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32P-Postlabeling Analysis of Aromatic DNA Adducts in Fish from Polluted Areas1
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ABSTRACT

Brown bullheads (Ictalurus nebulosas) were sampled from sites in the
Buffalo and Detroit Rivers where fish are exposed to high levels of
sediment bound polycyclic aromatic hydrocarbons, and suffer from an
elevated frequency of liver cancer. DNA was isolated from the livers of
these wild fish and from control specimens which were raised in clean
aquariums. DNA was enzymatically digested to normal and adducted
nucleotides, and hydrophobic/bulky adducts were enriched in the digests
either by preparative reverse-phase high-pressure liquid chromatogra-
phy, or selective nuclease I', dephosphorylation of normal nucleotides.
Aromatic DNA-carcinogen adducts were then quantitated using 32P-

postlabeling analysis. Using both adduct enrichment procedures, chro-

matograms derived from DNA of fish from polluted areas showed a
diffuse diagonal radioactive zone not present in DNA from aquarium
raised fish. The diagonal zone appeared to consist at least in part of
multiple overlapping discrete adduct spots which could be partially
separated by gradient high-pressure liquid chromatography prior to "P-

postlabeling analysis, and most of which were more strongly retained on
a reverse-phase column than the major benzo(a)pyrene-DNA adduct. The

behavior of the adducts in the diagonal radioactive zone and of their
unlabeled precursors is consistent with their identification as nucleotide
adducts of a variety of bulky hydrophobic aromatic environmental com
pounds. Total pollution-related adduct levels as analyzed by HPLC
adduct enrichment and "P-postlabeling were 70.1 Â±29 (SD) nmol/mol

normal nucleotide in fish from the Buffalo River, and 52 and 56 nmol/
mol for two specimens from the Detroit River.

INTRODUCTION

Although the chemical induction of cancer was amply dem
onstrated in the laboratory prior to 1940 (1,2) the realization
that chemicals may be the cause of some kinds of cancer in wild
fish populations has evolved gradually. Studies by Dawe et al.
(3) of hepatic neoplasms in bottom-dwelling species of fish
from Deep Creek Lake, MD, are a focal point, as they were the
first instance in which chemical pollutants were suspected as
causal agents. Dawe a al. suggested the practical use of bottom-
feeding fish as "useful indicators of environmental carcinogens"

(3).
More recently further attention has been focused on the

problem of epidemics of neoplasia in wild fish populations (4).
In general, these epidemics have been observed in bottom-
dwelling fish species collected from heavily industrialized and
polluted waterways that have chemically contaminated sedi
ments (5, 6). Thus, it has been suggested that the observed
neoplasia may be related to the presence of chemical carcino
gens in these aquatic systems (7-11). The contamination of the
aquatic environment is of particular concern in the Great Lakes
areas, where extensive use is made of lake waters for recreation
and as a source of drinking water. A number of fish species
from several Great Lakes tributaries have been found to have
liver and other neoplasms (7, 8, 12, 13). In two of these
tributaries, the Buffalo River and Detroit River, brown bull-
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heads (Ictalurus nebulosus) are commonly found with neoplasia
(8).2 Moreover, both of these tributaries are known to have
sediments contaminated with organic chemicals such as poly-
cyclic aromatic hydrocarbons. In the Buffalo River, levels of 15
individual priority pollutant polycyclic aromatic hydrocarbons
ranged from 0.5 to 17 j/g/g, with benzo(fl)pyrene being 3.1 pg/
g (8). In the Detroit River, levels of individual polycyclic aro
matic hydrocarbons ranged from 0.1 to 38.8 Mg/gi with
benzo(a)pyrene levels ranging from 0.1 to 17.6 /Â¿g/gin different
samples (14). The relationship between these sediment-bound
carcinogens and fish neoplasia is thus of considerable interest.

