-Tyrosinamide

150

5

500

1

-

1

6-Mercaptopurine

500

1

Barbituric Acid

500

1

1000

1

DL-Desthiobiotin

500

1

Oxythiamine HC1

500

1

c*-Picolinic Acid

500

1

Purine and Pyrimidine Analogues
2-Amino-4-Methylpyrimidine
Xanthosine

Caffeine
Vitamin Analogues
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TABLE 7. Miscellaneous chemicals found ineffective
as inducers of Escherichia coli W1709 (A).

Agent

Maximum concn
tested
(pg/ml)

Minimum concn
tested
(>ig/ml)

Pyridine Sulfonic Acid

200

1

Deoxypyridoxine HC1

500

1

Indole

200

1

Benzimidazole

500

1

Imidazole

200

1

2,2-Dithio,bis(ethylamine). HCl

500

1

Anthranilic Acid

500

1

-

1

500

1

o-Tolidine

33

1

Berberine HC1

50

1

1000

1

Propamidine Isethionate

500

1

Pentamidine Isethionate

500

1

Aspidospermine

-

1

Boldine

60

2

Veratrine Sulfate

100

1

Thymidine

500

1

Glycine

500

1

Histamine Dichloride

500

1

DL-o(-Guanidino Propionic Acid

200

1

Adenosine

500

1

2-Chloro-4-Amino Benzoic Acid
DL-2-Amino-1-Butanol

ß -Naphythylamine
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TABLE 8. Synthesized compounds found ineffective as
inducers of Escherichia coli W1709 (A).

Maximum concn
tested
(jig/ml)

Minimum concn
tested
(jig/ml)

ST-101 BPAK

1000

1

ST-102 4-C1 BPAK

1000

1

ST-103 3,4,C12 BPAK

75

1

ST-104 2,4C12 BPAK

75

1

ST-106 BPA SemiCarb

-

1

ST-108 BLA (4-Br)

75

1

ST-109 CA LA

1000

1

ST-110 FPAK

1000

1

Agent

TABLE 9. Chemicals found effective as
inducers of Escherichia coli W1709 (A).

Agent

Maximal Inducing
concn
(pg/ml)

Antibiotic
2-amino-5-(1-methyl--5-nitro2-imidazolyl)-l,3,4--thiadiazole

Minimal Inducing
concn
(jig/ml)

1

Hydroxyurea

1000

500

Semicarbazide HC1

1000

500

DISCUSSION

There has been increasing evidence that genetic mutations,
cancer and congenital malformations may result from exposure
to chemical agents in our environment (14).

Medical sources

can serve as a method of exposure in that various drugs used
to treat malignant and non-malignant conditions can, under
certain conditions, cause carcinogenic, mutagenic or terato
genic effects.
industry.

Another source of exposure is the chemical

As an example, TEM, (2,4,6-tris(l-aziridinyl)-s-

triazine) and TEPA, (tris-(1-aziridinyl)-phosphine oxide) have
mutagenic, carcinogenic and teratogenic capabilities and yet
are used as insect chemosterilants (9, 19).

The products of

microbial metabolism also serve as a source of hazardous
agents in our environment.

Chemicals of microbial origin

produced in contaminated food or in the digestive tract of
man have been shown to be carcinogenic, mutagenic, carcinostatic
and teratogenic (32).

Such evidence has warranted systematic

efforts to explore further the chemical activity of possible
hazardous agents in the environment.
Since Lwoff's observation of the correlation between
inducing activity and the mutagenic and carcinogenic abilities
of a chemical, the use of the induction of lysogenic bacteria
has been developed as a method of detecting such chemicals (2).
Even though the procedure is effective, sensitive and rapid,
no final conclusions concerning the harmful or non-harmful
effects of a chemical should be made on the basis of this
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type of investigation alone.
Eighty of the compounds tested in this investigation
were incapable of prophage induction.

As was the case in

investigations similar to this one, a number of compounds
which could be classified as mutagenic, carcinogenic, carcinostatic or teratogenic agents, were incapable of prophage
induction (10, 18, 19).

