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To address the dual needs for improved methods to assess poten-
tial health risks associated with chemical exposure in aquatic
environments and for new models for in vivo mutagenesis studies,
we developed transgenic fish that carry multiple copies of a
bacteriophage l vector that harbors the cII gene as a mutational
target. We adapted a forward mutation assay, originally devel-
oped for l transgenic rodents, to recover cII mutants efficiently
from fish genomic DNA by l in vitro packaging. After infecting and
plating phage on a hfl2 bacterial host, cII mutants were detected
under selective conditions. We demonstrated that many funda-
mental features of mutation analyses based on l transgenic
rodents are shared by transgenic fish. Spontaneous mutant fre-
quencies, ranging from 4.3 3 1025 in liver, 2.9 3 1025 in whole fish,
to 1.8 3 1025 in testes, were comparable to ranges in l transgenic
rodents. Treatment with ethylnitrosourea resulted in concentra-
tion-dependent, tissue-specific, and time-dependent mutation in-
ductions consistent with known mechanisms of action. Frequencies
of mutants in liver increased insignificantly 5 days after ethylni-
trosourea exposure, but increased 3.5-, 5.7- and 6.7-fold above
background at 15, 20, and 30 days, respectively. Mutants were
induced 5-fold in testes at 5 days, attaining a peak 10-fold induc-
tion 15 days after treatment. Spontaneous and induced mutational
spectra in the fish were also consistent with those of l transgenic
rodent models. Our results demonstrate the feasibility of in vivo
mutation analyses using transgenic fish and illustrate the potential
value of fish as important comparative animal models.

medaka u ethylnitrosourea

A major challenge to the detection of spontaneous and
induced mutations is the difficulty with which mutant genes

can be efficiently recovered and accurately identified in vivo.
Considering that mutations must be detected at low frequencies
(e.g., '1 spontaneous mutationy105–107 loci), and that suffi-
cient DNA sequence information must be available to distin-
guish mutant from nonmutant genes, the problem of efficiently
detecting and quantifying mutations in whole animals can be
formidable. Transgenic animals that carry specific genes for
quantitation of spontaneous and induced mutations have been
developed to assist in improving in vivo mutation analyses (1). In
this approach, a transgenic animal carries a prokaryotic vector
that harbors a gene that serves as a mutational target. After
mutagen exposure, the vector is separated from the animal’s
genomic DNA and shuttled into indicator bacteria where mutant
and nonmutant genes are readily quantified (2, 3). Transgenic
mutation assays offer numerous benefits for in vivo mutation
detection not available by using other approaches. Benefits
include the ability to screen rapidly statistically meaningful
numbers of genetically neutral mutational targets in a variety of
tissues and the ability to characterize mutations to aid in
disclosing possible mechanisms of mutagen action.† A significant
additional attribute is the potential adaptability of the mutation
assays to different strains or species, thereby facilitating com-
parisons of an identical mutation target among cells, tissues,
organs, and species to an extent that was not possible otherwise.

Recognizing the value of this approach, we reasoned that fish
had excellent potential to meet the dual needs for improved

methods to assess health hazards associated with exposure to
chemicals in aquatic environments and for alternative nonmam-
malian animal models in mutagenesis and carcinogenesis studies.
Increasingly, fish have been embraced as valuable animal models
in genetics, developmental biology, and toxicology (5–7). In
some applications, such as in the assessment of health hazards
associated with exposure to complex chemical mixtures or in
low-dose chronic exposure regimens, fish are recognized not
merely as alternatives to traditional rodent models, but as having
distinct and superior benefits providing insights to fundamental
mechanisms of disease processes (8). Recent advances in fish
transgenesis have made it possible to enhance the utility of fish
by generating new animal models (9).

