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Review

Current Status of Short-Term Tests for Evaluation
of Genotoxicity, Mutagenicity, and Carcinogenicity
of Environmental Chemicals and NCEs

Mahima Bajpayee, Alok K. Pandey, Devendra Parmar, and Alok Dhawan
Developmental Toxicology Division, Industrial Toxicology Research Center, M.G. Marg, Lucknow, India

The advent of the industrial revolution has seen a significant
increase in the number of new chemical entities (NCEs) released
in the environment. It becomes imperative to check the toxic po-
tential of NCEs to nontarget species before they are released for
commercial purposes because some of these may exert genotoxic-
ity, mutagenicity, or carcinogenicity. Exposure to such compounds
produces chemical changes in DNA, which are generally repaired
by the DNA repair enzymes. However, DNA damage and its fixa-
tion may occur in the form of gene mutations, chromosomal dam-
age, and numerical chromosomal changes and recombination. This
may affect the incidence of heritable mutations in man and may
be transferred to the progeny or lead to the development of cancer.
Hence, adequate tests on NCEs have to be undertaken for the risk
assessment and hazard prediction. Compounds that are positive
in tests that detect such damages have the potential to be human
mutagens/carcinogens.

Only long-term animal bioassays, involving lifetime studies
on animals, were used earlier to classify substances as muta-
gens/carcinogens. These tests were cumbersome and time consum-
ing and required a lot of facilities and personnel. Short-term tests,
therefore, were brought into practice. A “battery” of three to four
of these short-term tests has been proposed now by a number of
regulatory authorities for the classification of compounds as muta-
genic or carcinogenic.

This review deals with the current status of these short-term
tests.

Keywords Short-Term Tests, Genotoxicity, Mutagenicity, Carcino-
genicity, NCEs

INTRODUCTION
The advent of the industrial revolution has seen a significant

increase in the number of chemicals released in the environment.
These include pesticides, industrial chemicals, solvents, drugs,
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etc. Most of these chemicals are metabolized and excreted by
humans; however, continued low-level exposure to environmen-
tal toxins/pollutants from cigarette smoke to factory emissions
pose serious health risks. A number of disorders, including can-
cer, have now been attributed to the exposure of environmental
chemicals. It becomes imperative to check the toxic potential of
new chemical entities (NCEs) to nontarget species before they
are released for commercial purposes. Since DNA is the car-
rier of inherited information and any change in its structure
may potentiate serious biological changes, understanding the
mutagenic/carcinogenic effects of chemicals is very important.

Mutagens are chemicals or compounds causing chemical or
physical alterations in DNA structure, resulting in an inaccurate
replication of that region of the genome. They can be mutagenic
per se or after metabolic activation. Moreover, DNA or chromo-
somal instability and DNA repair deficiencies have also been im-
plicated in cancer risks. Most cancers are shown to be the result
of genetic alterations such as chromosomal loss and rearrange-
ments (Klug and Cummings 2001). Mutations play a central
role in cancer development, as evident from molecular studies of
oncogenes and tumor suppression genes. The shift in equilibrium
between fidelity of replication (in normal or damaged DNA) and
DNA repair processes may lead to the induction of mutations
(Sarasin 2003). Mutational alteration in the proto-oncogenes
and/or suppressor genes can lead to development of cancers
(Wijnhoven et al. 2000). Activation of cellular oncogenes by
chromosomal translocation, which brings an oncogene under
the influence of a highly active chromosome region, appears to
play a pivotal role in the genesis of certain hematopoietic and
lymphoid tumors (Cahill et al. 1998). Hence, an understanding
of the molecular mechanisms of chemical carcinogenesis is cen-
tral to the prevention of many environmentally induced cancers.

A carcinogen is an agent that causes or induces neoplasia (i.e.,
heritably altered relatively autonomous growth of tissue). Most
chemical carcinogens must be metabolized in a cell before they
exert their carcinogenic activity. The process of carcinogenesis
involves a variety of biological changes, which to a great extent
reflect the structural and functional alteration in the genome of
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the cell. It involves initiation (simple mutation in one or more
cellular genes controlling key regulatory pathways of the cell),
selective functional enhancement (promotion), and progression
of the unstable karyotype. Hence, during cancer development, a
normal somatic cell is transformed into a malignant linear cell
via a complex multistage process ranging from point mutations
to chromosomal aberrations affecting the function or expression
of both oncogenes and tumor suppressing genes (DHEW 1977).

The primary objective of mutagen testing is to determine
whether a chemical has the potential to cause genetic alterations
in man. The fundamental concern in mutagenesis is the risk to
future generations. The association of mutagenesis with other
endpoints such as carcinogenesis, teratogenesis, and aging has
been noted. Hence, it is necessary to obtain quantitative data
from relevant animal model systems from which extrapolation
to humans can be made to predict virtually safe or tolerable levels
of exposure. Clinical observations, epidemiological studies, and
experimental tests have led to identification of chemicals that
are mutagenic and/or carcinogenic. These tests are divided into
long-term, medium-term, and short-term assays.

The U.S. guidelines for testing environmental chemicals and
food additives were delineated during the 1970s and 1980s (U.S.
FDA 1982).

The first battery of tests had:

Salmonella test for gene mutation.
In vitro test for CA or a mammalian cell mutagenesis test.
A general test for DNA damage.

Then, in 1993, the U.S. FDA guidance for testing food and
color additives recommended a “core” testing battery (U.S. FDA
1993).

Gene mutation in bacteria (Salmonella).
A test for gene mutation in mammalian cells in vitro.
An assay for cytogenetic damage in vivo in which rodent bone

marrow assay was preferred.

Though similar recommendations were made from various
countries, there were differences in the test system requirements
in the in vivo/in vitro testing (MacGregor et al. 2000).

The guidelines by the Committee on Mutagenicity of Chemi-
cals in Food Consumer Product and Environment (COM), U.K.,
in 2000, put forward three stages for testing of chemicals for
mutagenic potential:
Stage 1—In vitro assays

1. Bacterial tests for gene mutation
2. Test for clastogenicity

i. In vitro metaphase analysis
ii. In vitro micronucleus test

3. Mammalian cell mutation assay
Mouse lymphoma assay

Follow-up:

Positive result in any of the tests: the substance is an in vitro
mutagen and in vivo testing is required.

Negative result in all the above tests: the substance is not muta-
genic.

Stage 2—In vivo somatic cell testing

1. Rodent micronucleus assay or
2. Bone marrow or peripheral blood (mouse) assay for clas-

togenicity with kinetochore and centromeric staining.
3. Other assays include:

i Liver UDS for thymidine incorporation outside S
phase.

ii Comet assay or other DNA strand breakage assay for
DNA Single Strand Break/Double Strand Break.

iii 32P-post labeling for DNA adducts.
iv Covalent DNA for DNA adducts.

Positive result: the compound is considered as an in vivo somatic
cell mutagen and assessment for germ cell mutagenicity is
required.

Negative results: the compound is not an in vivo mutagen.

Stage 3–Germ cell assays
Tests to show interaction with germ cell DNA: dominant

lethal assay is the most useful [COM] guideline as an assay for
clastogenicity and aneugenicity in germ cells. Assays for inves-
tigation of clastogenicity in mammalian spermatogonial cells
and spermatocytes have also been recognized. All established
germ cell mutagens have shown positive results in bone marrow
assays, and there is no current evidence for germ cell-specific
mutagens. Metaphase analysis of spermatogonia or micronuclei
induction in the spermatocytes and transgenic mice models can
also be used to investigate mutations in germ cells. Genotoxicity
in germ cells can also be seen using various approaches as de-
scribed in the Stage 2 studies. The mouse-specific locus test and
the mouse heritable translocation test are also used to estimate
risk of heritable effects under exceptional cases.

Various strategies (Fig. 1) have been employed for the identi-
fication of a chemical as genotoxic, mutagenic, and/or carcino-
genic using different test systems (Table 1). The tests are broadly
classified into three categories based on the timeframe required
for the completion of the tests.

1) LONG-TERM BIOASSAYS
The essence of long-term bioassays is to observe the test

animal for a major portion of its lifespan for the development of
neoplastic lesions after or during the exposure to various doses of
a test substance by an appropriate route (Bannasch et al. 1986).

The main stages of these assays for carcinogenicity of chem-
icals include design, conduct, analysis, and reporting, requiring
careful planning, good animal care leading to long survival, high
standard of pathology, and unbiased statistical analysis.

Undertaking long-term bioassays for carcinogenicity is time
consuming and costly and requires adequate physical facilities
and qualified personnel. Care is taken to include ideal animal
species for the study, which would show identical biological
responses to that of humans. The route of administration of the
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TABLE 1
Tests for genotoxicity, mutagenicity, and/or carcinogenicity

Endpoint
Regulatory Agency
Recommendation∗

Short-Term Tests (Timeframe—Several Weeks, 1–3 Months)
1. Gene Mutation Assays

In vitro
Prokaryotic mutagenesis in vivo; e.g.,

Salmonella typhimurium (Ames test)
Reverse or forward mutation in specific bacterial strains OECD (471), ICH, COM

Mouse lymphoma thymidine kinase (TK) Mutation in TK OECD (476), ICH, COM
Chinese hamster ovary (CHO) and V79

hypoxanthine guanine phosphoribosyl
transferase (HGPRT)

Mutation in HGPRT OECD (476), COM

In vivo
Mouse spot test Somatic cell mutation, detects coat color variation OECD (484), COM
Mouse specific locus test Germ cell mutation, coat color, and ear size change COM
Dominant lethal assay Death of fertilized egg in mammalian implanted species OECD (478), COM
Mutation induction in transgenes Mutation in LacZ gene, LacI gene in mouse or rat ICH, COM

2. Chromosomal Abnormalities
Mitotic recombination, mitotic crossing over

or mitotic gene conversion in yeast
(in vitro)

Conversion of heterozygous alleles to homozygous state OECD (481)

Chromosomal aberrations Visible alteration in karyotype
(in vitro) In cell lines (CHO, V79 etc) and cultured

lymphocytes
OECD (473), ICH, COM

(in vivo) In rat bone marrow cells and spermatogonial cells OECD (475,483), ICH,
COM

Sister chromatid exchanges Visible exchanges of differentially labeled sister
chromatids

OECD (479)

Heritable translocation test (mice) (in vivo) Translocation-induced in germ cells OECD (485), ICH, COM
Micronucleus test

in vivo
in vitro

Appearance of micronuclei in bone marrow
Appearance of micronuclei in cell lines

OECD (474), ICH, COM
OECD (487)

3. Primary DNA damage
DNA repair in vitro Unscheduled DNA synthesis (UDS) OECD (482), ICH, COM
Rodent liver unscheduled DNA synthesis

induction in vivo
UDS in primary rat hepatocytes OECD (486), ICH, COM

DNA damage in vivo or in vitro Comet assay, alkaline elution assay, 32P-postlabeling,
for DNA damage in lymphocytes or cell lines (CHO,
V79, etc.)

ICH, COM

4. Cell transformation
Induced neoplastic transformation of cells Syrian hamster embryo (SHE) cells, Balb/c3T3 OECD (draft)

5. Assays in Drosophila melanogaster Somatic mutations and Germ cells OECD (477)
6. Flow cytogenetics Using flow cytometry to study DNA damage

Medium-Term Tests (Timeframe—2–8 Months)
Ito model in rats Hepatic adenomas and carcinomas staining for GST (pi)
Newborn mouse model Neoplasm of liver, lung, and lymphoid organs in mouse

Long-Term Tests (Timeframe—18–24 Months)
Chronic bioassay in animals Tumors in all organs OECD (451), ICH
Tissue specific bioassays; liver and lung

(mouse), brain (rat), mammary gland
(rat/mouse)

Hepatomas, pulmonary adenomas, gliomas, and
carcinomas in rat and mice

∗OECD, Organization of Economic Co-operation and Development; number in parenthesis denotes the OECD guideline number of the
test. ICH, International Committee on Harmonization. COM, Committee on Mutagenicity of Chemicals in Food, Consumer Products and the
Environment, UK.



TESTS FOR EVALUATION OF CHEMICALS AND NCEs 159

test chemical should be through the predominant route of human
exposure (i.e., oral, cutaneous, inhalation, or intramuscular).

The “gold standard” for determining potential carcinogenic
activity of a chemical is through the use of chronic two-year
bioassays for carcinogenicity in rodents. This model has been
used to detect compounds labeled as human carcinogens by the
International Agency for Research in Cancer (IARC) (Vaino
et al. 1991). The bioassay is used to detect complete carcinogens,
tumor promoters, and co-carcinogens.

In addition to the long-term bioassay for carcinogenicity in
animals, limited animal bioassays or tissue specific bioassays
(Pilot III and Dragan 2001) have been developed that are useful
for screening chemicals for carcinogenic activity. These assays
have the advantage of getting results relatively quickly (12–
18 months) as compared to long-term bioassay; the endpoints
evaluated are:

1. high background rate of cancer and thus high sensitivity
to induction of cancer

2. early detection of cancer.

The positive results in these assays are strongly suggestive
of carcinogenicity but not conclusive in themselves, and neg-
ative results do not abrogate need for full long-term bioassay.
Examples of these tests are:

1. Strain-A mouse lung tumor bioassay, developed by Stoner
and Shimkin (1982), in which high incidence of lung tu-
mor is monitored after carcinogen exposure.

2. Breast cancer development in female Sprague Dawley rats
after treatment with carcinogen is observed.

3. Development of hepatomas, adenomas, and gliomas in the
liver, lungs, and brain cells of rats or mice is observed in
12 to 18 months.

2) MEDIUM-TERM BIOASSAYS
These assay systems are conducted in rats with either the

liver as the target organ or the whole body as the target organ
(Shirai et al. 1999). Two assays have been developed that have
reduced the time for development of an endpoint. The more
intensively used is the Ito model developed by Dr. Nobuyuki
Ito and colleagues (Ito et al. 1989, 1998) in Japan. Nodules and
focal lesions in the liver of rats, staining for the glutathione
S-transferase pi (GST-pi), are the endpoints in this assay and it
takes eight weeks to complete. The results have been correlated
with-long and medium-term results, indicating usefulness of this
assay as a potential surrogate for the chronic bioassay.

The newborn mouse model of chemical carcinogenesis, ini-
tially described by Shubik and colleagues, has been used ex-
tensively in studies of mouse hepatocarcinogenesis and recently
(Fujii 1991) used to evaluate the carcinogenic potential of 45
compounds. This assay determines endpoints of formation of
neoplasms in various tissues in mice (e.g., liver, lung, and lym-
phoid organs), within a one-year period. The assay is relatively

inexpensive, utilizing small amounts of test material, but needs
longer periods to give results.

3) SHORT-TERM MUTAGENICITY TESTING ASSAYS
Short-term assays have been developed since the long-term

methods are time consuming and require substantial resources
and expensive laboratory animal upkeep. These tests are inex-
pensive and rapid as screening tools for mutagens and carcino-
gens. No single short-term test can, however, predict mutagenic-
ity/carcinogenicity of a compound. Batteries of these short-term
tests have to therefore, be performed before a compound is la-
beled as a carcinogen and/or mutagen. The result from a bat-
tery of short-term tests is considered equivalent to the predictive
value of a long-term animal bioassay.

More than 200 short-term assays have been developed to test
for the mutagenicity in bacteria, cultured mammalian cells, in-
sects, and mammals. These assays identify carcinogenic agents
by inducing mutations in DNA in vitro or in vivo. The primary
use of short-term tests is for mechanistic evaluation, and results
have impacted risk assessment.

The most frequently used tests include:

1. Reverse mutation assay (Ames test) using Salmonella
typhimurium.

2. Forward mutation using lymphoma cells, mammalian
cells, and Chinese hamster ovary (CHO) or lung fibroblast
cells (V79).