Currently available procedures for investigating the relation
ship between the presence of carcinogens in the environment
and the occurrence of tumors in fish have inherent limitations.
Measurement of chemical carcinogens or mutagens in sedi
ments or water does not tell whether the compounds being
measured are taken up by fish, or whether they are metabolized
to DNA-reactive forms. Induction of tumors in fish after labo
ratory exposure to carcinogens (5, 6, 15) or measurement of
the ability of fish or fish enzyme systems to produce DNA-
reactive carcinogen metabolites (16-18) indicates the potential
for genetic damage should the fish encounter a carcinogen in
the wild, but does not say anything about whether such exposure
actually took place. Measurement of carcinogen metabolites in
the bile of fish (19) indicates that carcinogens were present,
taken up, and metabolized, but says nothing about whether the
metabolites observed represent carcinogen activation or detox
ification, or whether DNA damage has occurred as the result
of the encounter of the fish with the carcinogen. Finally, the
discovery of high tumor frequencies in selected fish populations
(7-11) can indicate that there is a cancer problem, but cannot
of itself easily solve the problem of whether the tumors are
spontaneous, \ Â¡rallyinduced, or chemically induced.

Fish are able to activate metabolically a variety of chemical
carcinogens (9), and carcinogen-DNA adducts have in some
cases been detected in fish using radioactive carcinogens in a
laboratory setting (17, 18). When fed equivalent doses of
benzo(a)pyrene, flatfish accumulated higher levels of liver
DNA-benzo(a)pyrene adduct than did rats (17). Studies have
indicated that fish may be relatively poor at repairing DNA
adducts (20), and DNA adducts have been detected for at least
2 weeks after the laboratory exposure of fish to carcinogens
(18).

In its simplest form, the detection of DNA adducts in freshly
caught fish would be a measure of genetic damage suffered by
an individual fish as a result of the exposure to environmental
carcinogens. This damage would be measured directly, and
would not have to be inferred from other data. As such, adduct
levels may be a highly relevant measurement of carcinogenic
risk. Recently, the development of 32P-postlabeling procedures

(21,22) has allowed the extremely sensitive detection of certain
classes of carcinogen-DNA adducts in organisms exposed to
nonradioactive environmental or laboratory carcinogens. We
have applied these procedures to DNA from humans at high
risk for oral cancer (23), and in the current communication we

2A. Maccubbin, unpublished observations.
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DNA ADDUCTS IN FISH

use related procedures to explore the possibility of detecting
carcinogen-DNA adducts in wild fish from polluted waterways.

MATERIALS AND METHODS

Materials. Nuclease IV micrococcal nuclease, spleen phosphodies-
terase, and reagents for the preparation of [7-32P]ATP were from

Boehringer Mannheim, Dorval, Quebec, Canada, or from the Sigma
Chemical Co., St. Louis, MO. High-pressure liquid chromatography
columns for the chromatography of both nucleosides and 3'-nucleotides
were custom packed by Alltech, Deerfield, IL. Columns were 2.1-mm
inside diameter x 100 mm and contained 5-/im ODS-3 reverse-phase
packing manufactured by Whatman, Clifton, NJ. Polynucleotide ki-
nase, cloned, was purchased from United States Biochemicals, Cleve
land, OH. PEI3 cellulose thin-layer chromatography plates were from

Machery Nagel, Germany, purchased through Brinkmann Instruments,
Rexdale, Ontario, Canada. Phenol used for DNA extractions and
formic acid used for preparation of HPLC solvents were glass distilled
before use, and ammonium hydroxide was purified by decomposition
into ammonia gas and reconstitution in water, as described elsewhere.4

Fish. Brown bullheads (Â¡ctalurusnebulosas) were collected from two
polluted Great Lakes tributaries by electroshocking. Fish from the
Buffalo River were obtained from a point approximately 1 km from the
mouth of the river, while fish from the Detroit River were obtained
from a sediment deposition zone along the western shore of the Trenton
channel. These wild fish averaged 30 cm in length, corresponding to an
age of 2 to 3 years. They were compared with aquarium-raised fish of
a similar or slightly lower age (average 15.8 cm length) which had been
captured from a shallow nonindustrialized land-locked pond and then
maintained in clean aquaria at the Roswell Park Memorial Institute.
Aquarium fish were fed a commercial trout diet, and had been in the
aquaria for a minimum of 6 months before being sampled.