In the present study, we introduce transgenic medaka (Oryzias
latipes), which carry multiple copies of a l bacteriophage vector
as a new animal model for in vivo mutation detection. We
recovered mutations from fish by using procedures adapted from
a recently developed positive-selection assay for transgenic
rodents that uses the cII gene as a logistically simpler and
cost-effective alternative to the lacI mutational target (10). This
assay is based on the role the cII protein plays in the commitment
of bacteriophage l to the lysogenic cycle in Escherichia coli host
cells. A specialized E. coli strain (hfl2) extends the longevity of
the cII gene product, facilitating selection of mutant cII l. The
l phage with wild-type cII produce lysogens such that they are
indistinguishable in the E. coli lawn, whereas l phage that carry
a mutation in cII are selected by forming plaques on the bacterial
lawn when incubated at 24°C. We demonstrate many of the
fundamental features of mutation analyses based on l transgenic
rodents are shared by the l-based transgenic fish mutation assay.
We rescued l bacteriophage from fish genomic DNA with high
efficiency, facilitating analyses of spontaneous and induced
mutations in individual fish and various tissues. We show fre-
quencies of spontaneous cII mutants are tissue-specific, compa-
rable to the ranges seen in l transgenic mice, and are of
sufficiently low range to permit sensitive detection of induced
mutations. We show cII mutants are induced in concentration-
dependent, tissue-specific, and time-dependent relationships
consistent with known mechanisms of mutagen action after
treatment of fish with ethylnitrosourea (ENU). We also dem-
onstrate that spontaneous and ENU-induced cII mutational
spectra in fish are similar to l transgenic rodents, providing
further support to the use of the fish as comparative animal
models for in vivo mutagenesis.

Materials and Methods
Animals. Medaka were obtained from in-house populations orig-
inally derived from Gulf Coast Research Laboratory stocks
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(Ocean Springs, MS). Fish were maintained within recirculating
dechlorinated freshwater culture systems maintained on artifi-
cial light (16 h light:8 h dark) at 20–22°C, or 26–27°C during
breeding, using protocols approved by the Institutional Animal
Care and Use Committee in accordance with the National
Academy of Sciences Guide for the Care and Use of Laboratory
Animals. The transgene consisted of a '45.5-kb lLIZ bacterio-
phage vector (Stratagene), which contains both cII and lacI
mutation target genes flanked by cos sites to allow for excision
and packaging (11). To enhance genomic integration of multiple
copies of the vector and possibly increase the numbers of phage
recovered per genome (12), lLIZ DNA was linearized, cos-
ligated to form linear concatamers (T4 ligase, GIBCOyBRL, 4
min, 10°C), and filter-dialyzed over buffer before use (5 mM
Trisy0.1 mM EDTA, 40 min, 0.025-mm filter pore size,
Millipore). Zygotes collected within 15 min after fertilization
were microinjected via the cytoplasm with the concatenated
lLIZ DNA (50–100 ngyml) and incubated (26°C) until hatching
('10 days) by using procedures described with minor modifica-
tions (13).

l Transgene Integration. Genomic DNA was isolated from excised
caudal fins (4–6 weeks old) by digestion (0.3 ml 1 3 SSCy0.5%
SDSy10 mg/ml proteinase K, GIBCOyBRL) for 1–3 h at 55°C
and extraction twice with methylene chlorideyisoamyl alcohol
(24:1) containing NaCl (0.15 M). DNA was precipitated with 2
vol ethanol and resuspended in TE (10 mM Trisy1 mM EDTA,
pH 7.5). The presence of l sequences in fish was tested with PCR
using primers specific for the l transgene, 59-GATGAGTTCGT-
GTCCGTACAACTGG-39, and 59-GGTTATCGAAATCAGC-
CACAGCGCC-39, to generate a 500-bp product. Fish showing
positive for l sequences in fin tissue were mated with nontrans-
genic fish, and their offspring (.20 offspringyfounder) were
analyzed by PCR as described above. Numbers of integrated l
copies in germ-line transmitting lineages were estimated by
quantitative PCR using the ABI 7700 Sequence Detection
System and methods recommended by the manufacturer with
minor modifications (Applied Biosystems). A standard curve
was prepared by using 6–8 replicate serial dilutions of a '1 l
copy DNA standard. A minimum of four replicate 100-ng DNA
samples from fish of each lineage (F1 and F2 generation) were
amplified by using primers specific to the lacI transgene, 59-
ATGCGCCCATCTACACCAA-39 and 59-GGATTCTCCGT-
GGGAACAAA-39, which generated a 70-bp product. An oligo-
nucleotide, 59-AACCTATCCCATTACGGTCAATCCGCC-39,
that annealed within the amplified product served as a probe.
FAM (6-carboxy-fluorescein) was used as the reporter dye
linked 59 on the oligonucleotide, and TAMRA (6-carboxy-
tetramethylrhodamine) was the quencher dye attached on the 39
terminus (Applied Biosystems). The number of l copies in each
lineage was estimated by using supplied software.