3. In vivo cytogenetic assessment

Chromosomal aberrations.
Micronucleus assay.

4. Knockout transgenic mice models for in vivo assays to
identify carcinogens.

3.1) Gene Mutational Assays
3.1.1) Bacterial Assays

Bacteria are widely used, both in fundamental studies of the
mechanisms involved in the biological responses to DNA dam-
age (mutagenicity) and in the short term-screening tests for po-
tential carcinogens (Venitt et al. 1986). They possess elaborate
mechanisms for responding to DNA damage. The damage may
be measured by assaying for mutations, for increased killing
of DNA repair deficient strains of bacteria, or for induction of
lysogenic bacteria.

The bacterial short-term tests consist of two components:

1. The target cell (bacterial strain)
2. The metabolizing system (converts certain compounds to

DNA-reactive species) and is supplied exogenously

The bacterial assays are easiest to conduct, rapid, and inex-
pensive. Effects are assayed by methods that detect forward or
reverse mutations.

Forward mutation (from drug sensitivity to drug resistance)
has the theoretical advantage of presenting a large genetic target
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and should indicate many types of mutagenic effects (including
deletions). They, however, fail to detect the increase in the in-
duced frequency of a rare event against a background of common
events.

3.1.1.1) Reverse mutation assays. These assays use bacte-
ria that are already mutated at an easily detectable locus (e.g.,
amino acid autotrophy). The frequency with which the test chem-
ical produces a second mutation, which abolishes the existence
of the first mutation, is then determined. Several indicator strains
or a single strain with multiple markers may be necessary to
overcome mutagen specificity.

Ames Test. It is the most widely used in vitro primary
screen for gene mutation, using Salmonella typhimurium bac-
terium, and detects most of the human mutagens and carcinogens
(Ames 1971; Ames et al. 1973a, 1973b; Maron and Ames 1983).
Testing of chemicals for mutagenicity in this assay is based on
the premise that a substance mutagenic to the bacterium is likely
to be a carcinogen in laboratory animals, and hence, by exten-
sion, presents a risk of cancer.

The test takes about three days and involves the use of several
specially constructed strains of Salmonella typhimurium (e.g.,
TA1535, TA1537, TA97/TA97a, TA98, and TA100, TA102, and
TA104) (Levin et al. 1982; Venitt et al. 1984; Bonneau et al.
1991; Ohe et al. 1999; Table 2). Escherichia coli strains WP2
and WP2uvrA have also been used (Barrueco and de la Pena
1988; Wilcox et al. 1990; Ohta et al. 2002; Table 2).

In this assay, bacterial tester strains that are deficient in DNA
repair and lack the ability to grow in the absence of histidine
are treated with different concentrations of the test compound.
The test is conducted both in the presence and absence of the
exogenous metabolic activation system. A drug-metabolizing
system or the S9 fraction (obtained from the liver of rats after
treatment with Arochlor 1254) is added to compounds requiring
metabolic activation. Relevant positive and negative controls are
also included in the study. These bacteria die when plated on an
agar medium lacking histidine. Sometimes, a mutation occurs
in a few of these cells that corrects the original mutation, which
allows the reverse-mutated cells (revertants) and their progeny
to grow on a histidine-deficient agar plate and form a visible
colony after 48 h of incubation.

A chemical is positive if it causes a reproducible dose-
dependant response in at least one tester strain. If no increase in
mutant colonies is seen after testing various strains under dif-
ferent culture conditions, the test chemical is considered to be
nonmutagenic in the Salmonella test. A positive result in this
assay indicates that the substance is a mutagen and could be a
carcinogen as well.

Strain engineering has enhanced the sensitivity of Ames as-
say to mutagens and toward specific classes of chemicals (Jose-
phy et al. 1997; McCann et al. 1975). Plasmids encoding both
mutagenesis and metabolic function (e.g., specific enzymes) on
a single plasmid provide flexibility to mechanistic studies and
allow for identification of mutagenic principles in complex mix-
tures and metabolic activation mechanisms (Josephy et al. 1997,

Mortelmans and Zieger 2000; Suzuki et al. 1998; Carroll et al.
2002), thus providing broad substrate specificity and high mu-
tagenic sensitivity toward chemicals.

3.1.1.2) Forward mutation assay. These assays use devel-
opment of resistance in otherwise sensitive strains (e.g., Arabi-
nose resistance in Salmonella typhimurium), in which forward
mutation to L-arabinose resistance is detected (Ruiz Vazquez
et al. 1978). Resistance to L-arabinose is mainly a result of for-
ward mutation at any of at least three different genes (ara A, ara
B, or ara D) for preceding production of a toxic intermediate L-
ribulose-5-phosphate. The test uses a mutated strain of bacteria
and detects changes from L-arabinose resistance in a medium
containing L-arabinose and glycerol. Mutations in the structural
gene for the enzyme L-ribulose5phosphate-4epimerase block
the utilization of L-arabinose as a carbon source and also lead
to the accumulation of toxic intermediate (i.e., L-ribulose-5-
phosphate). Bacterial growth is thus inhibited in the presence
of L-arabinose and a carbon source is unable to repress the
araBAD operon. The assay has been used to study the genotoxic
potential of river and tap water (Vahl et al. 1997; Shen et al.
2003).

The Salmonella typhimurium BA strain carries the araD531
allele required for the Ara assay and a his auxotrophy (hisD3052
or hisG46) required for the His assay. The induction of forward
mutations to L-arabinose resistance (AraR) and of reversions to
histidine prototrophy (His+) can be quantitatively compared in
these bacteria for mutagenicity of nitro-containing compounds
(Jurado et al. 1994).

3.1.2) Mammalian Assays
3.1.2.1) In vitro assays: Two of the in vitro mammalian cell

mutation assays that offer attractions over the microbial systems
include:

(i) Thymidine kinase (TK) +/− Mouse lymphoma L5178Y
assay (Clive et al. 1979)

(ii) Chinese hamster ovary − hypoxanthine guanine phos-
phoribosyl-transferase (CHO–HGPRT) assay (O’Neill
et al. 1977; Li et al. 1987)

Cultures of established cell lines or cell strains can be used
in the in vitro mammalian cell gene mutation test. The cells are
selected on the basis of their ability to grow in culture and stabil-
ity of the spontaneous mutation frequency (Aaron et al. 1994).
This test is used to screen for possible mammalian mutagens
and carcinogens.

These assays use forward mutations at specific loci in the TK
or HGPRT gene (Fig. 2) as the endpoint that confers resistance
to the toxic chemical (DeMarini et al. 1989). Here, too, pheno-
typic expression of a mutation in a gene is compared in treated
and untreated cells. The damage to a gene results in loss of a
phenotype (e.g., growth in presence of toxic compound). For-
ward mutation to such drugs as 8-azaguanine, 6-thioguanine,
5-bromo-2 deoxyuridine, and ouabain have been well charac-
terized and widely used as genetic markers.
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FIG. 2. Schematic representation of the in vitro mammalian cell mutation assays.
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Chinese hamster ovary cells and L5178Y mouse lymphoma
cells appear to be most suitable because of the relative ease
with which mutants can be isolated. These assays detect point
mutations involving deletions, base substitutions, frame shift,
and rearrangement within the locus.

Cells are propagated from stock cultures, seeded in culture
medium, and incubated at 37◦C. The proliferating cells are ex-
posed to the test substance, both with and without metabolic
activation with the mammalian liver postmitochondrial fraction
(S9) usually used at concentrations ranging from 1% to 10% in
the final test medium. Concurrent positive and negative (solvent
or vehicle) controls, both with and without metabolic activation,
are included in each experiment. When metabolic activation is
used, the positive control chemical should be one that requires
activation to give a mutagenic response. The minimum time re-
quirement to allow near optimal phenotypic expression of newly
induced mutants for each locus is different; for example, while
TK requires at least two days, HGPRT requires at least 6 to
8 days.

The TK enzyme is required for salvaging pyrimidines. Toxic
pyrimidine analogues such as bromodeoxyuridine (BrdU), fluo-
rodeoxyuridine (FdU), and triflurothymidine (TFT), in the pres-
ence of TK enzyme, are incorporated into nucleotides, resulting
in the inhibition of cellular metabolism and cytotoxicity. Mutant
cells deficient in TK enzyme due to forward mutation (TK+ →
TK−) are resistant to these analogues and are able to grow, but
normal cells are unable to proliferate in the presence of these
antimetabolites. Presence of mutant cells shows that test com-
pound is mutagenic (Clements 2000).

The cells (L5178Y tk+/−3.7.2C) used for the mouse lym-
phoma assay (MLA) are heterozygous at the thymidine kinase
locus (Tk1) on chromosome 11. Inactivating the tk+ allele in-
duces trifluorothymidine (TFT) resistance (Moore et al. 2000;
Clements 2000), and tk−/− mutants can be selected in a back-
ground of tk+/− nonmutant cells. The test is capable of detect-
ing gene mutation, chromosomal damage, and recombination
induced by a wide range of chemicals. It also helps in detect-
ing clastogenic lesions ranging from point mutations to mul-
tilocus mutations for agents indicating a mutagenic response
in this system. MLA detects a wider range of genetic damage
as compared to chromosome aberration analysis and also de-
tects damage in viable cells capable of forming colonies. This
is an advantage of MLA, particularly when using it as part of
a test battery to provide information on hazard identification
(Putman 1984). There are two versions of the assay—soft agar
and microwell methods (Honma et al. 1999a; Omori et al. 2002;
Moore et al. 2003), both of which have been adopted by ICH
guidelines (Mitchell et al. 1997). The standard MLA, and other
mammalian cell gene mutation assays have a short treatment
period (3 to 6 h). However, short treatments may be insufficient
for detecting some clastogens and spindle poisons, because the
mutagenicity of these non-DNA targeting chemicals may be cell
cycle dependent, and treatment extending over more than one
cell cycle may be required to see their effect and for this 24 hour

treatment should be used (Honma et al. 1999b, Moore et al.
2002).

The hypoxanthine guanine phosphoribosyltransferase
(hgprt) locus on X-chromosome is used as the target gene
in the CHO-HGPRT assay. HGPRT enzyme is important
for purine salvaging and incorporates toxic analogues (e.g.,
6-thioguanine or 8-azaguanine) into DNA, resulting in cell
death or inhibition of cell growth. A mutation in this gene results
in mutated cells with inactive gene product and phenotype loss
that permits the survival (colony formation) in the presence
of toxic analogues. The Chinese hamster ovary (CHO) assay,
which measures newly induced mutations at the hgprt locus,
has been widely used for mutagenicity testing (Li et al. 1987).
The use of suspension cultures and soft agar cloning in the
CHO assay provides a sensitive test for the identification of
mutagens (Oberly et al. 1990) and is a viable alternative to
the traditional monolayer procedure (O’Neill et al. 1977). A
modification of this assay permits treatment in suspension and
soft agar cloning comparable to the MLA. This methodology
eliminates the risk of metabolic cooperation and the trauma of
trypsinization. In addition, a larger population of cells can be
treated and cloned for mutant selection (Oberly et al. 1993).

Many compounds that are positive in this test are mammalian
carcinogens; however, correlation with carcinogenicity is not
foolproof. There is increasing evidence that carcinogens acting
through other, nongenotoxic mechanisms or mechanisms absent
in bacterial cells are not detected by this test.

3.1.2.2) In vivo mutation assays. The analysis of mutations
in somatic or germ cells in suitable tissues is carried out after in
vivo treatment in rodents.

3.1.2.2.1) Dominant lethal assay. The assay is used to in-
vestigate clastogenicity or aneuploidy in germ cells in vivo. The
term “dominant lethal” describes embryonic death due to chro-
mosomal breakage in parent germ cells. A dominant lethal mu-
tation is one occurring in a germ cell that does not cause dys-
function of the gamete but that is lethal to the fertilized egg or
developing embryo and causes fetal death.

Male rats, treated with test substance, are mated with fe-
males, who are then sacrificed at 14 to 16 days of pregnancy,
and the live/dead embryos from the implants are counted. The
live implants in tested/control groups are compared. The postim-
plantation loss is calculated by determining the ratio of dead to
total implants from the treated and control groups. Preimplan-
tation loss can be estimated on the basis of corpora lutea counts
or by comparing the total implants per female in treated and
control groups (Brewen et al. 1975). These lethal mutations are
believed to be primarily due to structural or numerical chromo-
somal aberrations. Induction of a dominant lethal event after
exposure to the test substance indicates that the substance has
affected germinal tissues of the test species (Ehling et al. 1978).
The working group on mammalian germ tests decided the pro-
tocol for the performance of the test and postimplantation loss,
preimplantation loss, and fertility rate were the main parameters
to be assessed (Adler et al. 1994). Spermatids appeared to be
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the germ-cell stage most sensitive to dominant lethal induction
(Barnett and Lewis 2003). A schematic method of data presen-
tation was proposed, which enables the most pertinent assay
data and parameters to be viewed and considered simultane-
ously (Ashby and Clapp 1995). N-Hydroxymethylacrylamide
(NHMA), a mouse carcinogen, was found to be unique in in-
ducing genetic damage in germ cells but not somatic cells of
male mice in this test (Witt et al. 2003).

3.1.2.2.2) Mouse specific locus test. This test is an effi-
cient method for studying the germ cell mutations induced by
chemicals (Russell et al. 1981). Parental mice homozygous for
wild-type genes are treated with test compounds and mated with
a tester stock, which is homozygous recessive at that marker lo-
cus. The resultant offspring are expected to be heterozygous for
the genotype while expressing the wild-type phenotype. If mu-
tation occurs, the offspring expresses the recessive phenotype.
The tester stock is homozygous for seven loci controlling coat
color and the size of the external ear, and the recessive pheno-
types are easily recognizable, allowing for the simple and rapid
screening of F1 offsprings. Spontaneous mutations can be man-
ifested both as whole-body mutants and mosaics (mottled coat
color). The mosaics may either be visible in the F1 offsprings or
masked, among the wild-type parental generation (Russell and
Russell 1996). The test is an efficient germ cell mutation assay in
mice due to simple methodology. It detects a wide range of mu-
tations ranging from single base pair substitutions to insertions
or deletions (Favor 1999) and intralocus changes to multilocus
deletions (Ehling 1989).

3.1.2.2.3) Mouse spot test. The mouse spot test for the coat
color variation is widely used for the detection of a number of
genetic alterations, ranging from chromosomal damage to gene
mutations (Styles and Penman 1985), which result in the loss of
the heterozygosity of the loci controlling hair color. The proce-
dure is inexpensive and the test is rapid for screening somatic
cell mutations in mice in vivo. Mouse embryos heterozygous
for recessive coat pigmentation are treated with the compound
in utero. Treatment is given at a time when pigment precursor
cells migrate to the dermis. Any alteration or loss of allele at one
of the heterozygous coat color loci in one of the melanocyte pre-
cursor cells leads to the expression of the recessive allele. Mutant
clone is observed when the offspring are two weeks old and is
recognized by the colored patches (brown, grey, or yellow) of
hair. Mouse assays detecting genetic instability at endogenous
loci predict hazardous effects of an environmental agent and/or
genetic predisposition to cancer (Reliene and Schiestl 2003).
The disadvantage of breeding tests is that they cannot confirm
the altered clone.

3.1.2.2.4) TK+/− and HGPRT in mice, rat, and human cells.
The development of the hypoxanthine guanine phosphoribosyl-
transferase (HGPRT) assay employing human peripheral blood
lymphocytes has contributed significantly to the understanding
of in vivo somatic cell mutagenesis (Albertini 1985). HGPRT is
finding use in in vivo studies for mutations arising in either so-
matic or germinal cells (Albertini 2001). Studies of thioguanine-

resistant colonies show that the mutants are deficient in
HGPRT and have structural alterations in the hgprt gene (Nick-
las et al. 1988). These cells are either T-helper or T-suppressor
cells (Albertini 2000). The mutant frequencies (MFs) of hgprt
are increased in peripheral blood T-cells from melanoma patients
when compared to normal controls (Albertini et al. 2001).

