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Like thermal processing, ionizing radiation can break molecular bonds and induce the formation of
chemicals not found in the unprocessed product. Irradiation of foods containing palmitic acid can
lead to the formation of 2-dodecylcyclobutanone (2-DCB). In this study, the Escherichia coli tryptophan
reverse mutation assay was used to evaluate the capacity of 2-DCB to induce mutations. E. coli
tester strains WP2 (pkM101) and WP2 uvrA (pKM101), with and without exogenous metabolic
activation, were exposed to 0, 0.05, 0.1, 0.5, and 1 mg/well 2-DCB using the Miniscreen version of
the assay. 2-DCB did not induce mutations in the E. coli tryptophan reverse mutation assay. These
results are in agreement with negative results obtained in short-term and long-term genetic toxicology
tests of irradiated food products.
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INTRODUCTION

Safety testing of irradiated foods has included over 1000 long-
term and short-term toxicology tests that have been reviewed
by international regulatory agencies (1-3). Review of those
studies has determined irradiated foods to be safe for human
consumption. Ionizing radiation, like other food processing
technologies, can produce changes in food chemistry. Exposure
of fat containing foods to ionizing radiation leads to the
formation of a class of compounds known as the alkylcyclobu-
tanones, which are not detectable in nonirradiated food products
(4, 5). Cleavage of the acyl-oxygen bonds of palmitic acid by
ionizing radiation can lead to its cyclization, resulting in a
molecule with the same number of carbon atoms as palmitic
acid with an alkyl group in the second ring position and named
2-dodecylcyclobutanone (2-DCB) (6). 2-DCB is produced in
trace quantities (e0.1µg 2-DCB/g fat) in irradiated meats (4,
5, 7, 8).

In recent work using purified 2-DCB in the comet assay (9-
11), it was reported that 2-DCB induced DNA strand breaks in
rodent and human intestinal cells and raised the possibility that
the compound was a weak genotoxin. The authors themselves
discussed the equivocal nature of the results, the limitations of
the test system used, and cautioned against misinterpretation
of the results, including interpretation of the data to infer that
2-DCB is a carcinogen (9-11). Scientific review of those results
by international regulatory agencies indicated that the reports
of 2-DCB-induced genotoxicity could not be supported based
on the data and were contradictory in nature to the negative
results obtained in both short-term and long-term genetic
toxicology studies using irradiated foods (12,13). Unfortunately,

some groups have misinterpreted those studies (9-11) and
erroneously claimed them as proof that irradiated foods are
carcinogenic (14).

TheEscherichia colitryptophan reverse mutation (Trp) assay,
developed in 1976 by Green and Muriel (15), reports the ability
of test compounds to induce reversion of thetrpE65 mutation
in E. coli from auxotrophy to prototrophy. Reversion of the
trpE65 mutation can occur via a number of genetic pathways
(16). TheE. coli Trp assay, as is theSalmonellamutagenicity
test, is accepted as a validated short-term genotoxicity test by
international regulatory agencies (17). In this work, the ability
of 2-DCB to induce mutations in theE. coliTrp reverse mutation
assay (E. coliTrp assay) was examined.

MATERIALS AND METHODS

Strains. E. coli Trp reversion strains WP2 (pKM101) and WP2uVrA
(pKM101) were purchased from Moltox, Inc. (Boone, NC). Upon
receipt, the tester strains were tested for Trp dependence, ampicillin
resistance, UV sensitivity, and spontaneous reversion frequency (15,
17). The strains were propagated on Vogel-Bonner Minimal medium
supplemented with 25µg/mL Trp and stored at 0-2°C for up to 1
week before use in assays (15,17). Strains were grown, from single
colonies, in 100 mL of sterile nutrient broth in 500 mL baffled
Erlenmeyer flasks (37°C, 150 rpm) for approximately 16 h for use in
the assays.

