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SUMMARY

‘�AMAMOTO, N0ImT0, ANDERSON, M. D., AND DIPA0L0, J. A. : Phage and bacterial

inactivation amid �)rophage inductiomi by chemical carcinogens. Mol. Pharniacol. 10,

640-647 (1974).

Some mammalian (‘arcinogens and their metabolites affect the viability of Salmonella

typliiinuriuin strains, as indicated by a decrease in colony formation, and also induce pro-
phage. We determined the minimum concentration required for prophage imiduct-ion and the
maximum j)rophage imiductiomi frequency for each carcinogen. The latter value was deter-

mined by the ratio of the number of induced phage particles relative to that of spontane-

ously induced ))hage particles in the controls. This value is constant- for each carcinogen,

regardless of its concentration. Since damage of the bacterial genome results in prophage
induction, the reactivity of each compound with the gemiome may be indicated by the

minimum concentration required for prophage induction and the maximum frequency of

prophage induction. Carcinogens unable to affect bacterial viability are also unable to
induce prophage. Failure to induce prophage indicates a requirememit for metabolic activa-

tion by mammalian emizymes. Imiteraction of these carcinogens with free phage l)articles

in vitro was used as an index of direct interaction of carcinogemu with DNA. Among 16 corn-

pounds tested, six had a direct effect on the phage genome, resulting in loss of phage vi-
ability. Five of these six conipoumids are hydroxylated compounds, and the other is N-
acetoxy-2-acet-vlaminofluorene. From these observations it may be concluded that these six
compoumids are reactive with genomes without further metabolism.

I NTItODUCTION of the permamiemit chamige many imivesti-
gators have suggested that a chemical rcac-

Ch flhl( il ( irt imi(ig( Ii’� imIt( t(t with cellu tion with D�\A is the basis of chemical

lar macromolecules in animals to cause a induced carcinogenesis. This argument is

permamuent cellular change, namely, abnor- strengthenel by the demonstratiomi that
mal growth. In many mnstamices abnormal many carcinogens or their activated inter-

growth results imi tumor formation. Because mediates are mutagenic for microorganisms.

* Supported by Grants AI-06429 and CA-122’27 It has been well established that mutagenesis

from the National Institutes of health, is based upon reactions involving alteration
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of cellular DNA : modification, nicking,

degradation, etc. Recently Ames et al. (1)
demonstrated that the alterations of the
DNA by metabolites and derivatives of
some carcinogens produces frameshift muta-

tions in Salmonella typhimurium. Alteration
Of cellular DNA can also be demonstrated
by prophage induction, and damage and

repair of bacterial genomes, using bacterial

repair mutants.
Exposure of Escherich ia coli lysogenic for

phage X to ultraviolet light, X-ray radiation,
�-propiolactone, tert-but-yl peroxide, and

4-nitroquinoline I -oxide results in prophage

induction (2-4). Yamamoto ci al. (5) re-

ported that 4-nitroquinoline I -oxide and

i3-propiolactone reduced the bacterial vi-
ability of S. typhimnrium and that bacterial
mutants extremely sensitive to NQO’ in

terms of inactivatiomi of colony-forming

ability w(’re isolated and also found to be
highly sensitive to both $-propiolactone and

ultraviolet light . These bacterial mutants
were (‘haracterized and subdivided into two
groups : bacterial excisiomi-deficiemit mutants

(hcrj, lacking repair activity for ultra-
violet -damaged bacterial amid phage ge-
nomes, amid recombimiation deficient mutants

(recA) (5). Furthermore, NQO and �3-

ProPiolactone induced j)rOphage in It cr
mutants more efficiently thami in the wild

type lysogen (5). These observatiomis pro-

vide evidence that the above carcinogens
damage the genomes amid that the chemically
damaged genomes (‘alt be rest(ired by the

bacterial repair mechanism.
4-Hydroxyaminoquinoline I -oxide, a re-

duced meta-bolite of NQO, damages both

bacterial and bacteriophage genomes; NQO,
however, damages only the bacterial ge-

nome (5). Although both NQ() amid HAQO

produce tumors at their injectiomi sites,
HAQO appears to be the active metabolite,
since it reacts directly with DNA (6) and
bacteriophage genomes (5).