The rat HGPRT assay was developed with lymphocytes de-
rived from the spleen, providing the opportunity for studying the
in vivo mutations in endogenous genes, and it serves as a model
for widely used human lymphocyte HGPRT assay (Aidoo et al.
1997; Casciano et al. 1999). The assay using rodents has the
advantage that they are commonly used in toxicological stud-
ies and are readily available as inbred and hybrid strains, mak-
ing the use of the rodent HGPRT assay desirable. Effects in
the hgprt lymphocyte mutations due to caloric restriction has
shown reduction in accumulation of spontaneous somatic cell
mutation in aging rats, especially those caused by base substi-
tutions and frameshifts hence leading to decreased tumor inci-
dence and retardation in aging (Aidoo et al. 2003). In mice, an
age-related study showed variation in the patterns of appearance
and frequency of hgprt mutant T lymphocytes in the thymus and
spleen at various periods of growth (i.e., 12-days, 22-days, and
8-weeks) (Walker et al. 1999).

3.1.2.3) Transgenic systems for in vivo mutagenesis. In
vivo mutation system has been developed in transgenic mice
(Provost et al. 1993). The advent of transgenic animal model
with recoverable system genes has provided the opportunity to
directly and efficiently measure spontaneous and chemically in-
duced mutation in different tissue in vivo (Mirsalis et al. 1995).
The transgenic mouse mutation assays began with two trans-
genic mice named Muta Mouse and Big Blue Mouse (Kohler
et al. 1990; Nohmi et al. 2000). Both Muta Mouse and Big Blue
Mouse systems are lambda phage-based and employ bacterial
lacZ gene or lacI gene, respectively, as a reporter gene for mu-
tations. In the lacZ system (Muta Mouse), colorless or pale blue
plaques are judged as mutants in the blue plaques’ background,
whereas blue plaques are judged as mutants in the colorless
background in the lacI system (Big Blue Mouse; Gossen et al.
1994; Fig. 3).

In the LacI system two transgenic C57BL/6 and B6C3F1
mice have been constructed, with each cell containing multiple
copies of a bacteriophage lambda shuttle vector at an identi-
cal chromosomal integrating site. These vectors contain a lacI
gene as a target for mutagenesis. The mice are exposed to the
test compound and then DNA is extracted from the tissue of
interest. The shuttle vector is recovered from genomic DNA
by in vitro packaging and infected into E. coli cells, which are
then plated onto dishes to form plaques or colonies. The mu-
tated plaques are selected on the basis of their ability to cleave
a chromogenic substrate. A mutation in the lacI gene inacti-
vates the Lac repressor protein and allows functional expression
of β-galactosidase enzyme. X Gal, a chromogenic substrate,
is cleaved by this β-galactosidase from mutant plaques, giving
blue color, while normal plaques appear colorless. The principle
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of colorimetric detection of mutants is also followed in the lacZ
system; however, in this system, β-galactosidase enzymes are
active in the wild type.

The transgenic mouse mutation system is highly adaptable
to screening for mutagenic potential and provides a relatively
quick and statistically reliable assay for gene mutations in the
DNA from any tissue or organ (Thybaud et al. 2003). A signifi-
cant increase in the mutant frequencies gives a positive response
for the test article. Also, mutations induced in the parent germ
cells are transmissible to the F1 offspring (Barnett et al. 2002).
Other systems, which have been developed for specific genetic
alterations to make them more suitable to carcinogenesis by ex-
ternal agents, include p53 +/− deficient model, TG-AC model,
and Tg-Hras2 model (Fig. 4).

The TG.AC mouse carries a v-Ha-ras oncogene fused to the
zeta-globin gene promoter. The model was developed by Leder
et al. (1990). The v-Ha-ras transgene has point mutations at
codons 12 and 59, and the site of integration of the transgene
allows these mice to show genetically initiated skin as a target
for tumorigenesis. The untreated skin of these transgenic mice
does not differ from the wild type, but repeated application of the
skin tumor-promoting agent leads to the development of benign
papillomas, which may become malignant. This model has been
used for the study and differentiation of initiating agents, tumor-
promoting agents, and complete carcinogens. Specific activation
of the expression of the transgene is the critical event in the
responses of the Tg.AC model (Cannon et al. 1997).

Heterozygous p53 +/− deficient mice are used in the short-
term (26 weeks) assay for the identification of mutagenic car-
cinogens. These mice have a single functional allele and an in-
activated null allele of the p53 gene. The inactivation of the
wild-type functional allele due to mutation/loss on carcinogen
exposure leads to development of neoplasias. Hence, these het-
erozygous mice are viable, having low background incidence
of tumors (Tennant 1995), but on becoming nullizygous, they
develop high incidence of spontaneous tumors in 3 to 6 months.
Studies in these mice have shown that potent carcinogens can
increase loss of heterozygosity in heterozygous p53-deficient
mice.

The TgHras2 mice carry a human proto-oncogene c-H-
ras and have an endogenous promoter for the c-H-ras gene
(Yamamoto et al. 1997). The transgene is overexpressed in nor-
mal tissues and tumors (e.g., papillomas and lymphomas) that
develop in the animal. It has been used to study the effect of
carcinogens in Japan (Yamamoto et al. 1998).

3.2) Assays for Chromosomal Abnormalities
The simplest and most sensitive assays for investigating clas-

togenic effects of chemicals are those using cytogenetics in both
in vivo and in vitro test systems. These assays use microscopy
for direct visualization of the deleterious effects at the genetic
level. Clastogenicity in bone marrow cells of rodents dosed with
the suspect chemical can be studied either by analyzing chromo-
somal aberrations in metaphase cells or micronucleus formation.

Both of these can also be used as tests for aneuploidy (numer-
ical changes in chromosomes). Cultured mammalian cells are
the most often used for in vitro studies.

The tests for chromosomal abnormalities include:

3.2.1) Mitotic Recombination Assay
This assay is used to measure mitotic recombination, that

is, gene conversion or crossing over in yeast Saccharomyces
cerevisiae, a eukaryotic unicellular fungus. There are two types
of recombination; a) the classical mitotic crossing over where
exchanges of DNA segments between genes occur and b) the
mitotic gene conversion where unilateral DNA transfer within a
gene occurs (Zimmermann 1984). It has been shown that both
double-strand breaks and transcription leads to mitotic recom-
bination in Saccharomyces cerevisiae (Gonzalez-Barrera et al.
2002) and recombination only by crossover or only by gene con-
version has been studied (Freedman and Jinks-Robertson 2002).
Yeast cells carry out recombinational repair of the single-strand
breaks and a systematic study of mitotic recombination in Sac-
charomyces cerevisiae has been done (Aylon et al. 2003).

Strains of Saccharomyces cerevisiae have been developed,
which detect such events by production of homozygous alleles
from heterozygous alleles. These recombinations are essentially
DNA exchanges between segments of homologous chromatids.
This assay is indicative of nonspecific DNA damage. Mutagens
are given in solvents with or without metabolic activation. The
colonies are then counted on nonselective or selective medium
after 4 to 6 days. Two statistical analyses for calculating the re-
combination rate have been described and their application has
been studied using an intron-based inverted repeat recombina-
tion reporter system for the regulation of homologous recombi-
nation (Spell and Jinks-Robertson 2004).

3.2.2) Chromosomal Aberration
Cytogenetic assay for clastogenicity using metaphase analy-

sis is one of the currently recommended in vitro tests for mu-
tagenic properties of a substance. Chemical compounds that
induce structural chromosomal aberrations are designated as
“clastogens.” These compounds give rise to primary DNA le-
sions, some of which are further processed during the replication
and/or DNA repair into secondary lesions, which then develop
into the various types of chromosomal aberrations visible in the
metaphase cells.

The classification of chromosomal aberrations (CAs) is based
on the structural unit involved, that is, whole chromosome or
the single chromatid and the type of morphological alteration,
that is, break (deletion/fragments) or rearrangements (inver-
sion/translocation and exchanges between chromatids or chro-
mosomes). Aberrations in the unreplicated G1 chromosome are
duplicated in S phase and appear as chromosome type aberra-
tions, while those formed after DNA replication (i.e., during or
after S phase) the involve only one chromatid and appear as
chromatid type aberration (Fig. 5). The majority of the chemical
clastogens are S phase dependant and induce aberrations only
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in cells that pass S phase after exposure. Thus, it is not the type of
primary DNA lesions, but the processing of the lesion in S phase
that leads to aberration. Yield of CA is often higher when cells are
exposed to a clastogen in early S phase. This is probably due to
the limited time available for the error-free repair in the primary
DNA lesion in the cell. The majority of cells with aberrations in
metaphase may not survive cell division. Unbalanced chromatid
type aberrations are frequently lethal because both chromatids
are affected and both daughter cells will suffer from structural
chromosome damage.

Cytogenetic alterations are involved in apoptosis and cell pro-
liferation of normal and cancer cells. These include shortening
of telomeres, formation of dicentric chromosomes, transfer of
telomeric DNA to the homologous chromosomes, malfunction
(inactivation) of the centromeres, endoreduplication of chromo-
somes, and other structural and numerical chromosome abnor-
malities (Pathak et al. 1994).

A key factor in the design for a cytogenetic assay is obtain-
ing appropriate cell population for treatment and analysis. Cells
with stable, well-defined karyotype, a short generation time,
low chromosome number, and large chromosomes are ideal for
cytogenetic analysis. CHO cells and human cells, especially pe-
ripheral lymphocytes, have been used extensively for in vitro
testing (Evans 1984; Preston et al. 1987a; Galloway et al. 1994).
These tests require cells to be treated during a sensitive period
of cell cycle (e.g., ‘S’ phase and aberrations scored in the first
mitotic division) to prevent loss of any unstable aberration. In-
terpretation of the assay for CAs in cell cultures may be affected
by artifacts obtained due to extreme culture conditions (Scott
et al. 1991). Assays at highly cytotoxic doses and extreme pH
and metabolic activation system also may be genotoxic and give
false-positive results. The study should be, therefore, extended
until at least some cytotoxicity is observed (Galloway 2000).

In vivo CA involves treating of the animals and then col-
lecting cells for cytogenetic analysis (Tice et al. 1994). A large
number of dividing cells from tissues (e.g., bone marrow from
mice and hamsters) can be collected. Animals are treated with a
metaphase arresting compound two hours before sacrifice (e.g.,
colchicine) (Preston et al. 1987b). CA has also been used in
human biomonitoring studies (Au et al. 2001; Au 2003).

This analysis is time consuming and hence, a new cytogenetic
assay has been developed using fluorescent in situ hybridiza-
tion (FISH) (Johnson et al. 1998) or chromosome painting to
highlight the alterations in the number of copies of selected
chromosomes (Natarajan 2001). FISH has found applications
in cancer research. It gives increased resolution of the detec-
tion of aberrations and leads to a better understanding on the
mechanisms of formation of chromosome aberration (Natarajan
and Boei 2003). These methods are very useful for analysis of
the development and spread of certain tumors and are also effi-
cient tools for tumor diagnosis. Specific chromosomal translo-
cations by FISH painting in mouse plamacytoma (MPC), human
Burkitt lymphoma (BL), other B-cell derived tumors have been
shown (Szeles 2002). Spectral karyotyping and multicolor or

multiplex-fluorescence in situ hybridization allow for visualiza-
tion of all chromosomes of a metaphase in a single hybridization
step, which enables the screening for the aberrations and com-
prehensive analysis of complex karyotypes (Tchinda et al. 2003;
Brizard et al. 2004).

3.2.3) Sister Chromatid Exchange
Sister chromatid exchange (SCE) represents a symmetri-

cal exchange in chromatid segments within a single chromo-
some. SCEs are the end-products of homologous recombination
(Helleday 2003). Such an exchange does not produce altered
chromosome morphology, and SCE is not detectable unless the
sister chromatids are differentially stained or labeled (Tucker
et al. 1993). The points of exchange are cytotaxically at the
same locus, but precision of exchange at molecular levels is not
known. SCE per se is not lethal or cytotoxic but has been exten-
sively used as an endpoint in cytogenetic/mutagenicity testing.

The detection of SCE involves pretreatment of cells with
agents that are incorporated into the DNA and induce SCE, that
is, bromodeoxyuridine (BrdU) and H3-thymidine. Treatment is
given in presence or absence of S9 metabolic activation systems.

A large number of chemicals have been shown to increase
SCE frequency in animal/human cells in vivo (Rodriguez-Reyes
and Morales-Ramirez 2003) as well as in vitro. A great majority
of these compounds also give rise to DNA and chromosomal
damage and gene mutation. Alkylating agents and other elec-
trophilic compounds are inducers of SCE (Latt 1974). It is an S-
phase dependant event; hence, agents increase SCE only if cells
are allowed to pass through S phase after exposure. Treatment of
cells in early S phase causes greater increase in SCE frequency
than treatment in G1 or late S. The observations suggest that
SCE-inducing damage can be removed before S phase and that
formation of SCE is closely linked to the replication process. The
removal of SCE-inducing damage is seen by a reduction in SCE
frequency with time between exposure and sampling of cells for
analysis in vivo. Thus, these times are important determinants
in final yield of SCE.

In vivo, in vitro, and ex vivo SCEs can be performed (Perry
and Evans 1975). Thus, lymphocytes from animals or humans
can be removed from exposed population and cultured in pres-
ence of BrdU to analyze the cells in exposed population (in
vivo-in vitro SCE). Cell lines can also be used for in vitro SCE
(Sayed et al. 2002), while in vivo SCE is performed on animals
implanted with BrdU tablets or given continuous infusion of
BrdU.

Many SCE-inducing agents are mutagens. The majority
of induced SCEs do not represent recombinational/mutational
events, but some fraction of exchanges occur at nonhomologous
loci, and these unequal SCEs could represent mutational events
or chromosomal deletion or involvement in DNA amplification.

3.2.4) Micronucleus Formation
Micronucleus (MN) is the chromatin-containing body that

represents chromosomal fragments or whole chromosomes not
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incorporated in the nucleus during mitosis (Schmid 1975). The
MN assay can be conducted both in vitro and in vivo for detection
of both aneuploidy and clastogenicity (Fig. 6). The formation
of micronuclei in peripheral blood lymphocytes is a valuable
cytogenetic biomarker in human populations occupationally ex-
posed to genotoxic compounds (Bolognesi et al. 2004). It is
widely used in human biomonitoring studies (Majer et al. 2001;
Neri et al. 2003).

In vivo micronucleus (MacGregor et al. 1987) assay is most
often done in the erythrocytes from bone marrow of rodents, and
a large number of chemicals have been studied using this method
for the assessment of genotoxicity of chemicals, including clas-
togens and spindle poisons (Sato and Tomita 2001). The in vivo
micronucleus assay using other tissues include liver (Igarashi
and Shimada 1997; Müller-Tegethoff et al. 1997) and colon ep-
ithelium (Ohyama and Tokomitsu 1996). The single dose rat
bone marrow micronucleus assay has enhanced sensitivity, and
the rodent bone marrow MN assay is used as a predictor of pos-
sible germ cell mutagenicity of chemicals (Tinwell et al. 2001).
Germ cell MN in rodent spermatids permits the analysis of chro-
mosomal damage during meiosis. The in vivo MN test has been
combined with FISH to discriminate MN of clastogenic and
aneugenic origin (Attia et al. 2003).

