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UMMARY A new forward mutation assay was developed with Escherichia coli
S using alkaline phosphatase (APase) constitutive mutations as a genetic marker.
Mutation in any one of the three regulator genes (phoR, T and S) is known to make
the cell constitutive for APase synthesis and enable the mutants to form larger
colonies on j-glycerophosphate plate under the condition of excess inorganic phos-
phate. This property was used for qualitative and quantitative assay of chemical
mutagens.

Attempts were made to construct suitable strains for this assay by introduction
of various genetic traits that might increase the sensitivity of mutation. Three
known chemical mutagens (N-methyl-N'-nitro-N-nitrosoguanidine (MNNG),
methyl methanesulfonate (MMS), and 4-nitroquinoline-1-oxide (NQNO)) were
employed as reference compounds in the quantitative assay. Among the strains
constructed, a tester strain with genetic markers tif-7, word and pKM101 was the
most sensitive to these compounds, judging from tests on concentration-dependent
mutagenic activity.

The merits and limitations of the present system are discussed.

INTRODUCTION

Since there is accumulating evidence of a
close correlation between environmental agents
with mutagenic activity and cancer, it is of
considerable importance to develop a screen-
ing system for rapid and efficient detection of
mutagenic agents. At present the assay
system developed by Ames and his associates
utilizing Salmonella typhimurium is the most
widely used short-term microbial assay system

(Ames et al., 1973). In this assay, specific
lesions in the histidine operon are back-
mutated or suppressed to allow the bacterium
to synthesize histidine. Therefore, in this
system several strains should be used simul-
taneously to provide a variety of genetic
lesions as targets, because certain chemical
classes show specificity with regard to the
kind of mutations they induce and the se-
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quences of DNA they attack.

An alternative to reversion assay is forward
mutation assay, which can detect mutations
that occur over a larger part of the DNA and
any kind of genetic lesion that alters a parti-
cular phenotype. This system might thus
detect some mutagens that are not detectable
by reversion assay. Attempts to develop
quantitative forward mutation systems with
bacteria have been described recently (Ames
et al.,, 1971; Mohn, 1973; Pueyo, 1978;
Skopek et al., 1978a).

We developed a forward mutation assay
with Escherichia coli K-12 which is based on
the ability of alkaline phosphatase (APase)
constitutive mutants to form large colonies
on a selective plate. Synthesis of APase by
the standard strain of E. coli K-12 is repressed
when the cells are grown in medium contain-
ing excess inorganic phosphate, and the en-
zyme appears only after the medium has be-
come depleted of inorganic phosphate (Tor-
riani and Rothman, 1961). However, cells
with mutation of the regulator genes phoR,
phoS, and phoT produce the enzyme constitu-
tively (Willsky et al., 1973), and this enables
these mutant cells to form larger colonies with
B-glycerophosphate as carbon source in the
presence of excess phosphate on the selective
plate (Torriani and Rothman, 1961).

The E. coli strains used for our assay were
constructed by combining various genetic
traits which were expected to increase the
sensitivity of the mutation assay. These were
word, tif~7, and plasmid pKMI101. This
paper describes the assay system and results
of qualitative and quantitative assays using
some typical chemical mutagens.

METHODS AND RESULTS

1. Chemicals
N-Methyl-N’-nitro-N-nitrosoguanidine(MNNG),
4-nitroquinoline-1-oxide(NQNO) and N-nitroso-
methylurea were purchased from Nakarai Chemicals,
Ltd; methyl methanesulfonate(MMS) was from
Aldrich Chemical Co.; ethylene dibromide was from
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Wako Pure Chemical Industries, Ltd.; 5-bromo-4-
chloro-3-indolyl phosphate, p-toluidine salt (XP)
and p-glycerophosphate (3-Gp) were from Sigma
Chemical Co.

2.  Assay conditions

1) Qualitative assay (Spot test)

Overnight liquid cultures for mutation assay were
made in T'G-C medium (consisting of 0.1 M Tris
buffer (pH 7.2), 0.08 M NaCl, 0.02 M KCI, 0.02 M
NH,Cl, 1 mM MgCl,, 2.5mM N2a,S0,, 0.2mM
CaCl,, 2 uM FeClg, 2 uM ZnCl,, 1% glucose,
0.64 mM KH,PO,, 0.2% casamino acids and 5 pg/ml
thiamine) at 37°C. Then 0.1 ml of the overnight
culture was spread on a TGp-C-XP plate (contain-
ing of 40 pg/m1 XP, 1.5% agar and all the components
T'G-C medium except glucose, which was replaced
by 0.33% j-Gp as the carbon source). Filter paper
discs were placed on the plate, and test chemicals at
appropriate concentrations in a volume of 20 gl
were applied to these discs. The plate was then
incubated for 3 days at 37°C for tif* strains and at
39°C for tif-7 strains. APase constitutive mutant
colonies were detected as larger colonies around the
discs containing mutagen; the colonies appeared
blue since the XP included in the plate stained the
enzyme APase.