In this communication we report that

vari( nis metabohtes of known mammalian

carcimiogens cause loss of phage arid bacterial

1 The abbreviations used are: NQO, 4-nitro-

quinoline 1 -oxi(le; HAQO, 4-hydroxyaminoquino-
line 1-oxide; AAF, 2-acetylaminofluorene; DMSO,
dimethvl sulfoxide; HAN, a-hvdroxyamino-

napht halene; ILU, .V-hydroxyurethane.

viabilities amid induce pro�)Iiage. \Ve also)
discuss the reactivity (if these miietabolites
with genes.

MATERIALS ANI) METHODS

Baeterioplua�e. Salmmi on ella pliages P22e+

and P221c� were used (7). P22c+ and

P221 c+ are temj)erate phages which form

turbid plaques on S. lyJ)lli-lnurinln strains

LT-2 amid Qi , as a result of establishment of

lysogenic cells.

Bacteria. S. ty/)hinluri-unl Qi and its
repair-deficient mutamits lysogenic for P22c�

amid for P221c+ were used for prophage in-

duction and inactivation kinetic studies of
bacterial colomiy-forming ability. Imidicat ir
strains for prophage induction were a tetra-

(‘ycline-resistamit S. 1?J/)luifllUl’ii(lll Qi for
assay of phage P22 and a streptomycin-
resistant mutant- of a P22-resistamit mutant

of S. lypltimuuuriunu LT-2 (ST/22 Smnr) for

assay of phage P221.
A qents. Hydroxyurethane amid alkylmii -

troso coml)oumids were sti�)plied by the

Cancer Chemotherapy N atiomial Service

Cemit er ; a- and �3-hydroxyaminonaphthalene,

by W. Troll, amid also synthesized in our

laboratory; and AAF derivatives, by J.

Weisburger. Dimethyl sulfoxide was pur-

chased from Fisher Scientific Compamiy and

was used for solubilizing carcinogens.

.�l1e(lia. Nutrient broth (‘omisisting of S
g of Difco nutrient britli and 5 g of NaCl per

liter of distilled water was used for making

�)hage lysat es and bacterial aerat ion cultures.

For phage plating, mimi agar base comitaimiing

23 g of Difco miutrient agar and 5 g of NaC1l

per liter, and soft nutriemit tiverlay agar con-
taming 7.5 g t)f Difco Bacto-agar, 5 g (if

NaCl, tifl(I 8 g of Difco mnitrient broth i�er

liter, were used . Phosphiate-buffered NaCl

contained Ml S l)hosPhate in 0.1 M NaCl at

1)H 7.0.
Inactivation kimu etics of bacterial colony-

forming ability. S. typli im mm rn strain Q I

and its lysogenic strain for P221c+ (10� cells/

ml) were treated with a chemical (‘arcrnogen

in nutrient broth at :37#{176}or in buffered NaCl

at 25#{176}.Water-insoluble aromatic carcinogens

were solubilized in 1)�\lS0 amid tested in a

final D\IS( ) o’tincent ration of 5 (/ (v/v).
Saniplcs wt’rc withdrawmi at various inter-
vals, diluted, and plated tin miutrient agar.
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After overnight imicubation at 37#{176},bacterial
viability was expressed as the ratio of the

number of colonies after exposure to car-
cinogens relative to the untreated control.

Prophage indnction. Logarithmic phase

P22c+ lysogenic cells were harvested by
cent-rifugation , resuspended in buffered

NaCl to 108 cells/ml, and further diluted

1 : 10 in buffered NaC1. Then 1.9-ml aliquot-s

were mixed with 0.1 ml of water or DM50
containing increments of the test agent.

Aromatic carcinogens were adequately solu-
bilized in a final DMS() concentration of 5 �
(v/v), which was nontoxic to the bacteria.
Phage induction occurred during a 90-mm
incubation of the cultures in a 37#{176}shaking
water bath. After 90 volumes of nutrient

broth were added to the induction mixture to
dilute the inducing agent, the cultures were

incubated for 60 mm to permit lysis of the

induced cells, then briefly chilled in an ice

bath to stop bacterial growth, and diluted
in NaCl. Induced phage particles were as-
sayed by plaque formation in 2 ml (if soft
nutrient overlay agar comitaining 0.1 ml of
diluted sample, 150 �g of tetracyehimie, amid

0. 1 ml (if an overnight nutrient- broth culture
of the tetracycline-resistant indicator, S.

lyphimvrivrn Qi TC. P22 plaques appeared

in the poured plates after overnight incuba-
tion at 37#{176}because of lysis of the indicator
st rain. Tetracycline prevemits further growth

of lysogenic (‘ells and �)hage rel(’ase from

uninduced lysogens, but- does not inhibit

j)laque formation on the tetracy(’line-re-

sistant indicator strain.