The cytokinesis-blocked MN assay (CBMN) is the most
improved and widely used assay for genotoxicity assessment
(Fenech and Morley 1985) and human biomonitoring (Fenech
2002). In this assay, Cytochalasin-B is used to arrest the cell
cycle at the cytoplasm division (cytokinesis). Hence, bi- and
multinucleate cells are obtained and the MN counted in bin-
ucleate cells. The CBMN assay also allows nucleoplasmic
bridges (NPBs) to be measured, which originate from dicentric
chromosomes and centric ring chromosomes during anaphase
(Thomas et al. 2003). These are structural rearrangements of
DNA involving only one or two homologous chromosomes.
NPB measurement can be achieved in CBMN assay, because
inhibition of cytokinesis prevents the loss of NPB that would
occur if cells were allowed to divide. Inclusion of NPB in
the CBMN assay provides a valuable measure of chromosome
breakage/rearrangement that would not be available in the mi-
cronucleus assay. The MN can also be used along with Kine-
tochore and centromeric staining to identify the nature of any
micronuclei formed (Natarajan 1993; Lynch and Parry 1993;
Dhawan et al. 2003). This enables one to categorize the test
compound as a clastogen or aneugen (Parry et al. 2002). Induc-
tion of micronuclei is related either to dysfunction of spindle
apparatus or formation of acentric fragments and is greatly in-
fluenced by the time of treatment and sampling in relation to the
cell cycle. As micronuclei are detected in the interphase cells,
it is essential that the cells in the analyzed population be al-
lowed to divide between treatment and analysis. The majority
of clastogens give rise to lesions during G1 and S phases, lead-
ing to formation of micronuclei in subsequent cell cycles. Thus,
one cell cycle is allowed between treatments and harvesting of
cells.

At shorter sample intervals micronuclei may escape detec-
tion, while longer sampling time may lead to loss or dilution
of micronucleated cells. Micronuclei induced by dysfunction of
spindle or S phase independent clastogen can be seen at shorter
sampling intervals than S phase dependant chemicals.

3.2.5) Mouse Heritable Translocation Test
It is an in vivo test, that detects structural and numerical

chromosome changes in mammalian germ cells as recovered
in first-generation progeny (Kirsch-Volders et al. 2000, 2003).
This test along with the dominant lethality test, is used to predict
an environmental mutagen to mammalian germ cells. It detects
reciprocal translocation in chromosomes (Generoso et al. 1980).
Reciprocal translocation results from breaks in two nonhomolo-
gous chromosomes and the mutual exchange through reunion of
the fragments. This does not alter the polarity of the exchanged
material or the number of chromosomes. A mechanism by which
dominant-lethal mutations and heritable translocations are pro-
duced following chemical treatment of male postmeiotic germ
cells was proposed, which showed that induction of dominant-
lethal mutations and heritable translocations is dependent on
the stage at which the germ cell is treated (Generoso et al. 1982;
Adler 2000). Several mutagenesis protocols can be used to gen-
erate mouse mutations with high efficiency and highlight the
unique value of reciprocal translocations as tools for gaining
access to the biological functions of mammalian genes (Stubbs
et al. 1997).

Carriers of the translocation show reduced fertility, which
is used to select F1 progeny for cytogenetic analyses. The
translocations are cytogenetically observed in meiotic cells at
diakinesis-metaphase I stage of male individuals. There may also
be a loss of X chromosomes in females; hence, XO of females
are cytogenetically identified by presence of 39 chromosomes
in bone marrow.

3.3) Tests for Primary DNA Damage
The measurement of DNA damage and repair induced by

exogenous chemicals has been used in short-term tests for po-
tential carcinogenicity. These tests utilize nonreplicative DNA
synthesis and involve the measurement of DNA strand breakage
by alkaline elution method, detection of DNA adducts through
32P-postlabeling, and the comet assay.

3.3.1) Unscheduled DNA Synthesis (UDS)
DNA lesions can be detected by means of repair mechanisms

such as excision repair. DNA repair synthesis after excision of
a damaged segment of the DNA in mammalian cells can be de-
tected by autoradiography, after incorporation of H3-thimidine,
as unscheduled DNA synthesis or UDS, that is, DNA synthesis
outside the S-phase of the cell cycle, using the opposite strand as
template (Madle et al. 1994). There is a distinction between the
heavy nuclear labeling of replicative DNA strands and light nu-
clear labeling of the H3-thymidine incorporation during repair.
Tests employing UDS are conducted in primary rat hepatocytes
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FIG. 6. Schematic representation of the micronucleus (MN) assay.
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and human diploid fibroblasts. The in vitro UDS is carried out on
the primary rat hepatocytes, which are sensitive to the effect of
DNA-damaging chemicals. These cells do not require metabolic
activation and are capable of metabolizing procarcinogens to the
active carcinogen (McGregor and Anderson 1999). Since these
cells are epithelial in origin, monitoring of genetic damage is
relevant to the in vivo situation. The UDS has also been done
in male germ cells (spermatogonia, meiotic spermatocytes, and
early spermatid stages), and its correlation with other heritable
mutation tests indicates that the in vivo/in vitro spermatocyte
DNA repair assay is useful in predicting the mutagenic poten-
tial of chemicals in male germ cells (Bentley and Working 1988;
Inoue et al. 1993; Sotomayor et al. 1996, 1999; Sotomayor and
Sega 2000).

Ex vivo UDS assay is designed for the complex patterns of
metabolic activation, detoxification uptake distribution, and ex-
cretion of chemicals (Mirsalis and Butterworth 1980). The hep-
atocytes from rats are isolated at two points, that is, 2 to 4 h and
12 to 16 h after dosage of test article given in vivo. These iso-
lated hepatocytes are then made to undergo in vitro UDS. The
detailed procedure has been reviewed (Casciano 2000). The pos-
itive results from UDS performed in vivo or in vitro are highly
predictive of rodent carcinogenicity. The epidemiology of DNA
repair capacity and its effect on cancer susceptibility in humans
is an important area of investigation (Berwick and Vineis 2000).
UDS in human leukocytes has become a popular tool for esti-
mating an individual’s DNA-repair capacity and sensitivity to
mutagens (Pero and Ostlund 1980). Nucleotide excision repair
(NER) is differentially expressed in human tissues. A unique
culture system to measure the NER capacity in primary cultures
of lymphocytes and foreskin fibroblasts using the UDS func-
tional assay has been carried out to study the baseline DNA
repair in normal human cell types, which forms a basis for eval-
uation of the effects of “mutator” genes as etiological factors in
the development of cancer (Latimer et al. 2003).

3.3.2) Single Cell Gel Electrophoresis/Comet Assay
Conventional cytogenetics techniques are time consuming

and cumbersome, and require pooled cell population. Ostling
and Johanson (1984) developed a microgel electrophoretic tech-
nique to assess quantitatively and qualitatively the DNA dam-
age in individual cells, which after a few modifications, (Olive
et al. 1990; Singh et al. 1991) has now become the state-
of-the-art technique known as single cell gel electrophoresis
(SCGE)/comet assay. The SCGE/comet assay has gained pop-
ularity during the last decade as a short-term test to measure
the level of DNA damage in terms of strand breaks and alka-
line labile sites due to environmental chemicals. It is a rapid,
sensitive, reliable, inexpensive, noninvasive, and visual tech-
nique for the detection of DNA damage in individual cells, re-
quiring very low amounts of both test material and target cell
population. Its ability to evaluate DNA damage in nonprolif-
erating cells makes it a useful tool to work on any eukaryotic
cell.

The principle of the assay is to lyse cells embedded in
agarose on a microscope slide and subject the DNA to unwinding
and electrophoresis under neutral or highly alkaline conditions
(pH > 13). The migrated DNA after neutralization is stained
with appropriate dye (e.g., Ethidium Bromide, Propidium Io-
dide, YOYO-1, Hoescht 33258, DAPI, and Acridine Orange)
and visualized under a fluorescent microscope. Using a software,
both qualitative and quantitative assessment of DNA damage is
carried out by counting 50 to 100 cells per dose/individual. There
are several parameters monitored by the software; however, the
most frequently used are tail DNA (%), tail length (µm), and
tail moment (arbitrary units).

The assay can be performed both in vivo and in vitro (Tice
et al. 2000). A variety of samples, obtained as a single cell
suspension can be used for Comet assay (Anderson and Plewa
1998). Peripheral blood lymphocytes, nasal and buccal epithelial
cells have extensively been used to assess human genotoxicity in
clinically or occupationally exposed population (Valverde et al.
1997). In vivo assay using different tissues and organs from
mice has also been used (Sasaki et al. 2000). In vitro studies
have also been conducted in cell lines (e.g., CHO, V79) and
primary cell cultures. Both DNA damage and repair studies can
be conducted. Also, a variety of information related to genetic
toxicology (Dhawan et al. 2002), human epidemiology (Dhawan
et al. 2001; Bajpayee et al. 2002), monitoring of human genotox-
icity (Kassie et al. 2000; Palus et al. 2003; Basaran et al. 2003;
Piprakis et al. 2003), patients undergoing radio/chemotherapy
(Vaghef et al. 1997), and aging (Piperakis et al. 1998; Singh
et al. 2003) can be obtained. Also, monitoring dietary factors in
various diseases such as diabetes (Raslova et al. 2000; Pitozzi
et al. 2003), and thalassemia (Anderson et al. 2001; Ruf et al.
2003) have been carried out using this assay. The assay has been
used for environmental biomonitoring and has utilized earth-
worms, fish, and molluscs exposed to polluted environments
(Tice 1995; Akcha et al. 2003).

Besides giving information about the single- and double-
strand breaks, it has been used to study oxidative damage
(Giovannelli et al. 2003), incomplete excision repair sites (Green
et al. 1992), and repair in the extract of lymphocytes (Collins and
Harrington 2002). Discrimination of necrosis and apoptosis has
also been carried out (Fairbairn et al. 1995). The comet assay has
also been coupled with fluorescent in situ hybridization (Comet-
FISH) for evaluating DNA-specific damage (Santos et al. 1997;
Rapp et al. 2000; McKenna et al. 2003).

Although the comet assay is a useful technique, the single
cell data (rate limiting), small cell sample (sample bias), sensi-
tivity (technical variability), and interpretation are some of its
disadvantages.

3.4) Cell Transformation Assays
Cell transformation can be defined as the induction in cultured

cells of certain phenotypic alterations that are related to neopla-
sia (Barret et al. 1986; LeBoeuf et al. 1999). The assay is based
on the assumption that neoplastic transformation in the cultured
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cells occurs by the same mechanism as neoplastic alterations of
cells in vivo. These assay systems are used to study the multi-
stage process of neoplastic transformation and the mechanism of
action of carcinogens. Both genotoxic and nongenotoxic com-
pounds can be assessed in these systems (Yamasaki et al. 1996).

Mammalian cell culture (in vitro) transformation assays are
important short-term tests for potential carcinogens. The end-
point scored is morphological transformation. With fibroblast
cultures, the cells start showing loss of growth inhibition and
cell-to-cell orientation, and subsequent passages of these cells
result in other characteristics (e.g., growth in semisolid medium
and capacity to produce tumors in immunosuppressed animals).
Two cell systems frequently used in this assay are:

3.4.1) SHE Cell System
The first cell transformation system, using Syrian hamster

embryo (SHE) cells for detecting carcinogens, was developed
by Berwald and Sachs (1965).

Primary cultures of SHE cells from hamster fetus at 12 to
14 days of gestation are used to test the carcinogenic potential
of chemicals. The embryos, after trypsinisation and washing un-
der sterile condition, are plated into cultured flask and grown for
24 hours. These target cells are plated onto culture dishes con-
taining X-irradiated feeder cells (viable cells unable to replicate),
which support the growth of the cells. The cells are again grown
for 24 hours so as to obtain 25 to 45 colonies per dish. SHE
cells are treated with test chemicals for 24 hours or for the entire
period of the study. The cells are refed the culture medium after
removing the test chemical and left for 6 to 7 days. The colonies
formed are fixed with methanol and stained with Giemsa (Barrett
et al. 1986).

The advantage of this assay is that it is the only transformation
system that employs normal diploid cells as target cells, and
these cells have a wider range of metabolic capabilities than
other cell lines. The assay is rapid, and scoring for transformed
cells is possible within 10 days after plating. Also, SHE cells
appear to contain activation systems for the metabolism of a
wide spectrum of carcinogens to their active form, and thus it
does not require any exogenous metabolic activation.

The early passages of cells are used for the study, but to
reduce culture variations and cell variations from different em-
bryos, cryopreserved SHE cells are preferred. For this, primary
cultures are screened for susceptibility to transformation by stan-
dard compounds, and then highly susceptible batches of the
cells are cryopreserved in liquid nitrogen to be used later. It has
been used for assessment of carcinogenic potential of chemical
(Yamaguchi and Tsutsui 2003), physical, and biological agents
(Isfort 2000; Engelhardt 2004). Alkylating agents, polyaromatic
hydrocarbons, nitrosamines and amides, aromatic amines, etc.,
have been tested for their ability to produce morphological trans-
formation. This system has also been extended to include meth-
ods for metabolic activation of indirect carcinogens.

Normal clones have cells growing in a monolayer in an or-
ganized pattern and minimal cell stacking at confluency. Mor-
phologically transformed colonies contain cells in an extensive

random orientation stacked growth, with criss-crossing at the
periphery and center. SHE cell assay has been developed at low
pH for reducing/eliminating the problems associated with the
standard assay (Kerckaert et al. 1996).

3.4.2) BALB/c3T3 Mice Cell System
Transformation of BALB/c3T3 clone has been utilized for

screening assays for potential carcinogens and is based on a
spontaneously immortalized cell line derived initially from a
mouse embryo by repeated passages. This established cell line
was originally developed by Aaronson and Todaro (1968) and
has high sensitivity to chemical transformation. Chemicals with
short half lines can be screened on this cell line, and a dose-
response curve can be obtained with relatively small number of
plates having large number of cells per plate. Improvement in
the in vitro transformation assay of BALB/3T3 cells has been
made with the use of T medium (modified DME/F-12) supple-
mented with insulin, transferrin, ethanolamine and sodium se-
lenite and 2% FCS, which resulted in a five times higher trans-
formation frequency and earlier appearance of transformation
foci (Tsuchiya and Umeda 1995). A new assay method was de-
veloped in which the cells were replated in a medium containing
a low concentration of serum after treatment improved the sensi-
tivity and reproducibility of the transformation assay (Kajiwara
et al. 1997). The replating method and time between initiator
and promoter treatments for optimal transformation of Balb/3T3
cells has been shown to be efficient for screening of carcinogens
and studying multiple stage carcinogenesis. (Fang et al. 2001).
An ITES-medium-improved BALB/c 3T3 cell transformation
assay was developed recently, which showed a concordance of
73.5% with rodent bioassay and can be said to be a reliable
and useful short-term test procedure of screening for potential
carcinogens (Kajiwara and Ajimi 2003).

The disadvantage of this cell system is that this subclone
BALB/c3T3 is relatively unstable with regard to karyotype and
other properties in culture. Thus, maintenance of cell stock
with original properties is important. Actively growing cells are
treated with chemicals with or without activation and then plated
onto dishes (20 dishes each for each concentration of the chem-
ical) at an appropriate cell density and then transformation of
cells is seen. Positive transformed foci of the BALB/c3T3 cells
show basophilia, multilayering of the cells, random orientation,
and invasion into monolayer (Fitzgerald et al. 1989).

3.5) Assays in Drosophila melanogaster
Drosophila has been widely used in genetic toxicology for the

identification of potential carcinogens and also for the studies of
mechanisms of mutagenesis of chemicals (Vogel et al. 1999).

Due the short generation time (10 to 12days) and a broad
range of suitable reporter genes, detection of a variety of ge-
netic damages in germ cells of Drosophila is possible. Earlier,
the sex-linked recessive lethal (SLRL) mutation at multiple loci
served for screening genotoxins to mammals. SLRL mutation
is an in vivo forward mutation assay, detecting both point mu-
tation and small deletion in the germ line of the insect. These
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mutations, occurring in the X chromosome of Drosophila, are
phenotypically expressed in the mutant carrying males. Most of
the database of chemicals is based on this forward assay. The
SLRL assay has been used to study adaptive response of germ
cells to alkylating agents, where the response was demonstrated
in larvae but not in adult flies (Savina et al. 2003).

