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EPA, 1979). These negative monitoring results are ex-
pected because animals in the field are not generally ex-
posed to measurable amounts of TCDD. TCDD is not
ingested by most animals because of the combined effects
of very low application rate, rapid photodecomposition rate
{Crosby and Wong, 1977; Getzendaner and Hummel, 1975;
Nash and Beall, 1978), and very strong binding to soil, &,
= 486 000 (Kenaga, 1980).

ACKNOWLEDGMENT

The care, feeding, and sampling of these animals by R.
Swart, sample preparation under the supervision of D. K.
Ervick, statistical evaluations by G. Blau, and assistance
with mass spectrometry by L. A. Shadoff are gratefully
acknowledged.

LITERATURE CITED

Allen, J. R.; Van Miller, J. P.; Norback, D. H. Food Cosmet.
Toxicol. 1975, 13, 501.

Association of Official Analytical Chemists “Official Methods of
Analysis”, 12th ed.; AOAC: Washington, DC, 1975; 24.005, p
417.

Carter, C. D.; Kimbrough, R. D.; Liddle, J. A,; Cline, R. E.; Zack,
M. M,; Barthel, W. F.; Koehler, R. E.; Phillips, P. E. Science
1975, 188, 738.

Clark, D. E.; Palmer, J. S.; Radeleff, R. D.; Crookshank, H. R.;
Farr, F. M. J. Agric. Food Chem. 1975, 23, 573.

Crosby, D. G.; Wong, A. S. Science 1977, 195, 1337.

Fries, G. F.; Marrow, G. S. J. Agric. Food Chem. 1975, 23, 265.

Gehring, P. J.; Watanabe, P. G.; Blau, G. E. “Advances in Modern
Toxicology, Part I”’; Mehlman, M. A,; Shapiro, R. E.; Blu-
menthal, H., Eds.; Hemisphere Publishing: Washington, DC,
1976; Chapter 9.

Getzendaner, M. E.; Hummel, R. A, Dow Chemical U.S.A., un-
published data, 1975.

Hawkes, C. L.; Norris, L. A, Trans. Am. Fish. Soc. 1977, 106, 641.

Hummel, R. A. J. Agric. Food Chem. 1977, 25, 1049,

Kenaga, E. E. Environ. Sci. Technol. 1980, 14, 533.

Kocher, C. W.; Mahle, N. H.; Hummel, R. A.; Shadoff, L. A,;
Getzendaner, M. E. Bull. Environ. Contam. Toxicol. 1978, 19,
229.

Kociba, R. J.; Keyes, D. G.; Beyer, J. E.; Carreon, R. M.; Wade,
C. E; Dittenber, D. A.; Kalnins, R. P.; Frauson, L. E.; Park,
C. N,; Barnard, S. D.; Hummel, R. A.; Humiston, C. G. Toxicol.
Appl. Pharmacol. 1978, 46, 279.

Mabhle, N. H.; Higgins, H. S.; Getzendaner, M. E. Bull. Environ.
Contam. Toxicol. 1977, 18, 123.

Morton, H. L.; Robison, E. D.; Meyer, R. E. Weeds 1967, 15, 268.

Nash, R. G.; Beall, M. L., Jr. U.S. Environ. Prot. Agency 1978,
EPA-1AG-0054, ARS 173, EPA 100-704; “Abstracts of Papers”,
175th National Meeting of the American Chemical Society,
Anaheim, CA, March 1978; American Chemical Society:
Washington, DC, 1978; PEST 57.

Newton, M.,; Norris, L. A.; Witt, J., comments addendum to the
Symposium on the Use of Herbicides in Forestry, 1978.

Newton, M.; Snyder, S. P. Bull. Environ. Contam. Toxicol. 1978,
20, 743.

“Pesticide Chemical News”; Food Chemical News, Inc.: Wash-
ington, DC, June 23, 1976; p 17.

Piper, W. N,; Rose, J. Q.; Gehring, P. J. Adv. Chem. Ser. 19783,
No. 120, 85.

Reilly, P. M.; Bajramovic, R.; Blau, G. E.; Branson, D. R,;
Sauerhoff, M. W. Can. J. Chem. Eng. 1977, 55, 614.

Rose, J. Q.; Ramsey, J. C.; Wentzler, T. H.; Hummel, R. A,;
Gehring, P. J. Toxicol. Appl. Pharmacol. 1976, 36, 209.