One or more of these properties have

been demonstrated for the two inducers, hydroxyurea and semicarbazide HC1.

This possibly suggests the association may be

one-way, in that almost all inducers have these capabilities
yet many compounds with these characteristics are not inducers.
Another explanation for lack of induction activity despite
antitumor, mutagenic, carcinogenic and teratogenic properties
is that the lysogenic system is sensitive to only certain
classes of compounds.

Therefore, the lack of induction

activity in this investigation does not indicate that these
compounds do not possess inducing abilities or produce harm
ful effects.

Perhaps in a different lysogenic system, under

different conditions, these chemicals could demonstrate an
inducing effect.
Chemicals were investigated whose suggested mode of action
within the cell would be as an antimetabolite.

Such antime

tabolites included amino acid, purine, pyrimidine and vitamin
analogues.

In addition to the antimetabolite activity, many

had known anti-neoplastic and/or carcinogenic properties.
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Despite these characteristics, the antimetabolites were not
effective in inducing the lytic cycle of the lambda-prophage.
Similar results were demonstrated in different studies using
the lysogenic system of Escherichia coli K-12 (A)

(13, 19).

Thirteen synthetic food additives were investigated for
their possible effect on Escherichia coli W1709 (A).

No

inducing activity was observed and no other information is
available as to carcinogenic, carcinostatic, mutagenic

or

teratogenic activities of this group of compounds.
Carbohydrates possess characteristics that suggest a
possible affect on macromolecular biosynthesis without further
metabolism of the chemical.

One example would be the loss of

viability and transplantability of ascites tumor cells due to
exposure to various sugars and sugar analogues (52).

The

DEAE-dextran stimulation of transformation in Rous sarcoma
virus-infected chick embryo fibroblast and the effect of
phytohemagglutinin on mammalian cells, also indicate possible
involvement in the synthesis of macromolecules (56, 57).
Such activities would also be indicative of phage-inducing
activities.
Kato, Ando and Arima screened for antitumor antibiotics
using the induction Escherichia coli K-12
marker (51).

( A ) as an in-vitro

The method utilized was an agar diffusion method.

This consisted of placing paper discs impregnated with the
test chemical on a nutrient agar base seeded with the appropriate
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lysogenic and indicator organisms.

The inducing effect was

determined by the diameter of the induction zones.

Their

results showed inducing activity by mannose, maltose, melibiose,
rhamnose

and trehalose.

These compounds not only showed

inducing activity, hut also exerted a growth stimulatory
effect on the indicator organism.
Even though no inducing activity was demonstrated for
carbohydrates in this investigation there are plausible explan
ations without assuming either to be incorrect or invalid.
It should be noted that two separated methods and systems
were utilized.

Since no single system is capable of detecting

all active compounds, a possible explanation for the difference
in results could be the different sensitivity of each system
to the carbohydrates tested.
The antibiotics utilized in this study were representative
of a variety of antimicrobial agents.

These agents included

inhibitors of protein synthesis, those affecting cell wall
synthesis

and antagonists of folic acid synthesis.

It was

correctly predicted that these chemicals would have no inducing
abilities.

Antibiotics whose mode of action remain unknown

were also investigated.
The effect of folic acid antagonists on a lysogenic system
has not previously been investigated.

Trimethoprim, a pyri

midine derivative, is known to selectively inhibit in bacteria
the activity of the enzyme dihydrofolate reductase (58).
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Sulfadiazine and sulfamethoxazole act as competitive inhibitors
with p-aminobenzoic acid in the formation of dihydropteroic
acid during folic acid synthesis (58).

These three antibiotics

were ineffective as inducers of the lambda-prophage, and it
is suggested that folic acid synthesis is not crucial in the
process of phage induction.
Antibiotics affecting cell wall synthesis were cycloserine
and cephalothin.

Since it is structurally related to one con

formation of D-alanine, cycloserine inhibits two enzymes,
alanine racemase and D-alanyl-D-alanine synthetase.

These are

necessary in making the dipeptide for completion of the pentapeptide side chain during murein synthesis.

An inability to

induce phage development was demonstrated for cycloserine in
this investigation.