lcII Mutagenesis Assay. Genomic DNA was obtained by using
procedures to optimize isolation of high molecular weight DNA
required for in vitro packaging. Whole fish were disaggregated
with a dounce homogenizer before proteinase digestion (1 3
SSCy1% SDSy0.6 mg/ml proteinase K) at 37°C for 11⁄2-4 h. Liver
and testes were prepared similarly without disaggregation. Sam-
ples were extracted twice with equal volume phenolychloroform
by using wide-bore pipette tips to minimize DNA shearing.
Potassium acetate was added to a final concentration of 1 M
followed by a final extraction with equal volume chloroform.
DNA was ethanol-precipitated, removed with a flame-sealed
glass pipette, and resuspended in Tris-EDTA. The cII mutagen-
esis assay was conducted by using the l Select-cII Mutation
System kit according to the manufacturer’s protocols with minor
modifications (Stratagene). The assay is a positive mutant-
screening method based on the ability of l bacteriophage to

multiply through either the lytic or lysogenic cycle in E. coli
G1250 host strain, which carries mutant hfl2 genes that increase
the stability of the cII protein facilitating a lysogenic response
(14). The l vector was recovered from fish genomic DNA
('10–20 mg) by incubation with Transpack packaging extracts
(30°C, 3 h), which simultaneously excised and packaged the
vector as viable phage particles. To select cII mutants, the
individually packaged phage were mixed with G1250 cells and
TB1 top agar and plated on 10 TB1 plates at 24°C (60.5°C) for
40 h. l Phage with wild-type cII underwent lysogenization and
were indistinguishable in the bacterial lawn, whereas l phage
with detectable mutations in the cII gene multiplied through the
lytic cycle, forming plaques. To determine the total number of
packaged phage, a subsample of the packaged phage solution
was infected in G1250 cells, mixed with top agar, and incubated
on three TB1 titer plates at 37°C overnight. Mutant frequencies
were calculated by dividing the total number of cII mutant
plaque-forming units (pfu) on selective mutant screening plates
by the estimated total l1 and cII phage on the titer plates. A
minimum of two samplesytreatment were packaged and plated
simultaneously in a blocked design (15). To verify mutant l cII
phenotypes, plaques (30–100% total plaques) were cored, incu-
bated in SM buffer (0.1 M NaCly0.01 M MgSO4y0.05 M
TriszHCl, pH 7.5y0.01% gelatin) at room temperature for 1 h,
and replated at low density under selective conditions. The
minimum number of animals required to detect a significant
induction of mutations was estimated by using a spontaneous
mutant frequency of 3 3 1025, recovery of .300,000 pfu per
animal, a power of 0.80, and a 5 0.05 (16, 17). Comparisons of
mutation frequencies were tested for significance by using the
generalized Cochran–Armitage test.

Mutagen Exposure. Fish (6–10 hemizygous l310 fishytreatment,
2–6 months old) were immersed 1 h in water (pH 7.0) containing
the direct-acting mutagen ethylnitrosourea (Sigma) at 0, 60, or
120 mgyliter (ppm). The fish were rinsed, transferred to clean
water, and held for 5, 15, 20, or 30 days until euthanized with an
overdose of tricane methylsulfonate (MS222, Argent, Redmond,
VA). Whole fish, or dissected tissues (liver, testes), were frozen
in liquid nitrogen and stored at 280°C until processed for DNA
isolation. Fish treated similarly without mutagen exposure
served as controls.

cII Sequence Analysis. cII mutant plaques were cored at random
and purified individually on G1250 E. coli cells. A 446-bp l DNA
fragment, including the entire 294-bp cII gene, was sequenced
after PCR amplification using the phage lysate with the primers:
59-AAAAAGGGCATCAAATTAAACC-39 and 59-CCGA-
AGTTGAGTATTTTTGCTGT-39. The product was labeled
with a BigDye Terminator Cycling DNA Sequencing Kit, and
sequences were analyzed with an ABI PRISM 310 Genetic
Analyzer (Applied Biosystems).