Shadoff, L. A.; Hummel, R. A. Biomed. Mass Spectrom. 1978,
5,17.

Shadoff, L. A.; Hummel, R. A.; Lamparski, L.; Davidson, J. H.
Bull, Environ. Contam. Toxicol. 1977, 18, 478,

USDA-EPA, 1979, 2,4,5-T RPAR Assessment Team Report.

Van Miller, J. P.; Marlar, R. J.; Allen, J. R. Food Cosmet. Toxicol.
1976, 14, 31.

Received for review July 14, 1980. Accepted October 24, 1980.

Pesticide Mutagenicity in Bacillus subtilis and Salmonella typhimurium Detectors

S. Y. Shiau, R. A. Huff, and I. C. Felkner*

Four pesticides, captan [N-{(trichloromethyl)thio]-4-cyclohexene-1,2-dicarboximide], folpet [N-{(tri-
chloromethyl)thio]phthalimide], naled (1,2-dibromo-2,2-dichloroethyl dimethyl phosphate), and triallate
[S-(2,3,3-trichloroallyl) diisopropylthiocarbamate], were evaluated for their ability to induce mutations
in Salmonella typhimurium mutants (TA1535, TA1536, TA1537, TA1538, TA98, and TA100) and
Bacillus subtilis mutants (TKJ5211 and TKJ6321) with and without a rat liver microsomal activation
system. These pesticides were more mutagenic in TKJ6321 or TKJ5211 than in TA100 or TA1535 (base
pair substitution mutants). None of the pesticides required metabolic activation, but they were sig-

nificantly detoxified by this metabolism.

Captan [N—-[(trichloromethyl)thio}-4-cyclohexene-1,2-
dicarboximide) and its isomeric relative, folpet [IN-[{tri-
chloromethyl)thio]phthalimide), possess valuable anti-
fungal properties and have been used commercially on a
large scale in agriculture and horticulture. They are widely
applied as a spray, both to control various fungal diseases
and to prevent spoilage of fruit and vegetables during
storage and transit. Naled (1,2-dibromo-2,2-dichloroethyl
dimethyl phosphate) is used on numerous crops, also
against flies in barns, poultry houses, and kennels, and in
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and around food processing plants. Triallate [S-(2,3,3-
trichloroallyl) diisopropylthiocarbamate] is used for
preemergence application control of wild oats in barley,
drum wheat, spring wheat, winter wheat, green peas,
field-dried peas, and lentils. Because of the widespread
application of these pesticides, humans may be exposed
to these chemicals through their occupation or by con-
suming food containing residues of these chemicals.
Although procedures for establishing risk criteria for
such things as acute or chronic toxicity can be readily
determined, the risk for long-term effects such as cancer
and deleterious human or animal heritable defects are
much more difficult to assess. In recent years, simple,
rapid, and economical short-term microbial mutagenicity
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assays have been employed as mutagenesis/carcinogenesis
tests. The most widely used bacterial assay system was
developed by Ames et al. (1973). Our previous report
(Shiau et al., 1980b) has indicated that Salmonella typh-
imurium (Ames et al., 1973) may not be a sensitive detector
for some chemical categories. We, therefore, applied S.
typhimurium and Bacillus subtilis mutants simultane-
ously to a screening program for the above pesticides. We
show in this study that B. subtilis is superior to S. typh-
imurium in the detection of mutagenic activity of several
pesticides.

MATERIALS AND METHODS

Bacterial Strains. B. subtilis strains TKJ5211 and
TKJ6321, provided by Dr. H. Tanooka, National Cancer
Center Research Institute, Japan, were used in the mu-
tagenesis assays. TKJ5211 is an Exc™ strain (uvrA10) that
has the suppressible nonsense mutations his* and met*.
TKJ6321, developed by Munakata from TK.J5211, has the
additional mutations polA151 and spp-1. It not only has
a higher sensitivity to agents such as X-rays than does
TKJ5211 but also has a higher spontaneous background
mutation rate. S. typhimurium strains TA1535, TA1536,
TA1537, TA1538, TA98, and TA100 used in the intial spot
tests were obtained from Dr. B. Ames, University of
California at Berkeley. All the strains are histidine de-
pendent and are induced to mutate back to histidine in-
dependence by active mutagens. Strains TA100 and TA98
were derived from TA1535 and TA1538 by introduction
of an R-factor plasmid. The presence of the plasmid en-
hances the sensitivity of these strains to most mutagens
(McCann et al., 1975b).