This is in agreement with results obtained

by Heinemann using the Escherichia, coli K-12 ( A. ) system (14).
The cephalosporins are fermentation products of the mold
Cephalosporium.

The chemical structure resembles that of the

penicillins yet they are resistant to the action of beta-lacta
mases (58).

Cephalothin is a synthetic derivative of the cephalo

sporins and exhibits similar activity on cell wall synthesis in
bacteria.
Eveminomicin D also ineffective as an inducer, is an anti
biotic highly active against gram-positive bacteria and is pro
duced by Micromonospora carbonacea (59, 60).
consists of an oligosaccharide

Its structure

with dichloroisoevernic acid as
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a major component.

Its activities as a carcinogen, mutagen,

teratogen or antitumor agent are not known, but another anti
biotic with a similar chlorine containing aromatic ring,
griseofulvin, has been shown to have teratogenic properties.. (61) .
Clotrimazole (1, (o,chloro <X ,<X -diphenylbenzyl) imidazole)
is a synthetic antifungal agent with a broad spectrum of activity
against pathogenic yeasts and filamentous fungi (62, 63, 64, 65).
Its structure is a chlorinate tritylimidazole and its mode of
action is unknown.
Heinemann observed the effects of antibiotics for which
antineoplastic activities had not been demonstrated (14) .
these antibiotics were various aminoglycosides.

Among

No induction

activity was demonstrated for this class of antibiotics by
Heinemann or by this investigation.
sisomicin, tobramycin

Three aminoglycosides;

and gentamicin A were studied.

The

structure of all three are similar in that they consist of two
sugars linked to the 4 and 6 hydroxyl groups of 2-deoxystreptamine
(66, 67, 68).

Sisomicin is a fermentation product of Micro-

monospora inyoensis and gentamicin A of Micromonospora purpurea
and Micromonospora echinospora (69).

Tobramycin is Factor 6

of the nebramycin complex isolated from the fermentation products
of Streptomyces tenebrarius (70, 71).
Rifampin and halomicin are similar antibiotics that
proved to be ineffective as inducers of Escherichia coli W1709
(A.).

Rifampin, a member of the rifamycins, is produced by

Streptomyces mediterranei,and halomicin is produced by a species
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of Micromonospora (72).

The activity of these two antibiotics

are similar in that they are effective in inhibiting the growth
of gram-positive bacteria but have much less activity with
gram-negative organisms (72, 58).
The mode of action for halomicin has not been elucidated
but the mechanism of activity of rifampin has been discussed
(58).

It is suggested that rifampin inhibits DNA-dependent

RNA polymerase of sensitive bacterial cells while having no
effect on the corresponding mammalian enzyme.

Assuming the

activity of the rifampin molecule to be the same in a lysogenic
bacterium, it is suggested that the inhibition of the DNAdependent RNA-polymerase has no effect upon inducing the lytic
cycle of the lambda-prophage.
Of the 83 chemicals tested, only three responded as inducers,
two miscellaneous compounds, semicarbazide HC1 and hydroxyurea,
and an antibiotic, 2-amino-5-(l-methyl-5-nitro-2-imidazolyl)1,3,4-thiadiazole (CL64.855).

Hydroxyurea is a chemical shown

to have both antitumor and antiviral properties (73, 74, 75).
It has also been shown to be a potent teratogenic agent in the
rat, chick

and the sand dollar embryonic systems (76).

The

effect of this chemical on mammalian and bacterial cells appears
to be characterized by an immediate and reversible inhibition
of DNA synthesis (77).

Upon prolonged exposure to hydroxyurea,

cell death occurrs, accompanied by degradation of cellular DNA
(78).

A prediction could be made as to the inducing activities
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of this chemical based upon the above mentioned characteristics.
Similar inducing activity has been demonstrated by Price,
Buck and Lein in the same lysogenic system (9).

Gado and

Horvath demonstrated another lysogenic system to be induced by
hydroxyurea, Escherichia coli

fc-28 (79).

Heinemann failed to

demonstrate hydroxyurea to be an inducer of Escherichia coli
W1709 (A)

(80).