DNA Extraction. Livers were removed from the fish, and small
(approximately 0.5 g) pieces were frozen in dry ice and were maintained
in dry ice or at â€”70Â°Cuntil the DNA was extracted. Pieces of liver,

100-200 mg, were diced with scissors into pieces I to 2 mm large, and
were then digested for 3 h at 37Â°Cin 0.7 ml SET buffer containing

0.5% sodium dodecyl sulfate and 1 mg/ml proteinase K. Samples were
then deproteinized by successive extractions with an equal volume of
phenol, phenol:chloroform:isoamyl alcohol (25:24:1), and chloro-
form:isoamyl alcohol (24:1) (24). Nucleic acids and a copious white
precipitate of glycogen from the liver were recovered by precipitation
with 2 volumes of ethanol at â€”20Â°C.After washing the pellets with

70% ethanol, they were Â«dissolved in 0.5 ml SET containing 200 jig
hog pancreas a-amylase/ml and incubated for l h at 37Â°C.Samples

containing dissolved glycogen initially had a slightly opalescent or milky
appearance but were rendered clear by hydrolysis of the glycogen with
a-amylase. Nucleic acids were precipitated with ethanol, then redis-
solved in 0.7 ml SET buffer containing 0.1 mg/ml heat-treated pan
creatic RNase A. After a 1-h incubation at 37Â°C,70 ^g proteinase K in

10 /il water were added to the tubes, which were incubated a further 1
h. Samples were deproteinized with phenol, phenol:chloroform:isoamyl
alcohol, and chlorofornvisoamyl alcohol, and the DNA was recovered
and purified by two consecutive precipitations with ethanol. Purified
DNA was redissolved in distilled water, and quantitated by its UV
absorption at 260 nm, using the relationship of 1 absorbance unit = 50

Enzymatic Hydrolysis of DNA. Aliquots of DNA solutions each
containing 2.5 Â¿igof DNA were dried in 1.5 ml polypropylene tubes
using a centrifugal vacuum evaporator (Model SVC 100H, Savant
Corp., Hicksville, NY) then digested for 3 h at 37Â°Cwith 5 Mg(0.6

unit) micrococcal nuclease and 5 ^g spleen phosphodiesterase in a total
of 12 /il 10 mM CaCl2-20 HIMsuccinate buffer, pH 6.0 (25).

HPLC Enrichment of Hydrophobie Adducts. For HPLC enrichment

I in- abbreviations used are: PEI, polyethyleneimine; HPLC, high-pressure
liquid chromatography; SET buffer, 100 min NaCl. 20 mm EDTA, 50 HIMTris-
HC1, pH 8.

' B. P. Dunn and R. H. C. San. High pressure liquid chromatography enhance
ment of the detection of hydrophobic DNA<arcinogen adducts by 32P-postlabel-

ing analysis, manuscript in preparation, 1987.

of hydrophobic nucleotide adducts, 12 ^1 of 2 M ammonium formate,
pH 3.5, were added to the DNA digests. The entire sample was then
taken up in a syringe and injected onto a custom-packed reverse-phase
chromatography column, 2.1-mm inside diameter x 100 mm, contain
ing Whatman ODS-3 S-^m packing. Normal 3'-nucleotides were eluted

from the column with a mixture of 5% methanol plus 95% l M
ammonium formate, pH 3.5, at a flow rate of 0.4 ml/min, and were
detected and quantitated by their absorption at 260 nm; 7.0 min after
injection, the solvent was changed to 70% methanol, 30% l M ammo
nium formate, pH 3.5, and a 0.8-ml fraction of the column eluate was
collected, starting at the point that the base line of the UV monitor
first shifted, indicating the arrival of the increased concentration of
methanol at the column outlet. After the collection of the hydrophobic
material from each sample, the column was cleaned by continuing the
70% methanol elution for an additional 2 min, then returning to the
starting solvent condition and eluting the column with a gradient of 5
to 70% methanol in l M ammonium formate, pH 3.5, over a period of
6.5 min. Hydrophobic fractions from each sample were dried overnight
in a centrifugal vacuum evaporator to remove solvents and the volatile
ammonium formate buffer, then labeled with 32P as described below.
These procedures are described in more detail elsewhere.4