Preparation of Liver Microsomal Fraction (S-9).
The S-9 fraction was prepared from rat livers as described
by Ames et al. (1975). For induction of microsomal en-
zymes, Sprague—Dawley male rats weighing ~250 g were
injected intraperitoneally with Aroclor 1254 dissolved in
corn oil. On the fifth day after injection the rats were
sacrificed, and the S-9 liver microsomal fraction was pre-
pared and stored at —-80 °C.

Test Chemicals. The pesticides were obtained with the
assistance of Edward Gomes, San Benito, TX, as follows:
captan, folpet, and naled from Chevron Chemical Co. and
triallate from Monsanto Agricultural Products Co.

Media for Mutagenesis Assays. B. subtilis. Glucose
minimal medium (GO) described by Spizizen (1958) was
solidified with 1.5% agar (Difco). Basic selective medium
(BSM) was that described by Tanooka (1977), i.e., GO agar
supplemented with casein (Difco) at 200 ug/mL. BSM was
further supplemented with L-methionine (SMM) at 100
pg/mL. Nutrient broth and nutrient agar were products
of Difco Laboratories. Soft agar contained 8 g of agar
(Difco) per L of distilled water.

S. typhimurium. Volgel-Bonner Medium E as de-
scribed by Vogel and Bonner (1956) with 2% glucose was
solidified with 1.5% agar (Difco). Soft agar contains 7.5
g of agar (Difco) and 7.5 g NaCl per L of distilled water.

Spot Tests for Mutation. B. subtilis. From the ov-
ernight (O/N) cultures of TKJ5211 and TKJ6321, 0.15 mL
was inoculated into 15 mL of nutrient broth and incubated
with shaking at 37 °C until an ODyg,, of 0.3 was reached.
The cells were then diluted with fresh nutrient broth to
an ODjy of 0.16. For detection of the His™ mutation, 0.1
mL of the culture was plated with 2 mL of soft agar on
SMM plates. For detecting the His*, Met* forward mu-
tation (su his®, met®), BSM plates were used. Solutions
of each chemical were prepared at a range of 1-6 mg/mL
and 50 uL of each was added to the sensitivity disks so that
the final concentrations ranged from 50 to 300 ug/plate,
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respectively. After 3 days of incubation at 37 °C, the plates
were examined for mutant colony development.

8. typhimurium. One milliliter from an O/N culture
of each S. typhimurium tester strains was inoculated into
separate flasks containing 49 mL of nutrient broth and
incubated with shaking at 37 °C until an ODgy, of 0.25
~1.2 X 10° bacteria/mL) was reached. In contrast to the
standard procedure of Ames et al. (1975) where histi-
dine-biotin supplement was incorporated into top agar,
the modification of Ercegovich and Rashid (1977) was
used. Histidine-biotin supplement (12.5 mL; 0.5 mM) was
added to the culture immediately prior to its addition to
the minimal top agar. The bacterial culture (0.1 mL) was
added to 2 mL of molten top agar at 45 °C. Solutions of
each chemical were prepared at a range of 1-6 mg/mL, and
50 uL of each was added to the sensitivity disks so that
the final concentrations ranged from 50 to 300 nug/plate,
respectively. After 3 days of incubation at 37 °C, the plates
were examined for mutant colony development. Under
conditions where test chemicals reduced cell viability, His"
cells could develop colonies on plates when top agar was
supplemented as in the standard Ames et al. (1975) pro-
tocol. This has been shown in our laboratory to occur in
both spot and quantitative assays, leading to an interpreted
false positive. The reason this growth occurs is that the
trace amount of histidine supplied is sufficient for colony
formation by reduced population size but insufficient in
the usual assay range. That His™ colonies develop under
conditions where the tester population is small has been
confirmed by replica plating and analysis of individual
colonies. With this modified assay, spontaneous revertant
colonies on control plates were very close to the published
values (Ames et al., 1975), and the false positives do not
appear to occur so frequently.