The kinetics of prophag(’ induction was

studied by determining the number of
prophage-induced cells. Logarithmic phase
P221c� lysogenic cells (10�-10� cells/mi) were

treated with carcinogenic chemicals in
nutriemit brot-h or in buffered NaC1 for

various time intervals and diluted 100-1000-
fold imi fresh nutrient broth to dilute extra-
cellular carcinogens. Aft-er 30 mm of incuba-
tion at 37#{176},samples were plated �in St/22
Smr with agar comita-imiing dihydrostrepto-

mycin (200 �mg/ml). Streptomycin kills
lysogenic cells, but- does miot- imihibit phage

productiomi of cells previously imiduced (4, 5
8). The 30-nun incubation of lysogenic cells

aft-er treatmemit with agents is not- long
emiough to hyse and release P221 phage.

Therefore only cells that are imiduced by the
agents give P221 plaques (i.e., infectious

centers) on 51/22 Sinr

Treatment of phage P22 with carcinogens.

All manipulations were carried out at room

temperature (25#{176}).One-tenth volume of a

chemical solution in phosphate-buffered

NaCl (pH 7.0) w’ith DM50 was added to

the P22 phage suspension (about 10� plaque-

forming units/mi), and periodically 0.1 -ml
samples were withdrawn and diluted 1 :100

or further iii phosphate-buffered NaC1 to
stop the reaction of residual agent. Ini-
niediately after dilution 0.25-mi diluted
samples were added to 0.1 ml of the nutrient

broth culture of indicator strain Qi and
incubated for 10 mm at 37#{176}in a water bath.
Agents contained in these diluted samples

have no influemice on either phage or bac-

terial cells for plaque-forming ability. Then
2 ml of soft agar were added, amid the entire

mixture was poured Ofl nutrient agar plates.
After overnight incubation at 37#{176},phage
viability was expressed as the ratio of the
number of plaques after exposure to car-
cinogens relative to the untreated control.

RESULTS

Loss of bacterial viability by various car-

Cii) ogens. Inactivation of S. typim imvriu in

st-rain Qi by various carcrnogemis in terms of
loss of bacterial viability was studied as

described above. Each carcinogen was test-ed
using several concentrations. Among the 16
carcinogens tested, 1 2 compounds macti-

vated the bacterial colony-forming ability

(Table I ). Typical imiactivatiomi kinetics of
Qi by \-methyl-’\-nitr(isourethane at con-
centrations ranging from 0.5 to 10 m� is

shown in Fig. I . The inactivation rate de-

pends on concentratioin. At a concentration
of 10 num about- a 1000-fold reduction in
colony-forming ability was observed by 20
mm incubation. At- a concemit ration of 0.5
m�i the bacterial survivals decreased to 2-

fold after a 10-mimi lag and reached a

plateau at 40 mimi. Similar inactivation pat-

terns were observed with a few different
concentrations of other carcinogemis which

inactivate bacteria (Table 1). Urethane,

$-naphtliylamine, 2 -acetylaminofluorene,
and N-hvdroxyacetylamin( ifluorene did not
affect bacterial viability.



TABLE 1

0

a

‘I)

FIG . 1 . inactivaliomu kimu etics of colony-forming

ability of S. typhimiuurinmn Qi by various comueentra-

tions of N -nzethyl-N -nitrosouret hone

i.�, 0.5 mM; 0, 1.0 mM; �, 3.3 mM; X, 10 mM.
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Phage and bacterial inactivation and prophage

induction by carcinogens

Compound Bac- Pro-
terial phage
mac- induc-
tiva- tion#{176}
tion

Phage
mac-
tiva-
tion

Urethane - -

N-Hydroxyurethane + +
-

+

N-Methyl-N-nitrosourea + +

N-Ethyl-N -nitrosourea + +
N-Methyl-N-nitrosourethane + +
N-Ethyl-N-nitrosourethane + +

-

-

-

-

j�-Naphthylamine - -

fl-Hydroxyamino-
naphthalene + +

a-Hydroxyamino-

naphthalene + +

-

+

+

2-Acetylaminofluorene - -

N-Hydroxy-AAF - -

N-Acetoxy-2-AAF + +
N-Hydroxy-2-aminofluorene + +

2-Nitrosofluorene + +

-

-

±

+

-

4-Nitroquinoline 1-oxide + +
4-Hydroxyaminoquinoline

1-oxide + +

-

+

always truea Results with P22 lysogens are

with P221 lysogens.