Results
Transgenic Fish. To identify fish containing l sequences, DNA
isolated from excised fin tissue of 401 presumptive founders was
analyzed by PCR. Sixty-two fish that were positive for the l
sequence (16%) were mated with nontransgenic fish, and germ-
line transmission was confirmed in progeny from nine founders
(15%). Frequencies of transgene transmission ranged from 5%
to 47%, indicating mosaic integration of transgenes commonly
observed in founders (9). Mendelian inheritance of the trans-
gene in offspring from subsequent sibling crosses (.3 genera-
tions) supports the conclusion that the l vector was integrated
in a single chromosomal site in each transgenic lineage.

Recovery of l from Fish. To test whether the l bacteriophage
vector could be efficiently recovered from fish, genomic DNA
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from six lineages was mixed with in vitro packaging extracts and
plated on hfl2 bacteria. Approximately 5,000 pfu per packaging
reaction were obtained from lineage l203, whereas 300,000 to
2,500,000 pfu were recovered from lineage l310, and no l phage
were recovered from the remaining lineages. In subsequent
recovery trials, an average of 2,281,945 pfu per packaging
reaction ('60,000–70,000 pfuymg) was obtained from lineage
l310 whole fish, 831,667 pfu from liver, and 1,701,667 pfu from
testes (Table 1). To determine whether vector recovery was
related to the number of genomically integrated l copies, the
copy number in each lineage was estimated by quantitative PCR.
Copy numbers ranged from '74 l copies in lineage l310, five
copies in l203, to less than four l copies in the remaining
lineages. Similar results showing enhanced integration of mul-
tiple vector copies and improved phage recovery associated with
the use of ligated DNA constructs have been reported in rodents
(12) and fish (13). The exceptionally high numbers of pfu
recovered from l310 fish indicated this lineage would satisfy the
minimum 100,000 pfuypackaging reaction recommended in
transgenic rodent assays to obtain adequate statistical power
(17).

Spontaneous and ENU-Induced cII Mutant Frequencies. To test the
feasibility of cII for detecting fish-derived in vivo mutations, we
determined the frequencies of spontaneous cII mutants in l310
whole fish, liver, and testes. The lowest frequencies of sponta-
neous mutants were 1.8 6 0.3 3 1025 in testes, followed by 2.9 6
0.3 3 1025 in whole fish, and 4.3 6 0.6 3 1025 in liver (Table 1).
Mutant frequencies among the tissues all were significantly
different (P , 0.03). The observed mutant frequencies were
sufficiently low, comparable to ranges in l transgenic rodents
(18, 19), indicating sensitive detection of induced mutations in
the fish was feasible. Statistical analyses revealed that as few as
6–7 animals were required to detect a 50% induction above
background (3 3 1025), and 2–3 animals were required to detect
a 100% induction (power 5 0.80, a 5 0.05). A total of 5–10
animalsytreatment are recommended in transgenic rodent as-
says to give similar power of detection (16, 17). To determine
whether the cII gene in the fish was responsive to chemical
mutagen exposure, we measured mutant frequencies in fish 15
days after exposure to 0, 60, or 120 mgyliter ENU. cII mutant
frequencies in whole fish were induced significantly, 2.7-fold
(8.0 6 1.0 3 1025, P 5 0.01) and 4-fold (12.0 6 1.9 3 1025, P ,
0.01) over untreated fish (3.0 6 0.3 3 1025) at 60 and 120
mgyliter ENU, respectively (Fig. 1). To test whether the time
between mutagen exposure and analysis influenced mutant
frequencies, the frequencies of cII mutants were determined in
liver and testes from fish held 5, 15, 20, or 30 days after exposure
(0 or 120 mgyliter ENU). Mutant frequencies in liver from
treated fish did not increase significantly above background
(4.4 6 0.7 3 1025) at 5 days (5.1 6 0.8 3 1025, P 5 0.23), but
increased significantly 3.5-fold at 15 days (15.6 6 1.8 3 1025, P ,
0.01), 5.7-fold at 20 days (25.1 6 2.3 3 1025), and 6.7-fold at 30
days (29.8 6 2.0 3 1025) after mutagen treatment (Fig. 2). There
was no significant difference between mutant frequencies at days
20 and 30 (P 5 0.16). In contrast, mutant frequencies in testes
were elevated 5.2-fold over the mean background mutant fre-
quency (2.0 6 0.6 3 1025) at 5 days (10.3 6 1.1 3 1025), and