Quantitative Assay for Mutant Yields. A pour plate
method essentially like that described by Tanooka (1977)
was used for the quantitative detection of captan, folpet,
naled, and triallate mutagenic activity. For this procedure,
overnight cultures of B. subtilis and S. typhimurium were
inoculated into Difco nutrient broth, incubated, and di-
luted as described in the preceding section, i.e., Spot Tests
for Mutation. To 1.0-mL aliquots from cultures prepared
in this manner was added 0.5 mL of chemicals in minimal
salts so that final concentrations ranging from 1 to 300 ng
would be present in the test plates. This mixture was
preincubated at 37 °C for 30 min, This was determined
to be the optimum time required for mutagenic response
of the tester strains. Since stock solutions of all four
pesticides were dissolved in dimethyl sulfoxide (Me,SO),
it served as a solvent control. The final concentration was
4% or less, and at this concentration Me,SO did not affect
viability. For detection of mutagenesis, 0.15 mL of this
incubation mixture was plated in 2.0 mL of top agar
(Tanooka, 1977) onto SMM agar plates for B. subtilis, and
Vogel-Bonner Medium E for S. typhimurium. Mutant
colonies were scored after incubation at 37 °C for 2-4 days.
Since the treatment for this quantitative response was
performed in liquid, a true frequency could be established
based on mutants at each survival level. Therefore, mu-
tants per 10° survivors was used to standardize the re-
sponse for every treatment concentration. Mutant colonies
were scored after incubation at 37 °C for 2-4 days.

RESULTS AND DISCUSSION

Table I shows the results of the spot tests for mutagenic
activity after treatment of various B. subtilis and S.
typhimurium mutants with and without added S-9 Mix.
All the pesticides showed positive responses in B. subtilis
strain TK6321 both with and without the S-9 fraction, but
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Table I. Spot Test for Captan, Folpet, Dibrom, and Far-go
mutagenicity assay®
°°#“g°/“’ TA1535 TA1536 TA1537 TAI1538 TA98 TA100 TKJ5211° TKJ6321°
chemical plate -S9 +S9 -S9 +S9 -S89 +S9 -S9 +S9 -89 +S9 -S89 +S9 -89 +S9 -S9 +S9
captan 50 + + - + + + + + + ++ + +++ ++ 4+ +++ +++
100 + £ - -+ t + + + t ++ + +++ +++ +++ +++
300 + + - - + + + + + + ++ + +++ +++ +++ +++
folpet 50 - - - - - - - - -+ - + t ++ +
100 - - - - - - - - - + + * ++ +
300 - - - - - - - - + - + + ++ +
Dibrom (naled) 50 + * - - + - + + + + + + + + + t
100 + + * - 3 — * * * S % * * * ++ *
300 + + % t * + + t * ks + + + + ++ +
Far-go (triallate) 50 = - - = - - - - - - + t - - + x
100 * — - - - - - - -~ - + * - — ++ *
300 + E - - - - - - - + + - - ++ ES

4 () Equal to or less than the spontaneous rate; (+) almost identical with the background, but with an inhibition zone;
(+) has an inhibition zone and a few more revertants than the background; (+ +) has an inhibition zone and more revertants

than the background; (+ + +) has an inhibition zone and too numerous to count revertants.
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Figure 1. Comparison of B. subtilis strains TKJ6321 (0O) and
TKJ5211 (D) and S. typhimurium strain TA100 (A) for their
mutagenic response to captan. Mutants per 10® survivors was
used to standardize the response at every treatment concentration.

the addition of S-9 Mix resulted in a reduction of the
mutagenic responses for all four pesticides. Captan and
folpet also showed positive responses with B. subtilis strain
TKJ5211. The mutagenic response to naled with strain
TKJ5211 was weak, but it was mutagenic at 300 ug in the
absence of S-9 Mix activation, Triallate did not produce
a mutagenic effect with strain TKJ5211. For S. typhi-
murium strains, captan and naled showed mutagenic re-
sponses on all S. typhimurium strains except TA1536
which failed to give a response to captan. Folpet failed
to show response in all S. typhimurium strains except
strain TA100. Triallate showed response in strains TA1535
and TAI100, but failed in the rest of S. typhimurium
strains. TA100 was the only Salmonella strain which gave
a positive mutagenic response to all four pesticides. All
the pesticides showed a stronger mutagenic activity in
strain TAI00 than the rest of S. typhimurium strains with
the exception of naled which showed more mutagenic ac-
tivity in strain TA1535. The results presented in Table
I are qualitative but are given because they form the basis
for our decision to perform quantitative assays with the
most responsive tester bacteria.