+ indicates inactivation of bacterial colony-
forming ability (more than 10-fold), prophage

induction (at least 5-fold), or inactivation of
phage plaque-forming ability (more than 10-fold).
- indicates no effect. ± indicates small effect
about 4-fold).

If a chemical modifies the bacterial DNA,
the bacterial repair functions (e.g., excision,

DNA polymerase I, reeombination function)
restructure the modified bacterial genomes
in a stepwise fashion. Therefore interaction
of carcinogens with genes can be demon-

strated by increased inactivation rates of
the bacterial repair-deficient mutants to
carcinogens (5, 7). When various repair-
deficient mutants were trea-ted with cm-

hydroxyaminonaphthalene inactivation was
rapid for excision-deficient (hcrj mutants
(Fig. 2) and recombimiat-ion-deficient (recA)

mutants (8), moderate for DNA polymerase

I mutants (8), and slow for the wild type

strain. The implication is that HAN inter-
act-s with the bacterial genomes and modifies

DNA. Similar results have been found with
j3-hydroxyaminonaphthalene (9) , N-aeetoxy-

2-AAF (10), N-hydroxy-2-anuinofiuorene
(10), 2-nitrosofluorene (10), NQO (5), and

HAQO (1 1). However, in our separate study

it was found that the pol mutant is far niore

sensitive than the excision -deficient mutant
and wild type strain to some chemicals (9).
Different inactivation patterns of various
repair mutants for chemicals are dependent

on types of DNA damage.
Prop/rage induction. As reported previ-

ously (5, 8), prophage induction increases as
the bacterial inactivation proceeds. There-
fore prophage induction in the excision-
deficient mutant is far more efficient thami in

the wild type strain (5). An example of
prophage induction by HAN at a concentra-

tion of 0.1 mu is shown in Fig. 2. Prophage
induction in the excision-deficient mutant
increased sharply as bacterial inactivation
began and reached a maximum value,
whereas prophage induction in wild type
lysogen increased gradually. Prophage induc-
tion in the wild type lysogen has also been

reported to reach a maxinium induction



--1
a,
a

a

‘I,

10 20 20 40 60mm

644 YAMAMOTO ET AL.

FIG. 2. Iuuactivatiomu ofcoiomuy-formimug ability amud

prophage imu(!UctiOmt of P221 lysogc-ns of S. (yphi-

manumit Qi and its excision-deficient mutamut by

0. 1 mimi! a -Hydroxyamn imuomuaphthalcmue

S , wild type lysogen Qi (P�1) ; 0 , a P221

lysogen ()f excision-deficient mutant QM�(P221).

frequemicy (5, 11). Although prophage induc-

tit)mi in the excisiomi-deficient mutants is far
more efficiemit than in the wild type strain,
the niaxinium frequencies of prophage in-

ductiumi ill lysogens of both the repair-

deficient mutants amid the wild type are

about tlit’ same (5, 1 1). Furthermore, al-

though many carcinogens act more effi-
ciently Oil excision-deficient mnutants than
the wild type straimi, some do not. Therefore
the relottiVe prophage-inducing abilities of

car(’inogens were studied with lysogens of the

wild t\])(’ strain. Maximal induction fre-

qtien(’y (‘otild be obtaimied with a wide ctni-

centratiomi range of cliemical (Fig. 3).
�NI axi nial inductioii frequencies obtaimied
with three different- concentrations of

N-methyl -N-nit-rosourethamie are about- the

samiie. Therefore, although the bacterial
inactivatitin rate increases with carcinogen

concu nt rat ion, the maximal induction fre-

quencv should be a constant value for each

carcinogen regardless of concentration. Re-

sults with carcinogens and their suspected

active metabolites are given in Table 2. All
the caro’inogemis which inactivated bacterial
colony -6 )rming ability also imiduced pro -

phage (Table 1). Table 2 also includes the
miiiiiinium concentration of each carcinogen

FIG. 3. Imuactivatp)n and propluage imuductiomo of

S. typhi-mmmu-riuom Qi !ysogcnic for P221bc+ by various

comecemutrations of X--,mueth yl-X-mu itrosourethamue

., 1 mM; 0, 3.3 n�u; A, 10m�um.

required for prophage inductiomi, in addition
to the maxiniuni induct-ion frequency. The

mininmum concentration required for pro-

phage induct-ion may indicate the reactivity
of the carcinogen with genes. The lower the
minimuni concentration, the higher is the

reactivity of the carcinogen with genes.