reached a peak 10-fold induction at 15 days (19.6 6 1.2 3 1025),
followed by an insignificant decline to 8.8-fold above background
at 20 and 30 days after ENU treatment (17.5 6 1.6 3 1025, P 5
0.30).

cII Mutational Spectra. To determine whether spontaneous and
induced cII mutants in the fish could be characterized, and to
determine to what extent mutational spectra differed from that
of rodent models, we performed sequence analyses on mutant
phage recovered from untreated and ENU-treated fish. Spon-
taneous cII plaques (89 plaques) from whole fish, liver, and testes
were combined for analyses after relatively minor differences
were observed among the tissues (Table 2). Five mutations found
outside the cII protein-coding region, and 10 duplicate muta-
tions suggestive of clonal origin within a single animal, were
excluded from further analysis. Of the remaining 74 independent
mutations, one sequence contained a double substitution: G3C
(nucleotide 125) and G3T (nucleotide 126). Single base sub-
stitutions were the most numerous mutations (74%), with trans-
versions (42%) more frequent than transitions (32%). Frequen-
cies of G:C3T:A transversions and G:C3A:T transitions were
equal (20%), with 47% occurring at CpG sites. The predomi-
nance of mutations at CpG sites in transgenes is observed also
in rodent models (10, 20) and has been attributed to cytosine
methylation at CpG sites, eventually leading to G:C3A:T
transitions during replication (17, 21–23). Frameshifts ac-
counted for 24% of the mutations with the majority (89%) being
either insertions or deletions within the homonucleotide run of
guanosines (sense strand nucleotides 179–184), a known muta-
tion hotspot (20, 24). The majority of plaques (36 of 39 muta-
tions) from liver of ENU-treated fish were independent muta-
tions within the cII coding region, including one sequence with
a 3-nt deletion (AAC, nucleotides 55–57). Single base substitu-
tions were the most frequent mutations (94%), with transitions
(53%) somewhat more numerous than transversions (42%).
However, the proportion of mutations at A:T base pairs was
elevated from 31% in untreated fish to 59% in treated liver,
which is highly characteristic of ENU exposure (20, 25). Also
indicative of ENU exposure, the percentage of frameshift mu-

Table 1. Spontaneous mutant frequencies in whole fish, liver, and testes for lineage l310

Tissue
No.
fish

Total
mutants Total pfu Mean pfu

Mean mutants 3 1025 pfu
6 SEM

Whole fish 6 395 13,691,667 2,281,945 2.9 (0.3)
Testes 5 139 8,508,333 1,701,667 1.8 (0.3)
Liver 11 405 9,148,333 831,667 4.3 (0.6)

Fig. 1. Mutant frequencies (6 standard error) in whole fish exposed 1 h to
0, 60, or 120 mgyliter ENU and held 15 days before analysis. cII mutants were
induced 3- and 4-fold above the mutant frequency in untreated fish at each
concentration.
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tations was lower in the induced spectra (3%) compared with
that of the spontaneous spectrum (24%), reflecting the low
frequency of insertions or deletions at the homonucleotide string
of guanosines at nucleotides 179–184 (sense strand).

Discussion
We generated transgenic fish that carry multiple copies of a l
bacteriophage vector and used a positive-selection mutation
assay based on the cII gene as the mutable target to detect
spontaneous and ENU-induced in vivo mutations. Our results
show many fundamental features of mutation analyses based on
l transgenic rodents are shared by the l transgenic fish, pro-
viding support to the use of fish for assessing health risks

associated with chemical exposure in aquatic environments and
for comparative animal models for in vivo mutagenesis studies.