2) Quantitative assay

A 0.1 ml portion of the overnight culture and the
test compound in 20 ul of dimethyl sulfoxide were
added to 2ml of top agar (0.69% NaCl and 0.5%
agar) and the mixture was layered over a TGp-C-
XP plate. Surviving cells were counted on a
TGly-C plate (1.5% agar in TG-C medium with
glycerol instead of glucose) with and without the
test chemical. When #if* strains were used the
plates were incubated for 3 days at 37°C. However,
tif-1 strains were used and the plates were incubated
at 41°C or 37°C throughout, the sensitivity of muta-
genicity was unexpectedly low. We, therefore, ex-
amined the optimal incubation conditions for the
expression of tif dependent error prone repair func-
tion in the present assay by changing the length of
the initial incubation periods at 41°C. As shown in
Fig. 1, incubation of plates for 24 hr at 41°C and
for a further 48 hr at 37°C gave the highest sensi-
tivity to MMS, as examined by production of APase
constitutive mutants. Therefore, we employed these
incubation conditions when tif-7 strains were used
for the assay.
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Ficure 1. Determination of optimal incubation conditions for assay with
tif strain (KI201). Numbers of APase constitutive mutant colonies formed
on a TGp-C-XP plate (ordinate) with MMS (2 pl/plate, @ —@) or without
MMS (O—Q) are plotted against the initial incubation period at 41°C.
The plates were incubated at 37°C for the rest of the total incubation
period of 72 hr.

uvrA, which is defective
in excision repair of dam-
aged DNA, is known to in-
crease the sensitivity of
assays (Kondo et al., 1970),
and tif-7, which expresses
error prone repair at high
temperature, has been shown
to enhance the mutagenicity
by MMS (Walker, 1977).
sfid suppresses deletereous
filamentation of the cell by
tif-7 expression at high tem-
perature, but allows error
prone repair function
(George et al., 1975). We
included strains with these
genetic traits in our assay
system.

Plasmid pKM101, which
enhances the sensitivity to
many mutagens (McCann
et al., 1975a; Skopek et al.,
1978b), was introduced into
the tester strains by con-

jugation. The tester strains thus constructed are

3.  Construction of the tester strains

While we were trying to improve the sensitivity

shown in Table 1.

of the present assay system by constructing the
tester strains with various genetic backgrounds, we
noticed that some strains did not produce APase
constitutive mutant colonies on TGp-C-XP plates
with the mutagen (MNNG). Since one Hfr strain
W2252 gave a positive response in the present assay,
the responsive genetic character (named APM*) was
transferred from this strain by conjugation to APM~
strains (JM1 and GC714) for use in the assay.

TaBLE 1. Bactertal strains used

4, Application of the forward mutation assay system

A qualitative spot test is a simple procedure for
use in screening a large number of chemicals. The
typical appearance of a positive result in this test
using MNNG as mutagen is shown in Fig. 2. A
circle of large blue colonies (APase constitutive
mutants) is seen around the spot of the mutagenic
chemical, which forms a concentration gradient from
the point of application on incubation for 3 days.

Strain Relevant genotype

Derivation or sources

M1 wild

KI101  APM*"

KIttt  APM*, pKM101

GC714  tif-1, sfid-11, uorA

KI201  APMY, tif-1, sid-11, uvrA4

KI211 APM*, tif-1, sfid-11, uvrAd, pKM101
W2252  APMt, HfrC

G. George

M. Ishibashi

Castellazzi, et al. (1972)
Recombinant obtained from a cross: W2252 x JM1
KI101 into which pKM101 was introduced

Recembinant obtained from a cross: W2252 xGC714
KI201 into which pKM101 was introduced

@ Ability to produce mutants forming large blue colonies on TGp-C-XP plates.
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Five chemicals (ethylene dibromide, N-nitrosome-
thylurea, MMS, NQNO and MNNG), which are
all known to be mutagenic, were chosen for use in
the assay. All of them produced APase constitutive
mutants in the assay. The approximate sensitivities
of the test strains are summarized in Table 2.