Media and Media Components.Nutrient broth was obtained from
Difco, Inc. (Sparks, MD). Vogel-Bonner salts were obtained from
Moltox, Inc. Sodium chloride, glucose, and Trp were obtained from
Sigma-Aldrich Inc. (St. Louis, MO). Sterile six well microtiter plates
(35 mm diameter) (Corning, Inc., Corning, NY) were prepared by
dispensing 5 mL of sterile minimal agar per well (18-20). Sterile top
agar was melted using a microwave oven and cooled to 45°C in a
heated water bath, and filter-sterilized Trp was added to a final
concentration of 1µg/mL (15,17).
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Chemicals.The positive control compound methyl methanesulfonate
(MMS) (CAS No. 66-27-3) was obtained from Sigma-Aldrich, Inc.
The positive control compound 2-aminoanthracene (2-AA) (CAS No.
613-13-8) was obtained from Moltox, Inc. 2-DCB (CAS No. 35493-
46-0), analytical testing grade (>95%) for detection of irradiated foods
by regulatory agencies, was obtained from Sigma-Aldrich, Inc. 2-DCB
was suspended in dimethyl sulfoxide as previously described by
Delincee and Pool-Zobel (9), as were the MMS and 2-AA positive
control compounds. 2-DCB concentrations used in the assay were 1.0,
0.5, 0.1, and 0.05 mg/well. MMS was used at 130µg/well while 2-AA
was used at 33µg/well. MMS does not require metabolic activation,
while 2-AA requires metabolic activation (S9 fraction) and acts as a
control for S9 fraction function. Microtiter plate set up is shown in
Figure 1.

Exogenous Metabolic Activation.The S9 fraction from Aroclor
1254-induced rats was obtained from Moltox, Inc., as was NADPH
regeneration system components A and B. The S9 fraction (5% solution)
was prepared immediately before performance of the assays (21, 22).
The S9 fraction solution was maintained on ice during the assay
procedure.

Assay Procedure.Because of the expense of 2-DCB (>$12 000
per gram), the microtiter plate-based miniscreen assay (18-20), which
requires reduced amounts of test compound, was utilized. In short, 500
µL of top agar (45°C), 20µL of test compound (solvent alone, solvent
with 2-DCB, or solvent with positive control compound), 20µL of
overnight culture, and 100µL of 5% S9 solution (if required) were
combined, mixed by vortexing, and dispensed into the well of a
microtiter plate that contained 5 mL of minimal agar. After the top
agar solidified for 1 h, the plates were incubated at 37°C for 2 days
and the colonies per well were scored using a calibrated AccuCount
1000 colony counter (AccuCount, Inc., Gainesville, VA). Cytotoxicity

was determined by examination of bacterial lawn turbidity in the top
agar, following the 2 day incubation (15,21), which is standard for
the bacterial reverse mutation assays.

Statistical Analysis.Three replicate microtiter plates were used per
bacterial tester strain culture. Each experiment was performed inde-
pendently three times. Data were analyzed using the statistics package
of Microsoft Excel Office 2000 (Microsoft, Inc. Redmond, WA).

RESULTS AND DISCUSSION

2-DCB (with or without exogenous metabolic activation) did
not induce reversion of thetrpE mutation in tester strains WP2
(pKM101) or WP2uVrA (pKM101) as determined by analysis
of variance and Studentst-test. (n) 3, R ) 0.05) (Table 1).
No effect on viability was observed by examination of the
bacterial lawn turbidity in the top agar. Results for the negative
control (solvent) and positive controls (130µg/well MMS or
33µg/well 2-AA) were consistent with historical data (18-20).
The concentration of 1 mg/well 2-DCB in the miniscreen assay
is the equivalent of the maximum allowed concentration (5 mg/
plate) in the standard plate incorporation assay (15, 18).