Assays of mitotic recombination and mutations in somatic
tissues have replaced the costly SLRL germ line tests (Wurgler
et al. 1984). These assays cost 5% to 10% of the SLRL test and
evaluation of a large number of chemicals is possible. The so-
matic mutations in eye or wing disc cells have been validated
and are well established. These detect mutagenic and recom-
bogenic activity of chemical compounds. The wing spot test or
the wing somatic mutation and recombination test (SMART) is
a short and simple in vivo test in which larvae can be exposed
to the chemical compound through feeding or inhalation. The
recessive wing markers (multiple wing hair, mwh and flare, flr)
are heterozygous, and the loss of heterozygosity leads to clones.
This system also allows for the detection of various endpoints as
mitotic recombination, point mutations, deletions, nondisjunc-
tion, and chromosomal loss, which gives rise to a single wing
spot phenotype comprising of either mwh or flr. Twin spot pheno-
types, with adjacent mwh and flr areas, give a direct proof for the
recombogenic property of the test compound (Zimmering et al.
1997). This test is highly sensitive and has been validated for
distinct types of genotoxic compounds that damage the DNA.
The wing spot test in Drosophila is suited to the detection of
recombinogenic activity of genotoxic chemicals (Spano et al.
2001) and has been used to assess the mutagenic activity of her-
bicides (Kaya et al. 2004) and fungicides (Osaba et al. 2002)
and the genotoxicity of vitamin A (Klamt et al. 2003).

Another test is the white/white+ eye mosaic system for ho-
mologous recombination, which is also based on the loss of
heterozygosity. In this method the larvae are exposed to the
chemical, and the light spots in the adult females are monitored
(Vogel 1992). Point mutations and deletions, which inactivate
the white+ allele, chromosomal aberrations, and recombination
give rise to the expression of white in the female genotypes. This
assay has been used to detect both mitotic recombination and X
chromosome loss induced by antineoplastic drugs (Rodriguez-
Arnaiz et al. 2004).

Drosophila melanogaster has been used as an in vivo model
for assessment of genotoxicity using the alkaline comet assay
(Bilbao et al. 2002). The midgut and brain ganglia cells have
been used in the modified comet assay for the genotoxicity as-
sessment of a pesticide, cypermethrin (Mukhopadhyay et al.
2004).

3.6) Recent Advancements
Flow cytogenetics is an emerging field, which has immense

potential in assessment of genotoxicity of compounds at very
low concentrations due to its high sensitivity and has rapidly
evolved into a technique for rapid analysis of DNA content,
cellular marker expression and electronic sorting of cells of in-

terest for further investigations. It is less time consuming due to
its fast acquisition. The technique involves the use of flow cy-
tometry to assess cytogenetic parameters. Flow cytometers are
being extensively used for monitoring of cellular DNA content,
phenotype expression, drug transport, calcium flux, prolifera-
tion and apoptosis. Phenotypic analysis of marker expression
in leukemic cells has become an important tool for diagnostic
and therapeutic monitoring of patients. Recent studies have ex-
plored the use of flow cytometry for monitoring hormone recep-
tor expression in human solid tumors and for studies in human
genomics.

Flow cytometry is a laser-based technology that is used to
measure characteristics of cells and their constituents such as
nuclei and other organelles. Flow cytometer scans single par-
ticles or cells as they flow in liquid medium past an excitation
source. The fluorescence emitted is then captured through an
optical system and transferred to software. These data are used
to examine a variety of biochemical and molecular aspects of
cells (Jaroszeski and Radcliff 1999). This is a powerful tool for
many scientific disciplines, as it allows characterization of cells
or particles within a sample (Cram et al. 1998). Flow cytometry
is particularly important for biological investigations, because
it allows qualitative and quantitative examination of whole cells
and cellular constituents that have been labeled with a wide
range of commercially available reagents (fluorochromes), such
as dyes and monoclonal antibodies (MAbs).

For new chemical entities (NCEs), flow cytogenetics is in-
creasingly being used for:

1. aneuploidy studies by estimating DNA contents in cells
(Pajor et al. 1998)

2. flow karyotyping of cells, in which quantitative estimation
of fluorochrome-stained chromosomes of mitotic cells is
made. It finds application in patients with aberrant chro-
mosomes (Fiegler et al. 2003).

3. in vitro analyses of micronucleus in CHO cells (Wagner
et al. 2003), cultured lymphocytes (Nusse and Kramer
1984), reticulocytes in human blood (Abramsson-
Zetterberg et al. 2000), or in vivo mouse erythrocyte mi-
cronucleus assay for clastogenicity (Adler 1993)

4. chromosomal abnormalities and DNA fragmentation
5. studying the HGPRT variants in human population

(Kotova and Grawe 2002), which is a rapid and sensitive
alternative to the autoradiography technique

CONCLUSIONS
Short-term tests have been used for more than two decades

to identify chemicals as mutagenic and/or carcinogenic. Tests
for mutagenicity have a well-established role in identifying a
potential human mutagen and its probability as a carcinogen.
These procedures have been applied to pharmaceuticals, food
additives, pesticides, and environmental chemicals. Most sub-
stances causing mutations in somatic/germ cells can be detected
by in vitro tests. A combination of two tests, one for bacterial
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gene mutation (Ames test) and one for chromosomal aberrations
in cultured mammalian cells, can adequately detect all com-
pounds mutagenic in vivo. Another test for gene mutation in
mammalian cells can complement the above two tests. Induc-
tion of micronuclei and chromosomal aberrations in rodent bone
marrow can be performed, as these assays have been observed to
detect most known germ cell mutagens. Short-term tests to de-
tect gene or chromosomal mutations/aneuploidy (in mammalian
in vivo) continue to provide vital information for evaluating the
carcinogenic risks to humans.

The short-term tests provide better understanding of mech-
anisms involved in carcinogenesis and valuable information to
identify mutagens and/or carcinogens. Working groups can then
use the results of these tests to define mechanisms of carcino-
genesis. Efforts toward harmonization of tests have suggested
testing strategies that include bacterial reverse mutation assay,
in vitro gene mutation and chromosomal aberration, in vivo ro-
dent bone marrow micronucleus, and chromosomal aberration
assays. Sensitivity of conventional assays have been enhanced
using molecular probes, painting techniques such as fluores-
cent in situ hybridization in chromosomal aberration, and DNA
probes to assess micronuclei. Newer assays including the comet
assay, mutation in transgenic models, and cell transformations
assays, which provide additional information about chemicals
having direct effects on the genome in low levels.

Current short-term tests cannot mimic all the stages in car-
cinogenesis and are assumed to detect only the events leading to
the initiation phase (i.e., ability to induce a mutagenic or clas-
togenic DNA lesion). The main value of these tests, thus, lies in
their ability to identify chemicals that may, under certain expo-
sure conditions, either cause cancer by a predominantly geno-
toxic mechanism or induce the initial phase of the carcinogenic
process. The predictivity of the tests for detection of potential
carcinogens is usually derived from their performance in vali-
dation studies.

Short-term tests for genotoxicity, mutagenicity, and carcino-
genicity not only save time but also cut down animal exper-
imentation. Several tests for the assessment of the genotoxic,
mutagenic, and carcinogenic potential of compounds are avail-
able; however, a battery of these tests should be employed before
labeling the compound.

REFERENCES
Aaron, C. S., Bolcsfoldi, G., Glatt, H. R., Moore, M., Nishi, Y., Stankowski,

L., Theiss J., and Thompson, E. 1994. Mammalian cell gene mutation assays
working group report. Mutat. Res. 312:235–239.

Aaronson, S. A., and Todaro, G. J. 1968. Development of 3T3 like lines from
BALB/c mouse embryo cultures: Transformation susceptibility to SV40.
J. Cell. Physiol. 72:141–148.

Abramsson-Zetterberg, L., Zetterberg, G., Bergqvist, M., and Grawe, J. 2000.
Human cytogenetic biomonitoring using flow-cytometric analysis of micronu-
clei in transferrin-positive immature peripheral blood reticulocytes. Environ.
Mol. Mutagen. 36(1):22–31.

Adler, I. D. 1993. Flow cytometric detection of micronuclei induced by chem-
icals in poly- and normochromatic erythrocytes of mouse peripheral blood.
Mutagenesis 8:533–541.

Adler, I. D. 2000. Spermatogenesis and mutagenicity of environmental hazards:
Extrapolation of genetic risk from mouse to man. Andrologia. 32(4–5):233–
237.

Adler, I. D., Shelby, M. D., Bootman, J., Favor, J., Generoso, W., Pacchierotti,
F., Shibuya, T., and Tanaka, N. 1994. Summary report of the Working Group
on Mammalian Germ Cell Tests. Mutat. Res. 312(3):313–318

Aidoo, A., Mittelstaedt, R. A., Bishop, M. E., Lyn-Cook, L. E., Chen, Y. J., Duffy,
P., and Heflich, R. H. 2003. Effect of caloric restriction on Hprt lymphocyte
mutation in aging rats. Mutat. Res. 527(1–2):57–66.

Aidoo, A., Morris, S. M., and Casciano, D. A. 1997. Development and utilization
of the rat lymphocyte hprt mutation assay. Mutat. Res. 387:69–88.

Akcha, F., Vincent Hubert, F., and Pfhol-Leszkowicz, A. 2003. Potential value of
the comet assay and DNA adduct measurement in dab (Limanda limanda) for
assessment of in situ exposure to genotoxic compounds. Mutat. Res. 534(1–
2):21–32.

Albertini, R. J. 1985. Somatic gene mutations in vivo as indicated by the 6-
thioguanine-resistant T-lymphocytes in human blood. Mutat. Res. 150(1–
2):411–422.

Albertini, R. J. 2000. Mutations of the HPRT gene in T-lymphocytes. Mutat.
Res. 463:111–172.

Albertini, R. J. 2001. HPRT mutations in humans: Biomarkers for mechanistic
studies. Mutat. Res. 489(1):1–16.

Albertini, R. J., Anderson, D., Douglas, G. R., Hagmar, L., Hemminki, K., Merlo,
F., Natarajan, A. T., Norppa, H., Shukar, D. E. G., Tice, R., Waters, M. D.,
and Aitio, A. 2000. IPCS guidelines for the monitoring of genotoxic effects
of carcinogens in humans Mutat. Res. 463:111–172.

Ames, B. N. 1971. The detection of chemical mutagens with enteric bacteria.
In Chemical mutagens: Principle and methods for their detection, ed. A.
Holleander, 267–282. New York: Plenum Press.

Ames, B. N., Dursten, W. E., Yamasaki, E., and Lee F. D. 1973a. Carcinogens are
mutagens: A simple test system combining liver homogenate for activation
and bacteria for detection. Proc. Natl. Acad. Sci. USA. 70:2281–2285.

Ames, B. N., Lee, F. D., and Dursten, W. E. 1973b. An improved bacterial test
system for detection and classification of mutagens and carcinogens. Proc.
Natl. Acad. Sci. USA. 70:782–786.

Anderson, D., Dhawan, A., Yardley-Jones, A., Ioannides, C., and Webb, J. 2001.
Effect of antioxidant flavonoids and a food mutagen on lymphocytes of a
thalassemia patient without chelation therapy in the Comet assay. Teratog.
Carcinog. Mutagen. 21(2):165–174.

Anderson, D., and Plewa, M. J. 1998. The international comet assay workshop.
Mutagenesis 13:67–73.

Ashby, J., and Clapp, M. J. 1995. The rodent dominant lethal assay: A proposed
format for data presentation that alerts to pseudo-dominant lethal effects.
Mutat. Res. 330(1–2):209–218.

Attia, S. M., Kliesch U., Schriever-Schwemmer, G., Badary, O. A., Hamada,
F. M., and Adler, I. D. 2003. Etoposide and merbarone are clastogenic and
aneugenic in the mouse bone marrow micronucleus test complemented by
fluorescence in situ hybridization with the mouse minor satellite DNA probe.
Environ. Mol. Mutagen. 41(2):99–103.

Au, W. W. 2003. Mutagen sensitivity assays in population studies. Mutat. Res.
544(2–3):273–277.

Au, W. W., Badary, O. A., and Heo, M. Y. 2001. Cytogenetic assays for monitor-
ing populations exposed to environmental mutagens. Occup. Med. 16(2):345–
357.

Aylon, Y., Liefshitz, B., Bitan-Banin, G., and Kupiec, M. 2003. Molecular dis-
section of mitotic recombination in the yeast Saccharomyces cerevisiae. Mol.
Cell. Biol. 23(4):1403–1417.

Bajpayee, M., Dhawan, A., Parmar, D., Pandey, A. K., Mathur, N., and Seth, P. K.
2002. Gender related differences in basal DNA damage in lymphocytes of a
healthy Indian population using alkaline Comet assay. Mutat. Res. 520:83–91.

Bannasch, P., Greisemer, R. A., Anders, F., Becker, R., Cabral, J. R., Della Porta,
G., Feron, V. J., Henschler, D., Ito, N., Kroes, R., McKnight, B., Mohr, U.,
Magee, P. N., Montesano, R., Napalkov, N. P., Nesnow, S., Pegg, A. E., Rao,
G. N., Turusov, V. S., Wahrendorf, J., and Wilbourn, J. 1986. Long term assays
for carcinogenicity in animals. IARC Sci. Pub. 83:15–83.



176 M. BAJPAYEE ET AL.

Barnett, L. B., and Lewis, S. E. 2003. Chlornaphazine and chlorambucil induce
dominant lethal mutations in male mice. Mutat. Res. 543(2):145–154.

Barnett, L. B., Tyl, R. W., Shane, B. S., Shelby, M. D., and Lewis, S. E. 2002.
Transmission of mutations in the lacI transgene to the offspring of ENU-
treated Big Blue male mice. Environ. Mol. Mutagen. 40(4):251–257.

Barret, J. C., Kakunaga, T., Kuroki, T., Neubert, D., Trosko, J. E., Vasiliev, J. M.,
Williams, G. M., and Yamasaki, H. 1986. Mammalian cell transformation in
culture. IARC Sci. Pub. 83:267–286.

Barrueco, C., and de la Pena, E. 1988. Mutagenic evaluation of the pesticides
captan, folpet, captafol, dichlofluanid and related compounds with the mutants
TA102 and TA104 of Salmonella typhimurium. Mutagenesis 3:467–480.

Basaran, N., Shubair, M., Undeger, U., and Kars, A. 2003. Monitoring of DNA
damage in foundry and pottery workers exposed to silica by the alkaline comet
assay. Am. J. Ind. Med. 43(6):602–610.

Bentley, K. S., and Working, P. K. 1988. Activity of germ-cell mutagens and
nonmutagens in the rat spermatocyte UDS assay. Mutat. Res. 203(2):135–
142.

Berwald, Y., and Sachs, L. 1965. in vitro transformation of normal cells to tumor
cells by carcinogenic hydrocarbons. J. Natl. Cancer Inst. 35:641–661.

Berwick, M., and Vineis, P. 2000. Markers of DNA repair and susceptibility to
cancer in humans: An epidemiologic review. J. Natl. Cancer Inst. 92(11):874–
897.

Bilbao, C., Ferreiro, J. A., Comendador, M. A., and Sierra, L. M. 2002. Influ-
ence of mus201 and mus308 mutations of Drosophila melanogaster on the
genotoxicity of model chemicals in somatic cells in vivo measured with the
comet assay. Mutat. Res. 503:11–19.

Bolognesi, C., Landini, E., Perrone, E., and Roggieri, P. 2004. Cytogenetic
biomonitoring of a floriculturist population in Italy: Micronucleus analysis by
fluorescence in situ hybridization (FISH) with an all-chromosome centromeric
probe. Mutat. Res. 557(2):109–117.