l-based mutation assays rely on in vitro packaging extracts to
excise simultaneously the intact vector DNA from transgenic
animal genomic DNA and package the vector into viable phage
particles to facilitate subsequent infection of bacterial host cells.
The efficiency with which the vector can be recovered is there-
fore a fundamental practical requirement of a transgenic mu-
tation assay. Low vector recovery decreases the utility of the
assay by increasing the numbers of animals needed to meet
statistical requirements, as well as increasing costs of reagents
and labor. The unprecedented recovery of high numbers of l
plaques from lineage l310 fish provided distinct practical ben-
efits for conducting in vivo mutation analyses, particularly con-
sidering the small size of medaka ('2–4 cm adult length).
Comparably high pfu numbers obtained from whole adult and
juvenile fish and from liver and testes precluded multiple
platings or pooling of samples. To enhance genomic integration
of multiple copies in the fish, we ligated linear l vector at the
cohesive termini to form linear concatamers before injection.
Apparently cos ligation improves the number of rescued phage
per genome by protecting the integrity of intervening cohesive
termini, which are important in phage assembly (12). Our
analyses confirmed an association between efficiency of vector
recovery and the number of l copies carried by the lineages,
consistent with l transgenic rodents (12). In comparison to
lineage l310, which carries '74 l copies, and yielded greater
than 300,000 pfuypackaging reaction ('60,000-70,000 pfuymg
DNA), typical recoveries from Big Blue mice carrying 30–40 l
copies are '10,000–20,000 pfuyug DNA (11, 12, 18, 26, 27). The
smaller genome size of medaka (2.2 pgydiploid genome) (28) as
compared with the mouse ('6 pgydiploid genome) (29) also
contributed to the relatively high efficiency in vector recovery
from the fish.

Determination of the spontaneous mutant frequencies was
essential to establishing the basis for comparing mutations

Fig. 2. Mutant frequencies (6 standard error) in liver and testes from fish analyzed 5, 15, 20, or 30 days after 1-h exposure to 0 or 120 mgyliter ENU. Mutant
frequencies in liver increased insignificantly over mean background (4.4 6 0.7 3 1025) at 5 days (5.1 6 0.8 3 1025), 4-fold at 15 days (15.6 6 1.8 3 1025), 6-fold
at 20 days (25.1 6 2.3 3 1025), and 7-fold at 30 days (29.8 6 2.0 3 1025). Mutant frequencies in testes increased 5-fold over mean background (2.0 6 0.6 3 1025)
at 5 days (10.3 6 1.1 3 1025), 10-fold at 15 days (19.6 6 1.2 3 1025), and 9-fold at 20 and 30 days (17.5 6 1.6 3 1025). –E–, ENU-exposed liver; –F–, ENU-exposed
testes; - -E- - control liver; - -F- -, control testes.

Table 2. Spontaneous and ENU-induced mutational spectra

Spontaneous ENU-exposed liver

Total mutations 89 39
Mutations outside cII 5 3
Independent mutations 74 36

% (n) % (n)
Transitions

G:C3A:T 20 (15) 28 (10)
% CpG 47 (7) 30 (3)
A:T3G:C 12 (9) 25 (9)

Transversions
G:C3T:A 20 (15) 6 (2)
G:C3C:G 11 (8) 6 (2)
A:T3T:A 4 (3) 28 (10)
A:T3C:G 7 (5) 3 (1)

Frameshift
(1) 14 (10) 3 (1)
(2) 11 (8) 0

Other 1 (1) 3 (1)
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induced after mutagen exposure, as well as for comparing
mutagenesis in the identical transgene target in rodent models.
Spontaneous mutant frequencies varied significantly among
tissues with the lowest frequency observed in testes, followed by
whole fish and liver. The observed lower mutant frequency in
testes compared with somatic tissues is consistent with rodent
studies suggesting that fish may provide an excellent model for
comparative studies of the mechanisms in germ-line mutagenesis
(30–32). Spontaneous mutant frequencies in the fish were lower,
but comparable, to ranges of cII mutant frequencies in spleen
(5.7 3 1025), and liver (13.8 3 1025) from Big Blue mice (18, 19).
The low spontaneous mutant frequencies indicated de novo
disruption of the target gene, which would possibly obscure
detection of induced responses, did not occur during genomic
integration of the transgene. An example of this phenomenon
was observed in a Big Blue transgenic rat lineage that carried
'200 l copies and had a heritable mutation at a frequency of
approximately 1022, which reduced the practical application of
the lineage (12). Sensitivity of a mutation assay is defined by the
magnitude of the induced mutations compared with the back-
ground mutation frequencies (33), indicating that fish have at
least equivalent, if not somewhat greater, sensitivity compared
with rodents in detecting induced mutations.