These results are in contrast to studies (9-11) in which
2-DCB was reported as a potential genotoxin, due to a weak
response in the comet assay, which measures increases in DNA
strand breakage as its end point. Because the comet assay is
not validated for detection of weak mutagens and can produce
“false positive” results when cell viability is reduced (13, 22)
and the high 2-DCB concentrations (1.49 mg/kg/bw org1.25
mg/mL) used (9-11), the authors cautioned against misinter-

Figure 1. Mictotiter plate setup for testing of 2-DCB in the E. coli Trp reverse mutation assay. Three test plates were utilized per culture, WP2 (pKM101)
or WP2 uvrA (pKM101), tested (n ) 3). Three independent cultures were tested per strain. Test compound concentrations included the negative
(solvent) control, 0.05 mg of 2-DCB, 0.1 mg of 2-DCB, 0.5 mg of 2-DCB, and positive control (130 µg of MMS or 33 µg of 2-AA) per well.

Table 1. Induction of Mutation in the E. coli Trp Reverse Mutation Assay with or without Exogenous Metabolic Activation (5% S9 Fraction) by
2-DCB

2-DCB/Trp+ revertant colonies per wella control

strain
S9

fraction (%) 0 mg 0.05 mg 0.10 mg 0.50 mg 1.00 mg
2-AA or
MMS

WP2 (pKM101) 0 4.11 ± 0.99 5.55 ± 1.64 7.56 ± 1.75 4.78 ± 1.33 5.22 ± 1.57 146 ± 14.7
WP2 (pKM101) 5 2.11 ± 0.11 1.89 ± 0.29 1.89 ± 0.48 1.11 ± 0.40 1.67 ± 0.19 32.4 ± 0.73
WP2 uvrA (pKM101) 0 8.11 ± 2.73 6.33 ± 3.23 7.00 ± 2.52 9.00 ± 2.65 9.44 ± 3.23 141 ± 9.45
WP2 uvrA (pKM101) 5 9.22 ± 1.37 8.44 ± 2.50 9.44 ± 2.50 8.67 ± 0.69 9.22 ± 0.69 116 ± 2.67

a The number of Trp+ revertant colonies per well represents the mean of three independent cultures (n ) 3) followed by the standard error of the mean for those values.
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pretation of the results of those studies. A review of the reports
by the European Commission Scientific Committee on Food
and Health Canada (12, 13) did not support the claim of
genotoxity for 2-DCB for reasons including: “The genotoxicity
of 2-ACB’s has not been established by the standard genotox-
icity assays...”. The reviews (12, 13) also noted the disparity
between short-term and long-term genetic toxicology studies
using irradiated meats vs the equivocal results obtained with
2-DCB using the comet assay.

There is a considerable body of research pertaining to the
testing of food additives, and food processing-induced com-
pounds, in bacterial reverse mutation assays. Mutagenic activity
in thermally processed foods has been well-established (24-
26). A number of these studies have confirmed the mutagenicity
of cooked meats and their fats (27-29). In contrast, irradiated
meats have tested negative in bacterial reverse mutation assays
(1, 2). In the study presented herein, the maximum allowable
concentration of 2-DCB, a compound produced by radiolysis
of fat-containing foods did not induce mutations in theE. coli
Trp reverse mutation assay. The negative results obtained in
this study are consistent with short-term and long-term genetic
toxicology tests using irradiated foods, which included multi-
generational/multispecies long-term feeding studies using diets
of irradiated foods, conducted over a 40 year period (1-3).

Future work will include testing of 2-DCB with and without
exogenous metabolic activation in theSalmonellamutagenicity
test, which is typically used in combination with theE. coli
Trp reverse mutation assay.The yeast del assay, an intrachro-
mosomal recombination (chromosome aberration) assay that
responds to DNA strand breaks as its inducer, but does not
produce false positive results due to cytotoxicity, will also be
utilized.