Bonneau, D., Thybaud, V., Melcion, C., Bouhet, F., and Cordier, A. 1991. Op-
timum associations of tester strains for maximum detection of mutagenic
compounds in the Ames test. Mutat. Res. 252(3):269–279.

Brewen, J. G., Payne, H. S., Jones, K. P., and Preston, R. J. 1975. Studies on chem-
ically induced dominant lethality. I. The cytogenetic basis of MMS-induced
dominant lethality in post meiotic male germ cells. Mutat. Res. 33:239–250.

Brizard, F., Cividin, M., Villalva, C., Guilhot, F., and Brizard, A. 2004. Com-
parison of M-FISH and conventional cytogenetic analysis in accelerated and
acute phases of CML. Leuk. Res. 28(4):345–348.

Cahill, D. P., Lengauer, C., Yu, J., Riggins, G. J., Willson, J. K., Markowitz, S.
D., Kinzler, K. W., and Vogelstein, B. 1998. Mutations of mitotic checkpoint
genes in human cancers. Nature 392(6673):300–303.

Cannon, R. E., Spalding, J. W., Trempus, C. S., Szczesniak, C. J., Virgil, K.,
Humble, M. C., and Tenant, R. W. 1997. Kinetics of wound induced v-Ha-ras
transgene expression and papilloma development in transgenic Tg.AC mice.
Mol. Carconogen. 20:108–114.

Carroll, C. C., Warnakulasuriyarachchi, D., Nokhbeh, M. R., and Lambert, I. B.,
2002. Salmonella typhimurium mutagenicity tester strain that overexpresses
oxygen insensitive nitroreductase nfsA and nfsB. Mutat. Res. 501:79–98.

Casciano, D. A. 2000. Development and utilization of primary hepatocyte culture
systems to evaluate metabolism, DNA binding, and DNA repair of xenobi-
otics. Drug Metab. Rev. 32(1):1–13.

Casciano, D. A., Aidoo, A., Chen, T., Mittelstaedt, R. A., Manjanatha, M. G., and
Heflich, R. H. 1999. Hprt mutant frequency and molecular analysis of Hprt
mutations in rats treated with mutagenic carcinogens. Mutat. Res. 431(2):389–
395.

Clements, J. 2000. The mouse lymphoma assay. Mutat. Res. 455:97–110.
Clive, D. K., Johnson. D., Spectre, J. F., Batson, A. G., and Brown, M. M. M.

1979. Validation and characterization of the L1578Y TK+/− mouse lym-
phoma assay system. Mutat. Res. 59:61–108.

Collins, A., and Harrington, V. 2002. Repair of oxidative DNA damage: Assess-
ing its contribution to cancer prevention. Mutagenesis 17(6):489–93.

Committee on Mutagenicity of chemicals in food, consumer products and the
environment (COM). Guidance on a strategy for testing of chemicals for
Mutagenicity, 2000.

Cram, L. S., Bartholdi, M. F., Ray, F. A., Moyzis, R. K., Robinson, T. S., and
Kramer, J. 1998. Overview of flow cytogenetics for clinical applications.
Cytometry Suppl. 3 94–100.

DeMarini, D. M., Brockman, H. E., deSerres, F. J., Evans, H. H., Stankowski, L.
F., and Hsie, A. W. 1989. Specific locus mutations induced in eukaryotes (es-
pecially mammalian cells) by radiation and chemicals: A perspective. Mutat.
Res. 220:11–29.

Dhawan, A., Anderson, D., de Pascual-Teresa, S., Santos-Buelga, C., Clifford,
M. N., and Ioannides, C. 2002. Evaluation of the antigenotoxic potential of
monomeric and dimeric flavanols, and black tea polyphenols against hetero-
cyclic amine-induced DNA damage in human lymphocytes using the Comet
assay. Mutat. Res. 515:39–56.

Dhawan, A., Kayani, M. A., Parry, J. M., Parry, E., and Anderson, D. 2003.
Aneugenic and clastogenic effects of doxorubicin in human lymphocytes.
Mutagenesis 18(6):487–490.

Dhawan, A., Mathur, N., and Seth, P. K. 2001. The effect of smoking and eating
habits on DNA damage in Indian population as measured in the comet assay.
Mutat. Res. 474:121–128.

DHEW Subcommittee on Environmental Mutagenesis approaches to determin-
ing the mutagenic properties of chemicals, risk to future generation, commit-
ted to coordinate toxicology and related programs. U.S. Department of Health
Education and Welfare (DHEW) 1977, 1–58.

Ehling, U. H. 1989. Germ cell mutations in mice. IARC Sci. Publ. 96:207–219.
Ehling, U. H., Machemer, L., Buselmaier, W., Dycka, J., Frohberg, H.,

Kratochvilova, J., Lang, R., Lorke, D., Muller, D., Peh, J., Rothrborn, G.,
Roll, R., Schulze-Schencking, M., and Wiemann, H. 1978. Standard protocol
for the dominant lethal test on male mice. Set up by the Work Group Domi-
nant lethal mutations of the ad hoc Committee Chemogenetics. Arch. Toxicol.
39:173–185.

Engelhardt, G., Schwind, K. R., and Mussler, B. 2004. The testing of chemicals
in the Syrian hamster embryo (SHE) cell transformation assay for assessment
of carcinogenic potential. Toxicol. In Vitro 18(2):213–218.

Evans, H. J. 1984. Human peripheral blood lymphocytes for the analysis of
chromosome aberrations in mutagen test. In Handbook of Mutagenicity Test
Procedures, eds. B. J. Kilby, M. Legator, W. Nicholas, and C. Ramel, 405–427.
Netherlands: Elsevier Science Publisher.

Fairbairn, D. W., Olive, P. L., and O’ Neill, K. L. 1995. The Comet assay: A
comprehensive review. Mutat. Res. 339:37–59.

Fang, M. Z., Kim, D. Y., Lee, H. W., and Cho, M. H. 2001. Improvement of
in vitro two-stage transformation assay and determination of the promotional
effect of cadmium. Toxicol. In Vitro 15(3):225–231.

Favor, J. 1999. Mechanisms of mutation induction in germ cells of the mouse
as assessed by the specific locus test. Mutat. Res. 428:227–236.

Fenech, M. 2002. Chromosomal biomarkers of genomic instability relevant to
cancer. Drug Discovery Today 7:1128–1137.

Fenech, M., and Morley, A. A. 1985. Measurement of micronuclei in lympho-
cytes. Mutat. Res. 147:29–36.

Fiegler, H., Gribble, S. M., Burford, D. C., Carr, P., Prigmore, E., Porter, K. M.,
Clegg, S., Crolla, J. A., Dennis, N. R., Jacobs, P., and Carter, N. P. 2003.
Array painting: A method for the rapid analysis of aberrant chromosomes
using DNA microarrays. J. Med. Genet. 40(9):664–670.

Fitzgerald, D. J., Piccoli, C., and Yamasaki, H. 1989. Detection of non-genotoxic
carcinogens in the BALB/c 3T3 cell transformation/mutation assay system.
Mutagenesis 4:286–291.

Freedman, J. A., and Jinks-Robertson, S. 2002. Genetic requirements for sponta-
neous and transcription-stimulated mitotic recombination in Saccharomyces
cerevisiae. Genetics 162(1):15–27.

Fujii, K. 1991. Evaluation of the newborn mouse model for chemical tumorige-
nesis. Carcinogenesis 12:1409–1415.

Galloway, S. M. 2000. Cytotoxicity and chromosome aberrations in vitro: Expe-
rience in industry and the case for an upper limit on toxicity in the aberration
assay. Environ. Mol. Mutagen. 35:191–201.

Galloway, S. M., Aardema, M. J., Ishidate, M., Ivett, J. L., Kirkland, D. J.,
Morita, T., Josesso, P., and Sofuni, T. 1994. Report from working group on
in vitro tests for chromosomal aberrations. Mutat. Res. 312:241–261.



TESTS FOR EVALUATION OF CHEMICALS AND NCEs 177

Generoso, W. M., Bishop, J. B., Gosslee, D. G., Newell, G. W., Shew, C. J.,
and Von Halle, E. 1980. Heritable translocation test in mice. Mutat. Res.
76:191–215.

Generoso, W. M., Cain, K. T., Cornett, C. V., Russell, E. W., Hellwig, C. S., and
Horton, C. Y. 1982. Difference in the ratio of dominant-lethal mutations to
heritable translocations produced in mouse spermatids and fully mature sperm
after treatment with triethylenemelamine (TEM). Genetics 100(4):633–640.

Giovannelli, L., Pitozzi, V., Riolo, S., and Dolara P. 2003. Measurement of DNA
breaks and oxidative damage in polymorphonuclear and mononuclear white
blood cells: A novel approach using the comet assay. Mutat. Res. 538(1–
2):71–80.

Gonzalez-Barrera, S., Garcia-Rubio, M., and Aguilera, A. 2002. Transcription
and double-strand breaks induce similar mitotic recombination events in Sac-
charomyces cerevisiae. Genetics 162(2):603–614.

Gossen, J. A., de Leeuw, W. J., and Vijg, J. 1994. Lac Z transgenic mouse
models: Their application in gen. toxicology. Mutat. Res. 307:451–459.

Green, M. H. L., Lowe, J. E., Harcourt, S. A., Akinluyi, P., Rowe, T., Cole, J.,
Anstey, A. B., and Arlett, C. F. 1992. UV-C sensitivity of unstimulated and
stimulated human lymphocytes from normal and xeroderma paigmentosum
donors in the comet assay: A potential diagnostic technique. Mutat. Res.
273:137–144.

Helleday, T. 2003. Pathways for mitotic homologous recombination in mam-
malian cells. Mutat. Res. 532(1–2):103–115.

Honma, M., Hayashi, M., Shimada, H., Tanaka, N., Wakuri, S., Awogi, T.,
Yamamoto, K. I., Kodani, N., Nishi, Y., Nakadate, M., and Sofuni, T. 1999a.
Evaluation of the mouse lymphoma tk assay (microwell method) as an al-
ternative to the in vitro chromosomal aberration test. Mutagenesis 14(1):
5–22.

Honma, M., Zhang, L. Z., Sakamoto, H., Ozaki, M., Takeshita, K., Momose,
M., Hayashi, M., and Sofuni, T. 1999b. The need for long-term treatment in
the mouse lymphoima assay. Mutagenesis 14(1):23–29.

Igarashi, M., and Shimada, H. 1997. An improved method for the mouse liver
micronucleus test. Mutat. Res. 391:49–55.

Inoue, M., Kurihara, T., Yamashita, M., and Tatsumi, K. 1993. Effects of treat-
ment with methyl methanesulfonate during meiotic and postmeiotic stages
and maturation of spermatozoa in mice. Mutat. Res. 294:179–186.

International Conference on Harmonization of Technical Requirements for the
Registration of Pharmaceuticals for Human Use. 1997. Genotoxicity. A stan-
dard battery for genotoxicity testing of pharmaceuticals. In Proceedings of the
Fourth International Conference on Harmonisation (ICH), eds. P. F. D’Arcy,
and D. W. G. Harron, 987–997. Brussel: Queens University Press.

Isfort, R. J. 2000. Mechanisms of cell transformation in the Syrian hamster
embryo (SHE) cell transformation system. Ann. N. Y. Acad. Sci. 919:86–96.

Ito, N., Imada, K., Hasegawa, R., and Tsuda, H. (1989). Rapid bioassay meth-
ods for carcinogens and modifiers of hepatocarcinogenesis, CRC Crit. Rev.
Toxicol. 19:385–415.

Ito N., Imada K., Hirose K., and Shirai T. 1998. Medium term bioassays for
carcinogenicity of chemical mixtures. Environ. Health. Perspect. 106:1331–
1336.

Jaroszeski, M. J., and Radcliff, G. 1999. Fundamentals of flow cytometry. Mole.
Biotechnol. 11:37–53.

Johnson, K. L., Tucker, J. D., and Nath, J. 1998. Frequency, distribution and
clonality of chromosome damage in human lymphocytes by multi-color FISH.
Mutagenesis 13(3):217–227.

Josephy, P. D., Gruz, P., and Nohnii, T. 1997. Recent advances in the construction
of bacterial genotoxicity assays. Mutat. Res. 386:1–23.

Jurado, J., Alejandre-Duran, E., and Pueyo, C. 1994. Mutagenicity testing in
Salmonella typhimurium strains possessing both the His reversion and Ara
forward mutation systems and different levels of classical nitroreductase or
O-acetyltransferase activities. Environ. Mol. Mutagen. 23(4):286–293.

Kajiwara, Y., and Ajimi, S. 2003. Verification of the BALB/c 3T3 cell transfor-
mation assay after improvement by using an ITES-medium. Toxicol. In Vitro.
17(4):489–496.

Kajiwara, Y., Ajimi, S., Hosokawa, A., and Maekawa, K. 1997. Improvement of
carcinogen detection in the BALB/3T3 cell transformation assay by using a

rich basal medium supplemented with low concentration of serum and some
growth factors. Mutat. Res. 393(1–2):81–90.

Kassie, F., Parzefall, W., and Knasmuller, S. 2000. Single cell gel electrophore-
sis assay: A new technique for human biomonitoring studies. Mutat. Res.
463(1):13–31.

Kaya, B., Marcos, R., Yanikoglu, A., and Creus, A. 2004. Evaluation of the geno-
toxicity of four herbicides in the wing spot test of Drosophila melanogaster
using two different strains. Mutat Res. 557(1):53–62.

Kerckaert, G. A., Isfort, R. J., Carr, G. J., Aardema, M. J., and Leboeuf, R. A.
1996. A comprehensive protocol for conducting the Syrian hamster embryo
cell transformation assay at pH 6.7. Mutat. Res. 356:65–84.

Kirkland, D. J., Galloway, S. M., and Sofuni, T. 1994. Summary of major con-
clusions. Mutat. Res. 312:205–209.

Kirsch-Volders, M., Sofuni, T., Aardema, M., Albertini, S., Eastmond, D.,
Fenech, M., Ishidate, M. Jr., Lorge, E., Norppa, H., Surrallés, J., von der
Hude, W., and Wakata, A. 2000. Report from the in vitro micronucleus assay
working group. Environ. Mol. Mutagen. 35:167–172.

Kirsch-Volders, M., Sofuni, T., Aardema, M., Albertini, S., Eastmond, D.,
Fenech, M., Ishidate, M. Jr., Kirchner, S., Lorge, E., Morita, T., Norppa, H.,
Surralles, J., Vanhauwaert, A., and Wakata, A. 2003. Report from the in vitro
micronucleus assay working group. Mutat. Res. 540:153–163.

Klamt, F., Dal-Pizzol, F., Roehrs, R., de Oliveira, R. B., Dalmolin, R., Henriques,
J. A., de Andrades, H. H., de Paula Ramos, A. L., Saffi, J., and Moreira, J. C.
2003. Genotoxicity, recombinogenicity and cellular preneoplasic transfor-
mation induced by vitamin A supplementation. Mutat. Res. 539(1–2):117–
125.

Klug, W., and Cummings, M. R. 2001. Essentials of genetics, 3rd ed, 422–445.
New Jersey: Prentice Hall.

Kohler, G. S., Provost, P. L., Kretz, A., Fieck, J. A., Sorge, J., and Short, M.
1990. The use of transgenic mice for short-term, in vivo mutagenicity testing.
Genet. Anal. Tech. Appl. 7:212–218.

Kotova, N., and Grawe, J. 2002. Flow cytometric determination of HPRT variants
in human peripheral blood lymphocytes. Mutat. Res. 499:63–71.