The cII target in the fish was shown to be highly responsive after
mutagen treatment, reflecting mutation induction consistent with
tissue specificity, mutation manifestation time, mutational spectra,
and known modes of ENU action. cII mutants were induced 3- and
4-fold above background after exposure to 60 and 120 mgyliter
ENU. In comparison, 3-fold induction of cII mutants (from 13.8 to
36.8 3 1025) was reported in mice after i.p. injection of 100 mgykg
ENU (18). Different frequencies of mutations observed in testes,
liver, and whole fish at equivalent mutagen treatments underscore
the utility of the assay for examining tissue-specific mutagenesis.
Our results reveal the interval between mutagen treatment and
analyses, termed mutation manifestation time (34–36), influenced
the frequency of mutations and were specific for individual tissues.
cII mutant frequencies in liver were not significantly elevated above
background at 5 days but increased significantly at 15 and 30 days
after ENU exposure. In contrast, mutant frequencies in testes
increased 5-fold above background at 5 days, reached a peak 10-fold
induction by day 15, followed by a slight, but not significant, decline
20 and 30 days after exposure. The relatively higher magnitude
of mutation induction and shorter mutation manifestation time
observed in testes compared with liver may reflect differences in
cell proliferation rates and ENU action in these tissues. ENU is
well-characterized as a direct acting alkylating agent and potent
germ-cell mutagen, which produces O6-ethylguanine, O4-
ethylthymidine, and O2-ethylthymidine in DNA, promoting
G:C3AT and A:T3G:C transitions, as well as A:T3T:A trans-
versions (37, 38). It is understood that DNA replication is necessary
for DNA damage to become fixed as a mutation, and that this time
is affected by several variables, including tissueycell type, mutagen,
and mutagen treatment regimen.‡ In rodent tissues with rapid cell
turnover, such as bone marrow (40, 41) and intestinal epithelium
(42), sampling times as short as 7 days, roughly coinciding with stem
cell turnover in these tissues, may be sufficient to detect a significant
induction of mutations. Tissues with slower cell turnover, such as
liver, may require a manifestation time greater than 35 days (43).
As a consequence, a sampling time of 35 days has been recom-
mended as suitable for several rodent tissues (33). Our results
indicate that 15 days may be sufficient time to detect a significant
2-fold induction in most fish tissues, although .30 days may be
required to detect induction by weak mutagens, and 5 days is
probably suitable only for the most potent mutagens. These results

also demonstrate that detection of induced mutations may be
obscured in applications that rely solely on mutation analyses using
DNA isolated from whole fish rather than specific tissues.

Sequence analyses revealed spontaneous and induced cII muta-
tional spectra in fish and rodent models were quite similar. As
observed in rodent models, single base substitutions comprised the
majority of spontaneous and ENU-induced mutations in fish, with
a large percentage of the G:C3A:T mutations at CpG sites. The
proportion of mutations at A:T base pairs increased from 31% in
untreated fish to 59% in treated livers, with the bulk of the increase
being A:T3T:A transversions, consistent with the greater muta-
genic effect of ENU at A:T base pairs (20, 25). Frameshifts in the
spontaneous mutation spectra accounted for 24% of the mutations,
with the majority being either insertions or deletions within a
known cII hotspot (20). The proportion of frameshifts coincides
most closely with 27% observed in Big Blue Rat2 cell lines (20),
compared with 11% in mice (24). The percentage of frameshift
mutations decreased in the ENU-exposed fish, which is also con-
sistent with studies showing ENU does not induce high numbers of
frameshift mutations (31, 44).