LITERATURE CITED

(1) Thayer, D. W.; Christopher, J. P.; Campbell, L. A.; Ronning,
D. C.; Dahlgren, R. R.; Thompson, G. M.; Wierbicki, E.
Toxicology studies of irradiation-sterilized chicken.J. Food Prot.
1987,50, 278-288.

(2) WHO. Safety and Nutritional Adequacy of Irradiated Food;
World Health Organization: Geneva, SUI, 1994; pp 81-107.

(3) WHO. Food Safety. Joint FAO/IAEA/WHO Study Group on
High Dose Irradiation.Weekly Epidemiological Record1998,
73 (3), 9.

(4) Stevenson, M. H.; Crone, A. V. J.; Hamilton, J. T. G.; McMurray,
C. H. The use of 2-dodecylcyclobutanone for the identification
of irradiated chicken meat and eggs.Radiat. Phys. Chem.1993,
42, 363-366.

(5) Stevenson, M. H. Validation of the Cyclobutanone Protocol for
Detection of Irradiated Lipid Containing Food by Interlaboratory
Trial. In Detection Methods for Irradiated FoodssCurrent
Status; McMurray, C. H., Stewart, E. M., Gray, R., Pearce, J.,
Eds.; Royal Society of Chemistry: Cambridge, U.K., 1996; pp
269-284.

(6) LeTellier, P. R.; Nawar, W. W. 2-Alkylcyclobutanones from
radiolysis of triglycerides.Lipids 1972,1, 75-76.

(7) Crone, A V. J.; Hamilton, J. T. G.; Stevenson, M. H. Detection
of 2-dodecylcyclobutanone in radiation-sterilized chicken meat
stored for several years.Int. J. Food Sci. Technol. 1992, 27,
691-696.

(8) Boyd, D. R.; Crone, A. V. J.; Hamilton, J. T. G.; Hand, M. V.;
Stevenson, M. H.; Stevenson, P. J. Synthesis, characterization,
potential use of 2-dodecylcyclobutanone as a marker for irradi-
ated chicken.J. Agric. Food Chem.1991,39, 789-792.

(9) Delincee, H.; Pool-Zobel, B. L. Genotoxic properties of 2-dode-
cylcyclobutanone, a compound formed on irradiation of food
containing fat.Radiat. Phys. Chem.1998,52, 39-42.

(10) Delincee, H.; Pool-Zobel, B. L.; Rechkemmer, G. Genotoxizitat
von 2-dodecylcylobutanone. InLebensmittelbestralung 5; Knorr,
M., Ehlermann, D. A. E., Delincee, H., Eds.; Deustche Tagung:
Karlsruhe, Berichte der Bundesforcheshungsanstalt fur Ernahr-
ung, BFE-R-99-01, 1999, 11-12 Nov; pp 262-269.

(11) Delincee, H.; Pool-Zobel, B. L.; Rechkemmer, G.Genotoxicity
of 2-Dodecylcyclobutatone; Institut fur Ernahrungsphysiologie
der Bundesforshunganstalt fur Ernahhrung: Haid-und-Neu Strasse
9, D-76131 Karlsruhe, 2000.

(12) European Commission.Statement of the Scientific Committee
on Food a Report on 2-alkylcyclobutanones; European Com-
mission, Health and Consumer Protection Directorate-General,
Directorate C-Scientific Opinions, C2-Management of Scientific
Committee II: Scientific Cooperation Networks, SCF/CS/NF/
IRR ADD3 Final, B-1049 Bruxelles/B-1049: Brussells, Belgium,
2002.

(13) Health Canada. Evaluation of the significance of 2-dodecylcy-
clobutanone and other alkylcyclobutanones; http://www.hc-
sc.gc.ca/food-aliment/fpi-ipa/e-cyclobutanone.html, 2003.

(14) Anonymous.Irradiated Food in School Lunches; Public Citizen
Critical Mass Energy and Environment Program, Public Citi-
zen: Washignton, DC, 2002; pp 1-37.