Nuclease I', Enrichment of Bulky Adducts. Nuclease l'Â¡enrichment

of nucleotide adducts was performed essentially as described by Reddy
and Randerath (25). Six Â¿ilof nuclease I', in buffer (consisting of 1.2 tÂ¡\

of 5 mg/ml nuclease PI, 3.0 n\ of 0.25 M sodium acetate, pH 5.0, and
1.8 n\ of 0.3 mM ZnClj) was added to each 12-Mlsample previously
digested with micrococcal nuclease and spleen phosphodiesterase. After
a 1-h incubation at 37Â°C,2.4 Â¡t\of 0.5 M Tris base were added to each

sample; 2.0 (/l aliquots of the digest were then removed and analyzed
for nucleosides by chromatography on the above described column,
using a solvent of 5% methanol, 95% 10 mM sodium phosphate buffer,
pH 7.5. Nucleoside quantitation by HPLC is more fully described
elsewhere.4 The remaining 18.4 ^1 of digest were labeled with 32P as

described below.
32P-Postlabeling and Thin-Layer Chromatography. Dried residues

from HPLC enrichment of hydrophobic adducts were dissolved in 2 n\
dimethyl sulfoxide and then diluted with 3 nI water. Samples were then
labeled as previously described (23), except that only 20 Â¿iCi[7-"PJ-

ATP (approximately 3000 Ci/mmol) were used. Samples digested with
nuclease Pi were labeled as described by Reddy and Randerath (25),
using 4 units polynucleotide kinase and 200 u( \ ATP. All samples were
treated with apyrase after labeling (22) to convert unused [7-32P]ATP
to inorganic phosphate and ADP. Samples were spotted on thin-layer
chromatograms and developed as previously described for the selective
detection of aromatic nucleotide-carcinogen adducts (22, 23). Adducts
were detected by autoradiography for 18-24 h at room temperature, or
for increased sensitivity at â€”70Â°C.The specific activity of the [7-32P]-

ATP used in each kinase reaction was determined by labeling four 5-fil
samples of 10~7M deoxyadenosine 3'-phosphate (25), and chromato-

graphing the samples on PEI cellulose with 0.3 M ammonium sulfate
buffered with 10 mM sodium phosphate, pH 7.5. Spots corresponding
to "P-labeled deoxyadenosine 3',5'-phosphate were cut out, and their

radioactivity was determined by scintillation counting. The specific
activity of the [7-32P]ATP was calculated, assuming 100% labeling of

the defined amount of nucleotide, and typically had a specific activity
of approximately 3000 Ci/mmol.

Quantitation of Adduct Levels. Sections of chromatograms containing
adducts were cut out with scissors, and their area was estimated by
weighing the cut pieces of chromatogram. The level of radioactivity in
these sections was determined by scintillation counting, using a toluene-
based scintillation fluid, giving a counting efficiency of essentially
100%. Background levels of radioactivity in the cut out zones were
estimated by determining the radioactivity in 2-3 1-cm2 areas adjacent

to the zone. This background, amounting in these experiments to
between 100 and 200 dpm/cm2 was subtracted from the radioactivity

in the adduct zone, which in the current experiments typically covered
an area of 15 cm2. After background subtraction, the moles of adducts

in the Chromatographie zones were calculated by using the net amount
of radioactivity and the known specific activity of the [7-32P]ATP used
in the 32P-postlabeling reaction.
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DNA ADDUCTS IN FISH

For HPLC-enriched samples, the total moles of normal DNA nu-
cleotides from which the adducts were derived were determined by
HPLC quantitation of deoxyadenosine 3'-phosphate seen during the

actual run used to enrich hydrophobic adducts, and assuming that this
nucleotide represents 29% of total DNA nucleotides. Moles of adducts
per chromatogram (determined by counting and the known specific
activity of the ATP; see above) were then divided by the total moles of
normal DNA nucleotides (determined by HPLC) to yield directly the
level of adducts in the sample in terms of moles adduct/mole normal
nucleotide. Similar procedures were used for nuclease PI enhancement
samples, except that the moles of normal nucleotides associated with
each chromatogram were calculated from the amount of deoxyguano-

sine seen by HPLC in a measured aliquot of the nuclease P, digestion,
the appropriate volumetric factors, and the assumptions that guanine
represents 21% of DNA bases. These procedures are more fully de
scribed elsewhere.4

RESULTS

Chromatography. Fig. 1 demonstrates representative diro
matograms derived from the DNA of livers of fish raised in
clean aquaria, and wild fish from the Buffalo River. All chro-

matograms in this figure were derived by HPLC enrichment of
hydrophobic nucleotide adducts prior to 32P-postlabeling and

had a consistent pair of Chromatographie spots labeled 1 and
2. These spots are common if not universal in DNA from
different sources when analyzed by this procedure,4 and do not

appear to differ between fish from different areas. In addition
to these spots, aquarium-raised fish exhibited one or two addi
tional faint spots, and further faint spots were visible upon
prolonged X-ray exposure. Chromatograms derived from DNA
offish from the Buffalo River (Fig. 1, e-h) exhibited an intense
diffuse diagonal radioactive zone which was not evident in
chromatograms derived from fish raised in aquaria (Fig. 1, a-
d). A visually similar diagonal radioactive zone was seen in
chromatograms derived from DNA of two bullhead samples
taken from the Detroit River (not shown).