However, this value can be influenced by
stability of the carcinogen. The maximum

prophage induction frequency may be a

function of (a) reactivity of the carcinogen
with genes and (b) its toxic effect on the

phage productiomi niechianisni in cells.

(1liemicals nimble to inactivate the bac-
terial cells are also umiable to induce hiro-
phage (�fbl 1). IF’ailure to iiidtice prophage

niav in(licate a re(luirenient- for nietabolic
act ivation. H�dr ixyurethane , a- nietabolite
of uret litiuie ( 1 2) , imiduces prophage, althiugh

urethane itself is imiactive. The N-alkyl-
N-nitrosourethanes and N-alkyl-N-nitro-

soureas, which are carcinogenic in the

mouse, rat, and hamster (13--IS), are phage
inducers. A bladder carcinogen, /3-naphthyl-
amimie (16, 17), is not prophage-imiducing. A

metabtilite of �-naphthylamine, �-hydroxy-

amuiiuit imiaphthalene, induces, as does its

isomer, HAN. No) �ihage induction was ob-
taimied with N-hydroxy-AAF, but N-ace-
toxv-2-AAF, N-hvdroxv-2-aminofluorcne,
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2 N. Yamamoto, Y. Tagashira, and N. Ushijima,

unpublished observations.

TABLE 2

Prophage induction from S. typhimurium

Qi lysogenic for PI.� &y carcinogens

Compound Mini- Ratio:
mum Highest

concen- No. of
tration� plaques

treated/
control6

,zM

Urethane
N-Hydroxyurethanem 100 20

N-Methyl-N-nitrosourea 25 19
iV-Ethyl-N-nit-rosourea 25 40
N-Methyl-N-nitrosourethane 5 8

N-Ethyl-N-nitrosourethane 1 27

�9-Naphthylamine -

fl-Hydroxyamino-

naphthalene” 5 ND’
a-Hydroxyamino-

naphthalene4 0.5 50

2-Acetylaminofluorene -

N-Hydroxy-2-AAF -

N-Acetoxy-2-AAF ND 95

N-Hydroxy-2-aminofluorene’ 1.0 23
2-Nitrosofluorenetm 0.5 40

4-Nitroquinoline 1-oxide ND 70

4-Hydroxyaminoquinoline

1-oxide4 ND 100

a Minimum concentration required for at least

a 5-fold plaque increase over control.
b This ratio gave practically the same values as

the ratio of the highest number of induced cells

treated to control, because both induced cells and

spontaneously induced cells produce about an

equal number of phage particles per cell. These

ratios are defined as maximum prophage induction

frequency.

C Dash indicates that the compound failed to

induce prophage.
a Suspected proximate metabolite.
I ND, not determined.

and 2-nitrosofluorene are potent inducing

agents (10).
Inactivation of free p�’mage particles. Since

those carcinogens which affect bacterial
viability were also able to induce the

prophage, it was desirable to examine inter-

action of these carcinogens in vitro with free
phage particles as a test for direct interaction

of carcinogens with DNA. Among the car-
cinogens tested, six inactivated phage P22
by direct contact of the free �)hage particles

with the carcinogens in buffered NaCl
(Table 1). Our separate studies showed that
those six carcinogens also greatly increased

the frequency of phage recombination about
50-fold, (5, 1 1).2 This suggests that these
carcinogens interact with the phage genome.

One of the six compounds, N-acetoxy-AAF,
inact-ivates P22 to a small extent, although
it inactivates phage T5 at a faster rate (10).
It is known that N-acetoxy-AAF binds with

DNA and forms a fluorene-DNA complex
(18). The other five are hydroxylated corn-

l)Ounds. Sugimura et al. (6) demonstrated
that HAQO produces single-strand scissions
in DNA molecules on incubation of DNA in

vitro. Moreover, our recent studies show that

the other four hydroxylated compoumids

produce single-strand scissions in DNA
molecules.2

Results of inactivation kinetics of P22

phage by N-hydroxyurethane are shown in
Fig. 4. Since HU is a hydroxylated form, it

may release hydrogen peroxide (19) or be

converted to a free radical (20) in the rres-
ence of oxygen. To test this possibility, P22
phage was exposed to HU in �m/15 phosphate

buffer with or without cupric ion, because

cupric ion has a catalytic effect- on the
activity of hydrogen pero��de (21 , 22) and
the formation of free radicals.2 1�hage macti-

vation was greatly enliamiced by addition of
cupric ion (Fig. 4), but the specific active
form interacting with the phage genome is

unknown.