(15) Green, M. H. L.; Muriel, W. J. Mutation testing using trp+
reversion inEscherichia coli.Mutagenesis1976,11 (38), 3-32.

(16) Ohta, T.; Tokishita, S.; Tsunoi, R.; Ohmae, S.; Yamagata, H.
Characterization of Trp+reversions inEscherichia colistrain
WP2 uVrA. Mutagenesis2002,17 (4), 313-316.

(17) Mortelmans, K.; Riccio, E. S. The bacterial typtophan reverse
mutation assay withEscherichia coliWP2. Mutat. Res.2000,
455, 61-69.

(18) Brooks, T. M. The use of a streamlined bacterial mutagenicity
assay, the MINISCREEN. Mutagenesis1995,10 (5), 447-448.

(19) Burke, D. A.; Wedd, D. J.; Burlison, B. Use of the Miniscreen
assay to screen novel compounds for bacterial mutagenicity in
the pharmaceutical industry.Mutagenesis1996,11 (2), 201-
205.

(20) Diehl, M. S.; Willaby, S. L.; Snyder, R. D. Comparison of the
results of a modified miniscreen and the standard bacterial reverse
mutation assays.EnViron. Mol. Mutagenesis2000,35, 72-77.

(21) Ames, B. N.; McCann, L. J.; Yamasaki, E. Methods for detecting
carcinogens and mutagens with theSalmonella/mammalian-
microssome mutagenicity test.Mutat. Res.1975,31, 347-364.

(22) Claxton, L. D.; Allen, J.; Auletta, A.; Mortelmans, K.; Nestmann,
E.; Zeiger, E. Guide for theSalmonella typhimurium/mammalian
microsome tests for bacterial mutageneicity.Mutat. Res.1987,
189, 83-91.

(23) Tice, R. R.; Agerell, E.; Anderson, D.; Burlison, B.; Hartmann,
A.; Kobayashi, H.; Miyamae, Y.; Rojas, E.; Ryu, J. C.; Sasaki,
Y. F. Single cell gel/comet assay; guidelines forin Vitro andin
ViVo genetic toxicology testing.EnViron. Mol. Mutagen. 2000,
35 (3), 206-221.

(24) Spigarn, N. E.; Garvie-Could, C.; Vuolo, L. L.; Weisberger, J.
H. Formation of mutagens in cooked foods. IV. Effect of fat
content in fried beef patties.Cancer Lett.1981,12 (1/2), 93-
97.

(25) Green, N. R.; Fugua, D. L. Mutagenic activity of heat-processed
foods as determined by the AmesSalmonella/mutagenicity assay.
J. Food Saf.1987,8, 261-266.

(26) Vizzani, A.; di Antonio, E.; Domici, S. Mutagenic activity in
heat treated foods of animal origin.Ind. Aliment.1983,22 (201),
9-11.

(27) Viksi, R.; Joner, P. E. Mutagenicity, creatine and nutrient contents
of pan fried meat from various animal species.Acta Vet. Scand.
1993,34, 363-370.

2-DCB Does Not Induce Mutations J. Agric. Food Chem., Vol. 51, No. 21, 2003 6369



(28) Scheutwinkel-Reich, M.; Ingerowski, G.; Stan, H. J. Microbio-
logical studies investigating mutagenicity of deep frying fat
fractions and some of their components.Lipids 1980,15 (10),
849-852.

(29) Vithayathil, A. J.; Strasik, M.; Strasik, L. Heat -induced mutagen
formation from creatin and fat-soluble constituents of foods.
Mutat. Res.1983,121 (3/4), 167-170.

Received for review May 9, 2003. Revised manuscript received July
31, 2003. Accepted August 3, 2003. Mention of brand or firm name
does not constitute an endorsement by the U.S. Department of
Agriculture above others of a similar nature not mentioned.

JF030348O

6370 J. Agric. Food Chem., Vol. 51, No. 21, 2003 Sommers