He observed induction only when the chemical

was tested in a complete medium with an actively metabolizing
strain of Escherichia coli ¿(-28.
Semicarbazide HC1 is a monohydrazide that has been shown
to have teratogenic abilities in a chick embryo system (81).
Other characteristics have not been determined specifically
for semicarbazide HC1, but some activities have been studied
for hydrazides and hydrazines in general (82).

Hydroxylamino

and hydrazino compounds may be encountered by man and animals
in the environment.

Evidence exists for chromosome damaging

properties, mutagenic abilities, teratogenic activities, carcin
ogenic and carcinosta-ic abilities for many compounds within
this group of chemicals (83, 81, 84).
For mode of action, it has been postulated that hydrazides
or hydrazines may react similarly to hydroxylamines, with oxygen
in the presence of trace metals and produce radicals and hydro
gen peroxide (82).

Theyhydrogen peroxide itself could cause

alteration and liberation of DNA bases and backbone breakage.
Hydrazides have been shown to induce predominantly inactivating

.
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DNA alterations in transforming DNA and phages (85).

There

is a similarity to the effect of hydroxylamine, in that the
concentration dependence is similar to that observed with
hydroxylamine.
Inducing activity for semicarbazide HC1 has also been
demonstrated by Heinemann (80).

He determined the prophage-

inducing capability of hydroxylamine sulfate and 36 of its
derivatives, and hydrazine dichloride and dihydrazine sulfate
and 43 of their derivative in Escherichia coli W1709 (A).
Semicarbazide HC1 along with hydroxylamine sulfate and 17 of
its derivatives, hydrazine dihydrochloride and dihydrazine
sulfate along with 9 of their derivatives were active inducers
of the lambda-prophage.
It is conceivable in the cases of hydroxyurea and semi
carbazide HC1, where inducing activity was observed at high
concentrations that induction could be the result of small
amounts of undetermined impurities present in the test com
pound or due to conversions produced during the induction
period.
The antibiotic CL64,855, was a potent inducer at a concen
tration of 1 jug/ml.

The structure of this compound consists

of an aminothiadiazole linked to a nitroimidazole.

It has

demonstrated highly effective activity against flagellates and
gram-positive and gram-negative bacteria (85, 87).

CL64,855

was developed as a result of a program of synthesis of novel
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heterocyclic aldehydes and their elaboration into structures
suggested by the antibacterial nitrofurans (86).
The mechanism of action for CL64,855 has not been deter
mined, but due to its similarity to the nitrofurans, the nitroimidazole structure is of interest.

The chemical activity of

the nitrofurans appears to be dependent upon the nitro-group
in the 5-position on the furan ring.

This chemical activity

consists of the ability to be an effective inducer of prophage
and also to have antitumor and mutagenic capabilities (12, 26
27, 28).

Results from these investigations suggest an effect

on DNA metabolism as a possible mechanism of action in these
compounds.
Teratogenic, carcinogenic, carcinostatic and mutagenic
capabilities have not been studied for CL64,855.

Due to the

correlation established between the above characteristics and
inducing activity, it is highly probable that antitumor, carcin
ogenic or teratogenic properties will be determined for this
antibiotic.
Besides the capability to cause mutations, to cause and
inhibit cancer, and to provoke congenital malformations, most
inducing agents have shown an effect on DNA metabolism.
Heinemann and Howard studied the effect on RNA, and protein
synthesis by compounds with bacteriophage-inducing activities
(88).

With all agents tested, a close relationship was obser

ved between the concentration capable of initiating inhibition
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of DNA synthesis and that capable of initiating bacteriophage
production in a lysogenic organism.

Other mechanism studies

of inducing substances also have shown that inducers have in
common the characteristic property of inhibiting host cell
deoxyribonucleic acid metabolism (89, 90, 91).

Inducing

activity therefore seems to be dependent on the ability of an
agent to affect DNA synthesis.
Such an effect has been demonstrated for hydroxyurea and
for hydrazide compounds such as semicarbazide HC1.

Since

CL64,855 was a potent inducer, it is suggested that an effect
on DNA metabolism will be its mechanism of bacteriocidal
action on bacteria and flagellates.
The results of this study provide additional evidence
for the use of prophage induction studies in detecting antineoplastic compounds or agents that might play a part in the
etiology of genetic mutations, cancer and congenital malform
ations.