DISCUSS1 ON

The ability of some known water-soluble

carcinogens to induce coliphage has been re-
ported (2). Of the water-soluble and in-
soluble compounds tested by us, only the
suspected proximate carcinogens reduce

bacterial colony forniation of S. typlui-

in -uriv in , imiduce prophage, and inactivate

the plaque-forming ability of Salmonella

phage. Parental carcinogen activity is
dependent on enzymatic or iiono’nzymatic

conversion into proxiniate carcinogens in
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FIG. 4. Catalytic effect of cupric ion on inactivation of phage P22 by h-ydroxyurethane

P22 was treated in phosphate-buffered NaCl (pH 7.0) at 37#{176}and assayed on S. typhi-niurium Qi. 0,

control; X, 10 �mM CuSO4; A, 10 mis HF; L�, 10 m�c HU + 10 �M CuSO4.

animals. Bacteria also contain activating

enzymes for comiverting the parent carcino-
gens to active compounds that interact
wit-h genomes (I 1). Bacterial enzymes reduce
a potent carcimiogen and prophage inducer,
4-nit-roquinoline 1-oxide, to its suspected
proximate carcinogen, 4-hydroxyamino-
quinoline 1-oxide (3, 11). HAQO inactivates

bot-h the plaque-forming ability of the phage
and the colony-forming ability of S. typhi-

inu-riu-mn by contact i-n vitro (5, 11). The
N-alkyl-N-nitrosourethanes amid N-alkyl-N-

nit rosoureas, w’hich are carcinogenic in the

mouse, rat, and hamster (12), are phage

inducers. It has been suggested that tumor
induction by the alkylnitrosourethanes and
alkylnit-rosoureas may be due to their spon-
taneous decomposition, with the generation
of the corresponding carbonium ions, which
are a-lkylat-ing agents (23-25). However,

these alkylnitrosocompounds do not macti-

vate the plaque-formimig ability of the phage
although they destroy bacterial colony-

forming ability. Therefore these chemicals
must be converted to active metabolites by

bacterial enzymes before they can interact
w-ith the bacterial genome.

The liver carcinogen AAF is metabolized
by susceptible animal species to N-hydroxy-
AAF, which is deacetylated t-o N-hydroxy-2-

aminofluorene and in turn oxidized to 2-

nitrosofluorene (26, 27). No phage induct-ion
is obtaimied with AAF or N-hydroxy-AAF.
N-Acetoxy-2-AAF, N-hydroxy-2-aminoflu-

orene, and 2-nitrosofluorene were potent
prophage-mducing agents.

� lany prophage-inducing agents, regard-

less of form, are known to alter the structure

of bacterial DNA (3). Relative reactivities of

various carcinogens with the bacterial
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genome can be expressed by the following
two values : the minimum concentration
required for prophage induction and the
maximum prophage induction frequency.

These values may be influenced by the

permeability, stability, and toxicity of the
chemicals.

Since bacteria also contain some activating
enzymes for carcinogens (1 1 , 28), it became

desirable to examine the direct interaction
between carcinogens and genes by incuba-
tion of the carcinogens with free phage par-
tides ifl vitro. Six of 12 prophage inducers
interact wit-h phage genomes without further
activation processes. The other six corn-
pounds appear to require activation proc-
esses in the bacterial cells before interacting
with the bacterial genomes. Hydroxy-

urethane, a metabolite of urethane, macti-

yates phage, but- urethane itself is inactive.
The known bladder tumorigenicity of
$-naphthylamine suggests its conversion
in vivo to a carcinogenic urinary metabohite.
Of the two naphthyiamine metabolites

studied, both a-hydroxyaminonaphthalene
and f3-hydroxyaminonaphthalene macti-
vated the phage. The production of cancer

by both hydroxylamine isomers at the injec-
tion site in animals suggest-s that they are

proximate carcinogens (17).
The value of investigation into bacterio-

phage induction and inactivation to cancer
research lies in its capacity to identify

proximate carcinogens and to simplify
studies of their mode of action on genomes.
It is also important to know the mechanism

by which the latent viral genome that is inte-
grated in the host chromosomes is activated
by chemicals which arc local carcinogens in
higher species, including man.
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