To test the validity of the assay and compare the
sensitivities of the constructed strains, we carried out
quantitative mutagenicity tests (Fig. 3A-C). Three
mutagens, MNNG, MMS and NQNO, were selected
for use in the assay because their modes of action
were different. The mutagenic activities of the

three chemicals were detected on assay with wild

FIGURE 2. Spot test for APase constitutive muta- type strain KI101. With strains KI111 and KI211,
tion assay. 20 pl of MNNG was spotted on a filter pKM101 enhanced the mutagenic effects of all three
disc in the center of a TGp-C-XP plate seeded with chemicals. The mutagenic effects of the three
KI101 cells. Details of the assay procedure are chemicals were also enhanced by the tif-7 and uwrA
described in the text. The mutant colonies ap- alleles, as shown in tests with KI201 and KI211.
peared around the zone of inhibition. The relative sensitivities of the strains were com-

TABLE 2. Qualitative mutation assay of various chemicals with the tester strains

Strain
Chemical (applied to the paper disc) - — - -—
KI1101 KI111 K1201 KI211
Ethylene dibromide (20 p1) =+ + +
Methyl methanesulfonate (5 pl) + + + +
4-Nitroquinoline-1-oxide (20 pg) + + H H
N-Methyl-N’-nitro- N-nitrosoguanidine (20 pg) + -+ + +
N-Nitrosomethylurea (10 pg) + + s +H

The assay procedure was as described in the text.
no detectable mutant colonies were formed.
a few mutant colonies were formed.

many mutant colonies were formed.

++ K |

many mutant colonies were formed with less than the dose of mutagen described here.

TaBLE 3. Sensitivities of various strains to the three typical mutagens

Lowest effective dose®

Chemical — — -
KI101 KI111 KI1201 KI211
N-Methyl-N’-notro- N-nitrosoguanidine 7.8 3.8 0.96 0.68
(pg per plate) ’ ’ ' ’
Methyl methanesulfonate (u1 per plate) 1.6 0.93 0.27 0.19
4-Nitroquinoline-1-oxide (pg per plate) 13 5.4 0.11 0.08

@ The concentrarion corresponding to the intersection of the linear portion of the mutation curve extra-
polated to the abscissa in Figs. 3A to C was arbitrarily defined as the lowest effective dose for muta-
genesis.
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pared by tests with the lowest effective doses of the
chemicals for mutagenesis. As shown in Table 3,
the sensitivities of the constructed strains in the
assay decreased in the following order.
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Figure 3A-C. Comparison of relative sensitivities
of the test strains to the representative mutagens,
MNNG(A), MMS(B) and NQNO(C). APase con-
stitutive mutation was measured as described in the
text. The mean number of spontaneous mutant
colonies per plate (125 for KI101, 69 for KI111,
149 for KI201 and 130 for KI211) was subtracted.
Triplicate plates were used for each experiment.
The concentrations of mutagens used in the present
assay were within the range giving 10% survivors
of each strain. The test strains were KI101 (wild)
(@), KI111 (wild, pKM101) (O), KI201 (¢if, uvrA)
(A), and KI211 (¢if, uvrA, pKM101) (A).

KI211 (tif, sfi, uord, pKMI101)>KI201 (¢, sfi,
worA)>KI111 (pKM101) > KI101 (wild type).

DISCUSSION

In the present study we showed that APase
constitutive mutations could be used for for-
ward mutation assay. The sensitivity of the
assay was considerably enhanced by intro-
ducing some genetic characters, such as ¢4,
uvrA and pKM101, into the tester strains.
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In the present assay, the mutants not only
formed large colonies, but were also stained
blue on a TGp-C-XP plate, and in this way
colonies of true mutants could be identified.
Another advantage of the assay is its simplicity,
and its requirement for only one tester strain
instead of the five needed in Ames’ test
(McCann et al., 1975b). Thus large numbers
of chemicals can be screened by this spot test.
In quantitative tests our tester strain, KI211,
(table 3) showed the same order of sensitivity
to three mutagens as observed with Ames’
tester strains by McCann et al. (1975b).

We think that the APM* character is gene-
tic, because it is transferable by conjugation
and is stable. APM-~ cells did not form large
blue colonies on a T'Gp-C-XP plate contain-
ing mutagen, but they formed them on a
TGp-C-XP plate when exposed to mutagen
(MNNG) in liquid culture and then spread
on the plate without mutagen. Among the
strains examined, K10, W3747, W3623 and
F-Silver were APM®*, while AB1157, from
which JM1 and GC714 were derived, and
AT2427 and JC411 were APM~-. No cor-
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