Fig. 2 shows chromatograms derived from the same DNA
samples used in Fig. 1, but were analyzed by using nuclease P,
enrichment of bulky adducts. This treatment dephosphorylates
normal nucleoside 3'-phosphates so that they are no longer

substrates for polynucleotide kinase and are not labeled with
32P. Many bulky carcinogen-nucleotide adducts are resistant to

dephosphorylation (25). After nuclease PI digestion, Spot 2 was
not evident in chromatograms and Spot 1 was much reduced in
intensity relative to chromatograms derived from DNA en
riched in hydrophobic adducts by reverse-phase chromatogra-
phy. This presumably reflects the fact that the precursors of
Spots 1 and 2 are partially or totally susceptible to 3'-dephos

phorylation by nuclease PI. Similar to the results obtained with
the HPLC-enrichment procedures, when DNA was analyzed by
the nuclease P, procedure, chromatograms derived from Buf
falo River fish (Fig. 2, e-h) exhibited a diagonal radioactive
zone which was not evident in aquarium-raised fish (Fig. 2, a-
d).

In preliminary experiments, some DNA samples contained
up to 30% RNA, as judged by chromatography of nucleosides
from the nuclease PI digestion. RNA could be removed by
further alcohol precipitation of the DNA, but not by prolonging
the RNase A treatment. This RNA presumably reflects oligo-
nucleotides which are resistant to RNase A digestion, and tend
to partly coprecipitate with DNA. Neither the intensity nor the
pattern of chromatography spots depended on the RNA content
of DNA samples, so that the spots and zones seen are presumed
to reflect 32P-postlabeling of DNA rather than RNA compo

nents.

* *

Fig. 1. Autoradiograms of chromaiograms derived from fish liver DNA by
HPLC enrichment of adducts followed by 32P-postlabeling analysis, a-d, aquar
ium raised fish; e-h, Buffalo River fish. Spots marked / and 2 in a are common
in DNA from a variety of sources, and may be regarded as background. X-ray
film was exposed for 24 h at room temperature.

For both HPLC-enrichment and nuclease P|-enhancement
procedures, the diagonal radioactive zone generally showed
little internal structure, suggesting the presence of multiple
chemically related adducts. In some chromatograms, however,
there was an indication of areas of increased density within the
diagonal radioactive zone which possibly could represent dis
crete adducts, although this could not consistently be seen in
fish from the same geographical area (Fig. 1,/versus h).

To investigate further the nature of the adducts comprising
the diagonal radioactive zone, adducts from a Buffalo River
fish were fractionated by HPLC. The top left panel of Fig. 3
shows the diagonal radioactive zone created by the unfraction-
ated adducts from the liver DNA of a Buffalo River fish.
Adducts in this sample were eluted from the HPLC column in
one fraction with 70% methanol, in a manner identical to that
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DNA ADDUCTS IN FISH

Ã¨ U

X-RAY EXPOSURE
20*" -70Â°

Fig. 2. Autoradiograms of chromatograms derived from fish liver DNA by
nuclease Pi-mediated enrichment of adducts followed by 32P-postlabeling analysis.
ti-tl. aquarium-raised fish; <â€¢-h. Buffalo River fish. Samples are identical to those
shown in Fig. 1. X-ray film was exposed for 24 h at room temperature.