Our results show that l transgenic fish have many benefits and
limitations in common with the transgenic rodent mutation
models. Results from fish and rodent studies, however, collec-
tively support the use of l-based transgenic animals in mutation
analyses. A distinct benefit of transgenic animal mutation assays
is the ability to compare mutational responses of identical
mutation target loci in different cells, tissues, organs, and
species. We selected medaka for this application because it is
widely used in environmental toxicology and is the fish species
of choice in carcinogenesis bioassays (45) and germ-cell mu-
tagenesis studies (46). Small size, sensitivity, well-characterized
histopathology, short generation time, and cost-effective hus-
bandry contribute to the utility of this species in routine testing
of a wide variety of compounds (8). The development of
transgenic fish models for mutation analyses should enhance the
value of medaka as an important comparative animal model. The
relative ease of performing the cII assay facilitates efficient
screening of large numbers of spontaneous and induced muta-
tions in virtually any tissue from which DNA may be isolated.
Because of high efficiency of vector recovery and low variability
in mutant frequencies among animals, as few as six fish per
treatment are required to detect significant induction of muta-
tions. The ease of sequencing the cII locus may be particularly
useful in examining whether small increases in mutant frequen-
cies after exposure to chemicals at low environmental concen-
trations may be accompanied by shifts in mutational spectra. In
addition to detection of mutations at the cII locus, mutations can
be detected in the widely used lacI gene, which also is contained
within the lLIZ vector. Using identical in vitro packaging
procedures, mutant plaques are scored by blue-white screening
on a Dlac E. coli lawn on agar plates containing 5-bromo-4-
chloro-3-indolyl b-D-galactoside (11). Preliminary analyses in-
dicate that lacI and cII respond similarly in the l transgenic
medaka with regards to fold increases in mutant frequencies
above background and in mutational spectra (unpublished data).
Two additional transgenic fish mutation assays have been intro-
duced: the mummichog (Fundulus heteroclitus) based on the
bacteriophage fX174 vector (13) and zebrafish carrying the
plasmid (pML4) containing the rspL gene as the mutational
target gene (47). Although limited use of these systems does not
permit extensive evaluation of their relative utility, it is apparent
these approaches also have merit.

A fundamental assumption of transgenic mutation assays is
that the mutation target sequence in the animal accurately
represents the mutagenic response of endogenous DNA. It is
understood, however, that transgenes and endogenous loci differ
in several features that can affect mutational response. Com-
pared with most mammalian genes, and probably fish genes as

‡Paashius-Lew, Y., Zhang, X. B. & Heddle, J. A. (1996) Environ. Mol. Mutagen. Suppl. 27, 53
(abstr.).
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well, bacterial transgenes have higher GC content, higher density
of dinucleotide CpG and associated 5-methylcytosine, are highly
methylated, and lack transcription-coupled repair (33). An
advantage of using transgenes that are genetically neutral is that,
unlike assays involving endogenous genes that are limited to very
specific tissues or developmental stages, mutations in transgene
targets persist and accumulate without being subjected to selec-
tion in the animal, thereby facilitating mutation analyses in
virtually any tissue or developmental stage (40, 48, 49). As a
consequence, accumulation of mutations over time in neutral
transgenes indicates that repeated or chronic mutagen treat-
ments should increase the sensitivity of the assay (39). The ease
with which fish can be applied to a wide range of treatment
regimens makes them ideally suited for such evaluations. Trans-
gene mutation targets have mutational spectra that may or may
not reflect those of endogenous genes. Mutations detected in the
l-based systems consist primarily of base pair substitutions with
a few frameshifts and small insertionsydeletions, but are limited
in their ability to detect large rearrangements. This may not be
a significant limitation as the relative proportion of these
mutations in transgenic rodents has been shown to be similar to

the endogenous hprt gene (19). Compared with some endoge-
nous loci, spontaneous mutant frequencies in transgenes are
higher, suggesting bacterial mutational target genes may not
measure significant induction by weak mutagens (4). In light of
the extreme paucity of endogenous genes, particularly in fish,
that are readily amenable to mutation quantitation, it can be
argued that if the differences between transgene loci and en-
dogenous genes are considered when interpreting mutation
analyses, transgenic mutation assays have significant utility (33).
Although the challenge remains to identify to what extent such
factors as metabolism, DNA repair, and cell proliferation play a
role in mutagenesis in fish, and how these factors compare in
rodent models, the availability of transgenic models makes such
pursuits feasible.
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