It would seem that if future work concentrated on the

chemicals that induce phage and the mechanism of such activity,
the results of these efforts could provide more efficient
methods of detecting hazardous agents, and increase our under
standing of the mechanism of induction as well as control
systems in general within the cell.

SUMMARY

The effect of 83 selected chemicals on the induction of
the lambda-prophage of Escherichia coli W1709 was determined.
The chemicals selected for the study included antimetabolites,
antibiotics, food additives, carbohydrates, solvents, synthesized
compounds and a group of chemicals, the activities of which
have not been fully characterized.

Certain members of these

groups possessed known carcinogenic, mutagenic, carcinostatic
and/or teratogenic activities.
Three chemicals responded as inducers, two miscellaneous
compounds, semicarbazide HC1 and hydroxyurea, and an antibiotic
CL64,855.

Antitumor and antiviral properties have been demon

strated for hydroxyurea and teratogenic activities for semi
carbazide HC1.

It is suggested that antitumor, carcinogenic

and/or teratogenic activities may be found for the antibiotic
CL64,855.

Appendix A:

Media

GROWTH MEDIUM
The chemical composition of the modified medium of Davis
and Mingioli for the growth of Escherichia coli W1709 (A) is
as follows:
COMPOUND

CONCENTRATION

k 2hpo4

0.7%

k h 2p o 4

0 .2 %

Sodium citrate • 2H20

0.95%

MgS04 • 7H20

0 .1 %

(n h 4 )2 s o 4

0 .1 %

Glucose

0.4%

DL threonine

1 0 0 jug/ml

DL or L leucine

1 0 0 pg/ml

Thiamine HC1

0.5 pg/ml

1.

K 2 HPO4 , K^PO^, Sodium citrate • 2 H 2 O, MgS04 ' 7 H 2 O
(NH^)2 S0 4 were added to one liter of distilled H 2 O.

2.

The medium was autoclaved for 20 minutes at 15 lb pressure

3.

Glucose, DL threonine, DL or L leucine and thiamine HC1
were filter sterilized and added to the sterilized mixture
from step 1 .

4.

Agar slants for Escherichia coli W1709 were prepared by
adding the following to the above defined growth media:
a. Fifteen grams of agar was added to the mixture to
be autoclaved.
b. Streptomycin at a concentration of 250 jjg/ml was
added with the filter sterilized mixture.

and
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INDUCTION MEDIUM
The chemical composition of the modified defined medium
of Davis and Mingioli for the induction of Escherichia coli
W1709 (A) is as follows:

COMPOUND

CONCENTRATION

k 2hpo4

0.7%

k h 2po4

0 .2 %

Sodium citrate ^I^O

0.05%

MgS04 -7H2o

0 .0 1 %

(NH4 )2 S0 4

0 .1 %

Glucose

0.5%

DL threonine

125 jag/ml

DL or L leucine

125 jag/ml

Thiamine HC1

0.625 jug/ml

1.

K 2 HPO4 , KH2 PO4 , Sodium citrate.2 H 2 O, MgS0 4 .7 H 2 0 and
(Nlfy^SO^ were added to one liter of distilled H 2 O.

2.

This medium was autoclaved for 20 minutes at 15 lb pressure

3.

Glucose, DL threonine, DL or L leucine and thiamine HC1
were filter sterilized and added to the sterilized mixture
from step 1 .
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Chemical composition and preparation of media slants
used for growth of Escherichia coli W3001 is as follows :
COMPOUND

CONCENTRATION

Heart Infusion Agar (Difco)
Glucose
Streptomycin
Tetracycline HC1

0 .1 %
1 0 0 jug/ml
25 jug/ml

1•

Heart Infusion Agar (Difco) is added to one liter of
distilled ^ 0 .

2.

This media was autoclaved for 20 minutes at 15 lb pressure.

3.

Glucose, streptomycin and tetracycline HC1 were filtered
sterilized and added to the sterilized heart infusion agar.
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