which was described in "Materials and Methods," and which

was used for samples in Fig. 1. When the sensitivity of the
autoradiographic exposure was increased by exposing the X-
ray film at â€”70Â°Crather than at room temperature, further

adduct spots outside the diagonal zone were visible on the same
chromatogram (Fig. 3, top right). To fractionate the adducts, a
second sample of hydrolyzed DNA was injected onto a reverse-
phase column, and normal nucleotides and adducts were then
eluted with a linear gradient of 5 to 100% methanol in l M
ammonium formate, pH 3.5. Sequential fractions from the
column were then dried individually, labeled with 32P, chro-
matographed on PEI cellulose sheets, and subjected to autora-
diography at both 20Â°Cand -70Â°C (samples marked 20-30%

to 70-80%). No adduct spots were seen in fractions eluted with
5-20% methanol (not shown) and only a few faint spots were
detected after elution with 20-40% methanol. The majority of

70%

70-80%

Fig. 3. Reverse-phase HPLC fractionation of DNA adducts from the liver of
a Buffalo River fish (specimen marked h in Figs. 1 and 2). Samples marked 70%
were analyzed by the normal reverse-phase HPLC-enrichment procedure involv
ing elution of all adducts in one fraction with 70% methanol ("Materials and
Methods"). Duplicate samples were analyzed by a gradient HPLC procedure
("Results") followed by postlabeling of individual fractions from the gradient
(samples marked 20-30% to 70-80%). Two autoradiograms are shown for each
chromatogram: X-ray film was exposed for 24 h at either at 20Â°C,or at â€”70Â°C

to give increased sensitivity for the visualization of faint adduct spots.

the adducts eluted between 40 and 70% methanol, with the 50-
60% methanol fraction containing the highest adduct levels.
Background Spots 1 and 2 eluted mainly in the 60-70% meth-
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DNA ADDUCTS IN FISH

anol fraction. Only faint spots and a diffuse background smear
were present in the 70-80% methanol fraction, and no adducts
were seen in fractions eluting from 80-100% methanol. For
comparative purposes, it may be noted that the (+)-anti-
benzo(a)pyrene diol epoxide-deoxyguanosine adduci Ã©lÃ»tesin
this system, largely in the 40-50% methanol fraction.4

Adduct Quantitation. The diagonal radioactive zone (exclud
ing Spots 1 and 2) from both Buffalo and Detroit Rivers fish
and equivalent areas of the chromatograms from aquarium-
raised fish were cut out from the chromatograms, and adduct
levels associated with this zone were determined as described
in "Materials and Methods." The adduct values calculated

assume either 100% recovery from the HPLC-enrichment
scheme, or 100% resistance to nuclease PI digestion. They thus
represent a minimum estimate of the original levels of adduct
in the DNA.

Fig. 4 demonstrates the adduct levels in 29 fish samples
analyzed by the HPLC procedure. Aquarium-raised fish aver
aged 14.7 Â±9.2 (SD) nmol adduct/mol normal nucleotide (n =
6), while DNA adduct levels in a series of 21 fish from the
Buffalo River averaged 70.1 Â±29.0 nmol adduct/mol normal
nucleotide, and two individual samples from the Detroit River
measured 52 and 56 nmol/mol. Twelve samples (six aquarium
raised and six Buffalo River) were analyzed both by the HPLC-
and nuclease Pi-enrichment procedures. Fig. 5 gives levels of
adducts in the diagonal zone for these samples. Adduct levels
as measured by the two procedures were correlated with each
other, with the nuclease PI-based procedure generally giving
adduct levels approximately 15-20% higher than the HPLC-

based procedure.

DISCUSSION

Using two independent DNA adduct-enrichment procedures
followed by 32P-postlabeling analysis for aromatic carcinogen-

DNA adducts, we have detected a diffuse zone of putative
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Fig. 4. DNA adduct levels in the livers of aquarium-raised, Buffalo River and
Detroit River fish. DNA was analyzed by the HPLC-enrichment procedure, and
adduct levels were determined by scintillation counting of the diagonal radioactive
zone of chromalograms as described in "Materials and Methods." Spots marked

/ and J in Figs. I and 2 were excluded from the quantitation.
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Fig. 5. DNA adduct levels in DNA analyzed by two different adduct enrich
ment procedures. D, aquarium-raised fish; â€¢Buffalo River fish.

carcinogen-DNA adducts in fish from polluted areas which is
not present in fish raised in clean aquaria. The precursors of
this radioactive zone are retained on a reverse-phase chroma-
tography column under conditions in which normal nucleotides
are rapidly eluted, indicating that they are hydrophobic. Their
resistance to nuclease I', digestion under conditions which yield

nearly quantitative dephosphorylation of normal nucleotides is
similar to that of a number of adducts of bulky carcinogens
(25). Finally, with the solvent systems used, their presence on
the chromatograms implies that they contain either an aromatic
moiety (22), or perhaps a bulky lipophilic moiety (25). For the
purposes of the present discussion, it will be assumed that the
diagonal radioactive zone represents pollution-related aromatic
hydrocarbon-DNA adducts. While the sediments and biota of
both the Buffalo and Detroit Rivers are known to be contami
nated with polycyclic aromatic hydrocarbons (8, 14), it cannot
be at present established if this specific class of compounds is
responsible for the adducts seen in wild fish.