Latimer, J. J., Nazir, T., Flowers, L. C., Forlenza, M. J., Beaudry-Rodgers,
K., Kelly, C. M., Conte, J. A., Shestak, K., Kanbour-Shakir, A., and Grant,
S. G. 2003. Unique tissue-specific level of DNA nucleotide excision repair
in primary human mammary epithelial cultures. Exp. Cell. Res. 291(1):111–
121.

Latt, S. A. 1974. Sister chromatid exchanges indices of human chromosome
damage and repair: Detection by fluorescence and induction by mitomycin
C. Proc. Natl. Acad. Sci. USA. 71:3162–3166.

LeBoeuf, R. A., Kerckaert, K. A., Aardema, M. J., and Isfort, R. J. 1999. Use
of Syrian hamster embryo and BALB/c3T3 cell transformation for assessing
the carcinogenic potential of chemicals. IARC Sci. Publ. 146:409–425.

Leder, A., Kuo, A., Cardiff, R. D., Sinn, E., and Leder, P. 1990. v-Ha-ras
transgene abrogates the initiation step in mouse skin tumorigenesis: Effects
of phorbol esters and retinoic acid. Proc. Natl. Acad. Sci. USA. 87:9178–
9182.

Levin, D. E., Hollstein, M., Christman, M. F., Schwiers, E. A., and Ames, B.
N. 1982. A new Salmonella tester strain (TA102) with A X T base pairs at
the site of mutation detects oxidative mutagens. Proc. Natl. Acad. Sci. USA.
79(23):7445–7449.

Li, A. P., Corver, J. H., Choy, W. N., Hsie, A. W., Gupta, R. S., Loveday, K. S.,
O’Neill, J. P., Riddle, J. C., Stankowski Jr., L. F., and Yang, L. L., 1987. A
guide for the performance of the Chinese hamster ovary cells/hypoxanthine
guanine phosphoribosyl transferase gene mutation assay. Mutat. Res. 189:
135–141.

Lynch, A. M., and Parry, J. M. 1993. Cytokinesis B- micronucleus/kinetochore
assayin vitro: Studies with 10 suspected aneugens. Mutat. Res. 287:71–86.

MacGregor, J. T., Casciano, D., and Muller, L. 2000. Strategies and testing
methods for identifying mutagenic risk. Mutat. Res. 455:3–20.

MacGregor, J. T., Heddle, J. A., Hite, M., Margolin, B. H., Ramel, C., Sala-
mone, M. F., Tice, R. R., and Wild, D. 1987. Guidelines for the conduct of
micronucleus assays in mammalian bone marrow erythrocytes. Mutat. Res.
189:103–112.



178 M. BAJPAYEE ET AL.

Madle, S., Dean, S. W., Andrae, U., Brambilla, G., Burlinson, B., Doolittle,
D. J., Furihata, C. Hertner, T., McQueen, C. A., and Mori H. 1994. Recom-
mendations for the performance of UDS tests in vitro and in vivo. Mutat. Res.
312:263–285.

Majer, B. J., Laky, B., Knasmuller, S., and Kassie, F. 2001. Use of the micronu-
cleus assay with exfoliated epithelial cells as a biomarker for monitoring
individuals at elevated risk of genetic damage and in chemoprevention trials.
Mutat. Res. 489(2–3):147–172.

Maron, D. M., and Ames, B. N. 1983. Revised methods for the Salmonella
mutagenicity test. Mutat. Res. 113:173–215.

McCann, J., Springarn, N. E., Kobori, J., and Ames, B. N. 1975. Detection of
carcinogens as mutagens: Bacterial tester strain with R-factor plasmids. Proc.
Natl. Acad. Sci. 72:979–983.

McGregor, D., and Anderson, D. 1999. DNA damage and repair in mammalian
cells in vitro and in vivo as indicators of exposure to carcinogens. IARC Sci.
Pub. 146:309–354.

McKenna, D. J., Rajab, N. F., McKeown, S. R., McKerr, G., and McKelvey-
Martin, V. J. 2003. Use of the comet-FISH assay to demonstrate repair of the
TP53 gene region in two human bladder carcinoma cell lines. Radiat. Res.
159(1):49–56.

Mirsalis, J. C., and Butterworth, B. E. 1980. The detection of unscheduled DNA
synthesis in hepatocytes isolated from rats treated with genotoxic agents: An
in vivo-in vitro assay for potential carcinogens and mutagens. Carcinogenesis
1:621–625.

Mirsalis, J. C., Monforte, J. A., and Winegar, R. A. 1995. Transgenic animal
models for selection of in vivo mutation. Annu. Rev. Pharmacol. Toxicol.
35:145–164.

Mitchell, A. D., Auletta, A. E., Clive, D., Kirby, P. E., Moore, M. M., and
Myhr, B. C. 1997. The L5178Y/tk+/− mouse lymphoma specific gene and
chromosomal mutation assay: A phase III report of the U.S. Environmental
Protection Agency Gene-Tox Program. Mutat. Res. 394(1–3):177–303.

Moore, M. M., Honma, M., Clements, J., Awogi, T., Bolcsfoldi, G., Cole, J.,
Gollapudi, B., Harrington-Brock, K., Mitchell, A., Muster, W., Myhr, B.,
O’Donovan, M., Ouldelhkim, M. C., San, R., Shimada, H., and Stankowski,
L. F. Jr. 2000. Mouse lymphoma thymidine kinase locus gene mutation assay:
International Workshop on Genotoxicity Test Procedures Workgroup Report.
Environ. Mol. Mutagen. 35(3):185–90.

Moore, M. M., Honma, M., Clements, J., Bolcsfoldi, G., Cifone, M.,
Delongchamp, R., Fellows, M., Gollapudi, B., Jenkinson, P., Kirby, P.,
Kirchner, S., Muster, W., Myhr, B., O’Donovan, M., Oliver, J., Omori, T.,
Ouldelhkim, M. C., Pant, K., Preston, R., Riach, C., San, R., Stankowski,
L. F. Jr., Thakur, A., Wakuri, S., and Yoshimura, I. 2003. Mouse Lymphoma
Assay Workgroup. 2003. Mouse lymphoma thymidine kinase gene mutation
assay: International Workshop on Genotoxicity Tests Workgroup report—
Plymouth, UK, 2002. Mutat. Res. 540(2):127–140.

Moore, M. M., Honma, M., Clements, J., Harrington-Brock, K., Awogi, T.,
Bolcsfoldi, G., Cifone, M., Collard, D., Fellows, M., Flanders, K., Gollapudi,
B., Jenkinson, P., Kirby, P., Kirchner, S., Kraycer, J., McEnaney, S., Muster,
W., Myhr, B., O’Donovan, M., Oliver, J., Ouldelhkim, M. C., Pant, K., Preston,
R., Riach, C., San, R., Shimada, H., and Stankowski, L. F. Jr. 2002. Mouse
lymphoma thymidine kinase gene mutation assay: Follow-up International
Workshop on Genotoxicity Test Procedures, New Orleans, Louisiana, April
2000. Environ. Mol. Mutagen. 40(4):292–299.

Mortelmans, K., and Zieger, E. 2000. The Ames Salmonella/microsome muta-
genicity assay. Mutat. Res. 455:29–60.

Mukhopadhyay, I., Kar Chowdhuri, D., Bajpayee, M., and Dhawan, A.
2004. Evaluation of in vivo genotoxicity of cypermethrin in Drosophila
melanogaster using alkaline comet assay. Mutagenesis 19(2):85–90.

Müller-Tegethoff, K., Kersten, B., Kasper P., and Müller, L. 1997. Application
of the in vitro rat hepatocyte micronucleus assay in genetic toxicology testing.
Mutat. Res. 392(1–2):125–138.

Natarajan, A. T. 1993. An overview of the results of testing of known or suspected
aneugens using mammalian cells in vitro. Mutat. Res. 287:113–118.

Natarajan, A. T. 2001. Fluorescence in situ hybridization (FISH) in genetic
toxicology. Environ. Pathol. Toxicol. Oncol. 20(4):293–298.

Natarajan, A. T., and Boei, J. J. 2003. Formation of chromosome aberrations:
Insights from FISH. Mutat. Res. 544(2–3):299–304.

Neri, M., Fucic, A., Knudsen, L. E., Lando, C., Merlo, F., and Bonassi, S. 2003.
Micronuclei frequency in children exposed to environmental mutagens: A
review. Mutat. Res. 544(2–3):243–254.

Nicklas, J. A., O’Neill, J. P., Sullivan, L. M., Hunter, T. C., Allegretta, M.,
Chastenay, B. F., Libbus, B. L., and Albertini, R. J. 1988. Molecular
analyses of in vivo hypoxanthine-guanine phosphoribosyltransferase mu-
tations in human T-lymphocytes: II. Demonstration of a clonal amplifica-
tion of hprt mutant T-lymphocytes in vivo. Environ. Mol. Mutagen. 12(3):
271–284.

Nohmi, T., Suzuki, T., and Masumura, K. 2000. Recent advances in the protocols
of transgenic mouse mutation assays. Mutat. Res. 455(1–2):191–215.

Nusse, M., and Kramer, J. 1984. Flow cytometric analysis of micronuclei found
in cells after irradiation. Cytometry 5:20–25.

Oberly, T. J., Michaelis, K. C., Rexroat, M. A., Bewsey, B. J., and Garriott,
M. L. 1993. A comparison of the CHO/HGPRT+ and the L5178Y/TK+/−
mutation assays using suspension treatment and soft agar cloning: Results for
10 chemicals. Cell Biol. Toxicol. 9(3):243–257.

Oberly, T. J., Rexroat, M. A., Bewsey, B. J., Richardson, K. K., and Michaelis,
K. C. 1990. An evaluation of the CHO/HGPRT mutation assay involving
suspension cultures and soft agar cloning: Results for 33 chemicals. Environ.
Mol. Mutagen. 16(4):260–272.

Ohe, T., Shaughnessy, D. T., Landi, S., Terao, Y. , Sawanishi, H., Nukaya, H.,
Wakabayashi, K., and DeMarini, D. M. 1999. Mutation spectra in Salmonella
TA98, TA100, and TA104 of two phenylbenzotriazole mutagens (PBTA-1
and PBTA-2) detected in the Nishitakase River in Kyoto, Japan. Mutat. Res.
429(2):189–198.

Ohta, T., Tokishita, S., Tsunoi, R., Ohmae, S., and Yamagata, H. 2002. Character-
isation of Trp+reversions in Escherichia coli. strain WP2uvrA. Mutagenesis
17(4):313–316.

Ohyama, W., and Tokomitsu, T. 1996. An in vivo micronucleus test using colonic
epithelial cells of mice. Environ. Mut. Res. Commun. 17:265–269.

Olive, P. L., Banath, J. P., and Durand, R. E. 1990. Heterogeneity in radiation
induced DNA damage and repair in tumour and normal cells measured using
the Comet assay. Radiat. Res. 122:86–94.

Omori, T., Honma, M., Hayashi, M., Honda, Y., and Yoshimura, I. 2002. A
new statistical method for evaluation of L5178Ytk(+/−) mammalian cell
mutation data using microwell method. Mutat. Res. 517(1–2):199–208.

O’Neill, J. P., Couch, D. B., Machanoff, R., San Sebastian, J. R., Brimer, P. A.,
and Hsie, A. W. 1977. A quantitative assay of mutation induction at the
hypoxanthine-guanine phosphoribosyl transferase locus in Chinese hamster
ovary cells (CHO/HGPRT system): Utilization with a variety of mutagenic
agents. Mutat. Res. 45:103–109.

Organization for Economic Co-operation and Development (OECD). Guidelines
for testing of Chemicals, 1997. Nos. 451, 471, 473–479, 481–486.

Osaba, L., Rey, M. J., Aguirre, A., Alonso, A., and Graf, U. 2002. Evaluation of
genotoxicity of captan, maneb and zineb in the wing spot test of Drosophila
melanogaster: Role of nitrosation. Mutat. Res. 518(1):95–106.

Ostling, O., and Johanson, K. J. 1984. Microelectrophoretic study of radiation
induced DNA damages in individual mammalian cells. Biochem. Biophys.
Res. Commun. 123:291–298.

Pajor, L., Szuhai, K., Mehes, G., Kosztolanyi, G., Jakso, P., Lendvai, G., Szanyi,
I., and Kajtar, P. 1998. Combined metaphase, interphase cytogenetic, and
flow cytometric analysis of DNA content of pediatric acute lymphoblastic
leukemia. Cytometry 34(2):87–94.

Palus, J., Rydzynski, K., Dziubaltowska, E., Wyszynska, K., Natarajan, A. T.,
and Nilsson, R., 2003. Genotoxic effects of occupational exposure to lead and
cadmium. Mutat. Res. 540(1):19–28.

Parry, E. M., Parry, J. M., Corso, C., Doherty, A., Haddad, F., Hermine, T. F.,
Johnson, G., Kayani, M., Quick, E., Warr, T., and Williamson, J. 2002. De-
tection and characterization of mechanisms of action of aneugenic chemicals.
Mutagenesis 17(6):509–521.

Pathak, S., Dave, B. J., and Gagos S., 1994. Chromosome alterations in cancer
development and apoptosis. in vivo 8(5):843–850.



TESTS FOR EVALUATION OF CHEMICALS AND NCEs 179

Pero, R. W., and Ostlund, C. 1980. Direct comparison, in humans resting lympho-
cytes, of the inter-individual variations in unscheduled DNA synthesis induced
by N-acetoxy-2-acetylaminofluorene and ultraviolet irradiation. Mutat. Res.
73(2):349–361.

Perry, P. E., and Evans, H. J. 1975. Cytological detection of mutagen/carcinogen
exposure by Sister Chromatid exchange. Nature 258:121–125.

Pilot, III, H. C., and Dragan, Y. P. 2001. Chemical carcinogenesis. In Caserette
and Doull’s toxicology—The basic science of poisons, 6th ed, ed. E. D.
Klaassen, 241–320. London: Mc-Graw Hill.

Piperakis, S. M., Petrakou, E., Tsilimigaki, S., Sagnou, M., Monogiudis, E.,
Haniotakis, G., Karkaseli, H., and Sarikaki, E. 2003. Biomonitoring with the
comet assay of Greek greenhouse workers exposed to pesticides. Environ.
Mol. Mutagen. 41(2):104–110.

Piperakis, S. M., Visvardis, E. E., Sagnou, M., and Tassiou, A. M., 1998. Effects
of smoking and aging on oxidative DNA damage of human lymphocytes.
Carcinogenesis 19(4):695–698.

Pitozzi, V., Giovannelli, L., Bardini, G., Rotella, C. M., and Dolara, P. 2003.
Oxidative DNA damage in peripheral blood cells in type 2 diabetes mellitus:
Higher vulnerability of polymorphonuclear leukocytes. Mutat. Res. 529(1–
2):129–133.

Preston, R. J., San Sebastian, J. R., and McFree, A. F. 1987a. The in vitro human
lymphocyte assay for assessing the clastogenicity of chemical agents. Mutat.
Res. 189:175.

Preston, R. J., Dean, B. J., Galloway, S., Holden, H., McFree, A. F., and Shellby,
M. 1987b. Mammalian in vivo cytogenetic assay. Analysis of chromosomal
abberation in bone marrow cells. Mutat. Res. 189:157–165.

Provost, G. S., Kretz P. L., Hammer, R. T., Matthews, C. D., Rodgers, B. J.,
Lundberg, K. S., Dycaico, M. J., and Short, J. M. 1993. Transgenic system
for in vivo mutation analysis. Mutat. Res. 288:133.

Putman, D. L., San, R. H. C., Bigger, C. A. H., and Jacobson-Cram, D. 1984.
In CRC Handbook of Toxicology, eds. M. J. Deralanko and M. A. Hollinger,
337–355. Florida: CRC Press Inc.

Rapp, A., Bock, C., Dittmar, H., and Greulich, K. O. 2000. UV-A breakage
sensitivity of human chromosomes as measured by COMET-FISH depends
on gene density and not on the chromosome size. J. Photochem. Photobiol.
B. 56(2–3):109–117.