Mutation Assays. Quantitative induction of bacterial
mutants with captan, folpet, naled, and triallate is shown
in Figures 1-4. Since all Salmonella mutants but TA100
or TA1535 gave weak or negative results for the spot as-

b His* revertants.
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Figure 2. Comparison of B. subtilis strains TKJ6321 (O) and
TKJ5211 (O) and S. typhimurium strain TA100 (A) for their
mutagenic response to folpet. Mutants per 10® survivors was used
to standardize the response at every treatment concentration.
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Figure 3. Comparison of B. subtilis strains TKJ6321 (O)
TKJ5211 (O) and S. typhimurium strain TA1535 (A) for their
mutagenic response to Dibrom. Mutants per 10® survivors was
used to standardize the response at every treatment concentration.

says, either TA100 or TA1535 was chosen for comparison
with those B. subtilis mutants giving a positive mutagenic
response. B. subtilis strains TKJ6321 and TKJ5211 and
S. typhimurium strain TAI00 were exposed to varying
concentrations of captan and folpet. TKJ6321, TKJ5211,
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Figure 4. Comparison of B. subtilis strain TKJ6321 (O) to S.
typhimurium strain TA100 (A) for their mutagenic response to

Far-go. Mutants per 108 survivors was used to standardize the
response at every treatment concentration.

and TAI1535 were exposed to varying concentrations of
naled. For triallate, TKJ6321 and TA100 were exposed
to different concentrations. His* mutants were induced
in the absence of metabolism by liver S-9 Mix. As shown
here, the B. subtilis mutant TKJ6321 gave a stronger
mutagenic response than could be obtained with the
Salmonella mutant TA100 (captan, folpet, and triallate)
or TA1535 (naled). B. subtilis mutant TKJ5211 also gave
a stronger mutagenic response than could be obtained with
Salmonella mutant TA100 (captan and folpet) or TA1535
(naled). It is concluded that captan, folpet, naled, and
triallate are all base-pair mutagens based on this response.

We have made a quantitative assessment of mutagen-
icity for captan, folpet, naled, and triallate. The potency
was expressed in mutants per nanomole (McCann et al.,
1975a) so that our data could be compared with others.
From these calculations based on our data, captan mutated
S. typhimurium strain TA100 at 26.75 revertants/nmol
which is very close to the results published by McCann et
al. (1975a). When B. subtilis TKJ6321 was used, a figure
of 31.87 revertants/nmol was obtained. Folpet mutated
S. typhimurium TA100 at 7.71 revertants/nmol which is
lower than the result obtained by McCann et al. (1975a).
A figure of 10.68 revertants /nmol with folpet was obtained
when B. subtilis TKJ6321 was used. Naled mutated S.
typhimurium TA1535 at 7.24 revertants/nmol while tri-
allate mutated S. typhimurium TAIO00 at 1.83 rever-
tants/nmol. With B. subtilis values of 10.29 and 6.09
revertants/nmol were obtained with naled and triallate,
respectively.

In previous reports (Felkner et al., 1979; Shiau et al.,
1980b) we demonstrated that B. subtilis is superior to S.
typhimurium in the detection of mutagenic activity for
certain chemicals, and in this study the results substantiate
this finding. Our findings strongly suggest that other
pesticides that were previously reported to be nonmuta-
genic in Salmonella should be tested for mutagenicity with
Bacillus mutants.
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Finally, it is important to mention that naled and tri-
allate have been suspected of posing a health effects risk
to humans. The present report on the mutagenicity of
naled and triallate is, to our knowledge, the first positive
result in a prokaryotic test. Captan, folpet, and naled are
all potent DNA-damaging agents in the B. subtilis repair
assay (Shiau et al., 1980) as it is performed by Felkner et
al. (1979). It seems possible, therefore, that these pesticides
may present a high genetic toxicology risk because they
cause damage to DNA and possess a high mutagenic po-
tency. The evidence is even more substantial because
mutagenicity is detected in both a Gram-positive and a
Gram-negative bacterial species. However, caution should
be taken in assuming that mutagenic potency detected in
vitro will necessarily extrapolate to in vivo mammalian
systems. Captan, for example, has clearly been shown to
be greatly reduced in mutagenic activity when it is mixed
with rat, rabbit, or human serum or blood (Ficsor et al.,
1977; Bridges, 1975). This compound and its isomer,
folpet, are probably inactivated by the glutathione of the
erythrocytes. This decrease in activity is, as we have shown
(Table I), further enhanced by incubation with microsomes
prepared from rat liver.
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