Visually, the diagonal radioactive zone found in wild fish was
not present in aquarium-raised fish. However, when scintilla
tion counting was used to estimate levels of radioactivity in the
diagonal zone (or its equivalent position in aquarium fish),
some aquarium fish showed evidence of radioactivity in
amounts higher than the estimated background. This may be
partly due to the presence of faint discrete adduct spots in
aquarium-raised fish, and partly due to difficulties in estimating
the background correction for estimation of adduct levels. Al
though the total levels of adducts reported here are relatively
high (approximately 50-100 nmol adduct/mol normal nucleo
tide), they are distributed over a large area of the chromato
grams and even in chromatograms exhibiting the most intense
diagonal zones, the radioactivity is only approximately 5 times
the background.

Whether adducts were enriched from hydrolyzed DNA using
a single fraction HPLC isolation or selective destruction of
normal nucleotides by nuclease IV chromatograms exhibited a
generally diffused radioactive zone with only suggestions of
internal structure. However, when hydrolyzed DNA was chro-
matographed by reverse-phase gradient HPLC, aromatic ad
ducts from a Buffalo River fish eluted over several chromato-
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DNA ADDUCTS IN FISH

graphic fractions and the chromatograms derived from these
fractions indicated the presence of a number of discrete Chro
matographie spots. It thus seems likely that the relatively diffuse
diagonal radioactive zone is composed of multiple overlapping
adduct spots. The data furthermore suggest that HPLC-based
preseparation of DNA adducts before 32P-postlabeling analysis

may be useful in helping the interpretation or quantitation of
complex Chromatographie patterns.

It is noteworthy that most of the DNA adducts from fish
from polluted areas eluted on reverse-phase HPLC with reten
tion times greater than that of the major benzo(a)pyrene adduct
seen in C3H10T1/! mouse embryo fibroblasts treated in culture
with benzo(a)pyrene.4 The aromatic adducts seen in fish may

thus be generally more hydrophobic than those produced by the
reaction of benzo(a)pyrene with DNA. The possibility, however,
cannot be excluded that hydrophilic aromatic adducts are also
present in the DNA of exposed fish and are eluted earlier than
the benzo(a)pyrene adduct on HPLC, but are not retained on
PEI cellulose during the final Chromatographie analysis of the
samples and are thus not seen.

The detection of carcinogen-DNA adducts in wild fish pop
ulations has a number of implications. Using the 32P-postlabel-
ing assay to detect DNA-carcinogen adducts, carcinogen-related
genetic damage in fish can be measured directly, and does not
have to be inferred either forward from the presence of carcin
ogens in the environment, or backward from the presence of
tumors in fish. Once the persistence of adducts in fish tissues
is clarified by appropriate experiments, adduct analysis could
prove useful for providing information on the past exposure
history of fish populations to carcinogens. Thus adduct analysis
may be very useful in complementing existing methods for
investigating the etiology of tumors in wild fish populations.

Individual chemical carcinogens can lead to characteristic
patterns of DNA adducts (26). The identity of adducts seen in
wild fish to those seen in fish treated with specific chemicals or
effluents can potentially be demonstrated by cochromatography
of adducts on PEI cellulose, using different solvent systems
(27) or by HPLC (this communication). Adduct analysis thus
has considerable potential for providing strong evidence linking
a specific pollutant (or polluter) to potentially deleterious ge
netic damage in fish. This may have implications in the enforce
ment of environmental or fisheries regulations. Finally, the
possibility exists of measuring DNA adducts in historical sam
ples. DNA adducts appear to be reasonably stable when samples
are frozen, and frozen tissue banks of marine animals are
available. It may thus be possible to examine historical trends
in carcinogen contamination of selected areas.
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