Raslova, K., Nagyova, A., Dobiasova, M., Ptackova, K., and Dusinska, M. 2000.
Effect of ciprofibrate on lipoprotien metabolism and oxidative stress param-
eters in patients with type 2 diabetes mellitus and atherogenic lipoprotein
phenotype. Acta. Diabetol. 37(3):131–134.

Reliene, R., and Schiestl, R. H. 2003. Mouse models for induced genetic insta-
bility at endogenous loci. Oncogene 22(45):7000–7010.

Rodriguez-Arnaiz, R., Sortibran, A. C., and Tellez, G. O. 2004. Detec-
tion of mitotic recombination and sex chromosome loss induced by
adriamycin, chlorambucil, demecolcine, paclitaxel and vinblastine in so-
matic cells of Drosophila melanogaster in vivo. Mutagenesis 19(2):21–
27.

Rodriguez-Reyes, R., and Morales-Ramirez, P. 2003. Sister chromatid exchange
induction and the course of DNA duplication, two mechanisms of sister
chromatid exchange induction by ENU and the role of BrdU. Mutagenesis
18(1):65–72.

Ruf, A. A., Jerwood, D., Webb, J., and Anderson, D. 2003. Sensitivity of dif-
ferent thalassaemia genotypes to food mutagens in the Comet assay. Teratog.
Carcinog. Mutagen. Suppl 2:83–91.

Ruiz Vazquez, R., Pueyo, C., and Cerda-Almedo, E. 1978. A mutagens assay
detecting forward mutation in an arabinose sensitive strain of Salmonella
typhimurium. Mutat. Res. 54:121–129.

Russell, L. B., and Russell, W. L., 1996. Spontaneous mutations recovered
as mosaics in the mouse specific-locus test. Pro. Natl. Acad. Sci. USA.
93(23):13072-13077.

Russell, L. B., Selby, P. B., Von Halle, E., Sheridan, W., and Valcovic, L. 1981.
Mouse specific locus test with agents other than radiations. Interpretation of
data and recommendations for future work. Mutat. Res. 86:329–354.

Santos, B. J., Singh, N. P., and Natrajan, A. T. 1997. Fluorescent in situ hy-
bridization with Comets. Exp. Cell. Res. 232:407–411.

Sarasin, A. 2003. An overview of the mechanisms of mutagenesis and carcino-
genesis. Mutat. Res. 544(2–3):99–106.

Sasaki, Y. F., Sekihashi, K., Izumiyama, F., Nishidate, E., Saga, A., Ishida, K.,
and Tsuda, S. 2000. The comet assay with multiple mouse organs: Comparison
of comet assay results and carcinogenicity with 208 chemicals selected from
the IARC monographs and U.S. NTP carcinogenicity database. Crit. Rev.
Toxicol. 30:629–799.

Sato, S., and Tomita, I. 2001. Short term screening method for the prediction of
carcinogenicity of chemical substances: Current status and problems of an in
vivo rodent micronucleus assay. J. Health Sci. 47(1):1–8.

Savina, N., Dalivelya, O., and Kuzhir, T. 2003. Adaptive response to alkylat-
ing agents in the Drosophila sex-linked recessive lethal assay. Mutat. Res.
535(2):195–204.

Sayed Aly, M., Wojcik, A., Schunck, C., and Obe, G. 2002. Correlation of
chromosomal aberrations and sister chromatid exchanges in individual CHO
cells pre-labelled with BrdU and treated with DNaseI or X-rays. Int. J. Radiat.
Biol. 78(11):1037–1044.

Schmid, W. 1975. The micronucleus test. Mutat. Res. 31:9–15.
Scott, D., Galloway, S. M., Marshall, R. R., Ishidate, M., Brusick, D., Ashby,

J., and Myhr, B. C., 1991. Genotoxicity under extreme culture conditions. A
report from ICPEMC Task Group 9. Mutat. Res. 257:147–204.

Shen, L., Wu, J.Y., Lin, G.F., Shen, J.H., Westendorf, J., and Huehnerfuss, H.
2003. The mutagenic potentials of tap water samples in Shanghai. Chemo-
sphere. 52(9):1641–1646.

Shirai, T., Hirose, M., and Ito, N. 1999. Medium term bioassays in rats for
rapid detection of the carcinogenic potential of chemicals. IARC Sci. Pub.
146:251–272.

Singh, N. P., Muller, C. H., and Berger, R. E. 2003. Effects of age on DNA
double-strand breaks and apoptosis in human sperm. Fertil Steril. 80(6):1420–
1430.

Singh, N. P., Tice, R. R., Stephens, R. E., and Schneider, E. L. 1991. A micro-
gel electrophoretic technique for the direct quantification of DNA damage
and repair in individual fibroblast cultured on microscope slides. Mutat. Res.
252:289–296.

Sotomayor, R. E., Ehling, U. H., and Sega, G. A. 1999. Differential sensitiv-
ities of spermatogonial and postspermatogonial cell stages of the mouse to
induction of unscheduled DNA synthesis by ethyl- and methyl-nitrosourea.
Teratog. Carcinog. Mutagen. 19(5):339–351.

Sotomayor, R. E., Jackson, R., and Nourbakhsh, A. 1996. A procedure to study
unscheduled DNA synthesis in rat spermatogenic cells in vivo: strain differ-
ences between Fisher-344 and Sprague-Dawley rats. Toxicol. Lett. 89(1):77–
81.

Sotomayor, R. E., and Sega, G. A. 2000. Unscheduled DNA synthesis as-
say in mammalian spermatogenic cells: An update. Environ. Mol. Mutagen.
36(4):255–265.

Spano, M. A., Frei, H., Wurgler, F. E., and Graf, U. 2001. Recombinagenic
activity of four compounds in the standard and high bioactivation crosses of
Drosophila melanogaster in the wing spot test. Mutagenesis 16(5):385–394.

Spell, R. M., and Jinks-Robertson, S. 2004.Determination of mitotic recombina-
tion rates by fluctuation analysis in Saccharomyces cerevisiae. Methods Mol.
Biol. 262:3–12.

Stoner, G. D., and Shimkin, M. B. 1982. Strain A mouse lung tumor bioassay.
J. Amer. Coll. Toxicol. 1:145–169.

Stubbs, L., Carver, E. A., Cacheiro, N. L., Shelby, M., and Generoso, W. 1997.
Generation and characterization of heritable reciprocal translocations in mice.
Methods 13(4):397–408.

Styles, J. A., and Penman, M. G. 1985. The mouse spot test: Evaluation of its
performance in identifying mutagens and carcinogens. Mutat. Res. 154:183–
204.

Suzuki, A., Kushida, H., Iwata, H., Watanabe, M., Nohnii, T., Eujita, K.,
Gonzalez, T., and Kamatki, F. J. 1998. Establishment of a Salmonella
tester strain highly sensitive to mutagenic heterocyclic amines. Cancer Res.
58:1833–1838.

Szeles, A. 2002. Fluorescence in situ hybridization (FISH) in the molecular
cytogenetics of cancer. Acta Microbiol Immunol Hung. 49(1):69–80.



180 M. BAJPAYEE ET AL.

Tchinda, J., Volpert, S., McNeil, N., Neumann, T., Kennerknecht, I., Ried, T.,
Buchner, T., Serve, H., Berdel, W. E., Horst, J., and Hilgenfeld, E. 2003. Multi-
color karyotyping in acute myeloid leukemia. Leuk Lymphoma. 44(11):1843–
1853.

Tennant, R. W., French, J. E., and Spalding, J. W. 1995. Identification of chem-
ical carcinogens and assessing potential risk in short term bioassays using
transgenic mouse models. Environ Health Perspect. 103:942–950.

Thomas, P., Umegaki, K., and Fenech, M. 2003. Nucleoplasmic bridges are
a sensitive measure of chromosome rearrangement in the cytokinesis-block
micronucleus assay. Mutagenesis. 18(2):187–194.

Thybaud, V., Dean, S., Nohmi, T., de Boer, J., Douglas, G. R., Glickman, B. W.,
Gorelick, N. J., Heddle, J. A., Heflich, R. H., Lambert, I., Martus, H. J.,
Mirsalis, J. C., Suzuki, T., and Yajima, N. 2003. In vivo transgenic mutation
assays. Mutat. Res. 540(2):141–151.

Tice, R. R. 1995. Applications of the single cell gel assay to environmental
biomonitoring for genotoxic pollutants. In Biomonitors and Biomarkers as
indicators of environmental change. eds. F.M. Butterworth, L. D. Corkum,
and J. G. Rincon. 69–79. New York: Plenum Press.

Tice, R. R., Agurell, E., Anderson, D., Burlinson, B., Hartmann, A., Kobayashi,
H., Miyamae, Y., Rojas, E., Ryu, J. C., and Sasaki, Y. F. 2000. Single cell
gel/comet assay: Guidelines for in vitro and in vivo genetic toxicology testing.
Environ. Mol. Mutagen. 35(3):206–21.

Tice, R. R., Hayashi, M., and MacGregor, J. T. 1994. Report from the working
group on the in vivo bone marrow chromosomal aberration test. Mutat. Res.
312:305–312.

Tinwell, H., Brinkworth, M. H., and Ashby, J. 2001. Further evidence for the
rodent bone marrow micronucleus assay acting as a sensitive predictor of the
possible germ cell mutagenicity of chemicals. Mutat. Res. 473(2): 259–261.

Tsuchiya, T., and Umeda, M. 1995. Improvement in the efficiency of the in vitro
transformation assay method using BALB/3T3 A31-1-1 cells. Carcinogenesis
16(8):1887–1894.

Tucker, J. D., Auletta, A., Cimino, M. C., Dearfield, K. L., Jacobson-Kram,
D., Tice, R. R., and Carrano, A. V. 1993. Sister chromatid exchange: Second
report of the Gene-Tox program. Mutat. Res. 297:101–180.

U.S. Food and Drug Administration, Toxicological Principles for the Safety
Assessment of Direct Food Additives and Color Additives Used in Food,
United States, 1982. 1–130.

U.S. Food and Drug Administration Draft Toxicological Principles for the Safety
Assessment of Direct Food Additives and Colour Additives Used in Food
(Redbook II), 1993.

Vaghef, H., Nygren, P., Edling, C., Bergh, J., and Hellman, B. 1997. Alkaline
single-cell gel electrophoresis and human biomonitoring for genotoxicity:
a pilot study on breast cancer patients undergoing chemotherapy including
cyclophosphamide. Mutat. Res 395(2–3):127–138.

Vahl, H. H., Karbe, L., and Westendorf, J. 1997. Genotoxicity assessment of
suspended particulate matter in the Elbe river: Comparison of Salmonella
microsome test, arabinose resistance test, and umu-test. Mutat. Res. 394(1–
3):81–93.

Vaino, H., Coleman, M., and Wilbourn, J. 1991. Carcinogenicity evaluations
and ongoing studies: The IARC database. Environ. Health Perspect. 96:5–9.

Valverde, M., Lopez, M. D. C., Lopez, I., Sanchez, I., Fortoul, T. I., Ostrosky-
Wegman, P., and Rojas, E. 1997. DNA damage in leucocytes and buccal and
nasal epithelial cells of individuals exposed to air pollution in Mexico City.
Mutat. Res. 30:147–152.

Venitt, S., Bartsch, H., Becking, G., Fuchs, R. P. P., Hofnung, M., Malaveill,
C., Matsushima, T., Rajewsky, M. R., Roberfroid, M., and Rosenkranz, H. S.,
1986. Tests in bacteria. IARC Sci. Publ. 83:143–161.

Venitt, S., Crofton-Sleigh, C., and Forster, R. 1984. Bacterial mutation assays
using reverse mutations. In Mutagenicity testing. eds. S. Venitt and J. M. Parry,
45-98. Washington: IRC Press.

Vogel, E. W. 1992. Tests for recombinagens in somatic cells of Drosophila.
Mutat. Res. 284:159–175.

Vogel, E. W., Graf, U., Frei, H. J., and Nivard, M. M. 1999. The results of
assays in Drosophila as indicators of exposure to carcinogens. IARC Sci.
Publ. 146:427–470.

Wagner, E. D., Anderson, D., Dhawan, A., Rayburn, A. L., and Plewa, M. J. 2003.
Evaluation of EMS-Induced DNA damage in the single cell gel electrophoresis
(Comet) assay and with flow cytometric analysis of micronuclei. Teratog.
Carcinog. Mutagen. Suppl 2:1–11.

Walker, V. E., Jones, I. M., Crippen, T. L., Meng, Q., Walker, D. M., Bauer, M. J.
Reilly, A. A., Tates, A. D., Nakamura, J., Upton, P. B., and Skopek, T. R. 1999.
Relationships between exposure, cell loss and proliferation, and manifestation
of Hprt mutant T cells following treatment of preweanling, weanling, and
adult male mice with N -ethyl-N -nitrosourea. Mutat. Res. 431:371–388.

Wijnhoven, S. W. P., Kool Corrie, H. J. M., van Teijlingen, M. M., and van
Zeeland, A. A. 2000. Loss of heterozygosity in somatic cells of the mouse:
An important step in cancer initiation. Mutat. Res. 473:23–26.

Wilcox, P., Naidoo, A., Wedd, D. J., and Gatehouse, D.G. 1990. Comparison
of Salmonella typhimurium TA102 with Escherichia coli WP2 tester strains.
Mutagenesis 5(3):285–291.

Witt, K. L., Hughes, L. A., Burka, L. T., McFee, A. F., Mathews, J. M., Black,
S. L., and Bishop, J. B. 2003. Mouse bone marrow micronucleus test results
do not predict the germ cell mutagenicity of N-hydroxymethylacrylamide in
the mouse dominant lethal assay. Environ. Mol. Mutagen. 41(2):111–120.

Wurgler, F. E., Ramel, C., Moustacchi, E., and Carere, A. 1984. Assays for
genetic activity in Drosophila melanogaster. IARC Sci. Publ. 83:351–393.

Yamaguchi, F., and Tsutsui, T. 2003. Cell-transforming activity of fourteen
chemical agents used in dental practice in Syrian hamster embryo cells.
J. Pharmacol. Sci. 93(4):497–500.

Yamamoto S., Hayashi, Y., Mitsumori, K., and Nomura, T. 1997. Rapid car-
cinogenicity testing systems with transgenic mice harboring human prototype
c-Hras gene. Lab. Anim. Sci. 47:121–126.

Yamamoto, S., Urano, K., Koizumi, H., Wakana, S., Hioki, K., Mitsumori, K.,
Kurokawa, Y., Hayashi, Y., and Nomura, T. 1998. Validation of transgenic
mice carrying the human prototype c-Ha-ras gene as a bioassay for rapid
carcinogenicity testing. Environ. Health Perspect. 106:57–69.

Yamasaki, H., Ashby, J., Bignami, M., Jongen, W., Linnainmaa, K., Newbold,
R. F., Nguyen-Ba, G., Parodi, S., Rivedal, E., Schiffmann, D., Simons, J.
W. I. M., and Vasseur P. 1996. Nongenotoxic carcinogens: Development of
detection methods based on mechanisms: A European project. Mutat. Res.
353:47–63.

Zimmering, S., Cruces, M. P., Pimentel, E., Arceo, C., Carrasco, G., and Olvera,
O. 1997. On the recovery of single spots with the flr phenotype in the wing
spot test in Drosophila. Mutat. Res. 379(1):77–82.

Zimmermann, F. K. 1984. Basic principles and methods of genotoxicity testing
in the yeast and Saccromyces cereviseae. In Handbook of Mutagenicity Test
Procedures, eds. B. J. Kilby, M. Legator, W. Nicholas, and C. Ramel., 215–
238. Netherlands: Elsevier Science Publisher.


