
REVIEW

DNA adducts in marine and
freshwater fish as biomarkers of
environmental contamination
Wolfgang Pfau

The analysis of DNA modifications in aquatic animals may serve
as a sensitive marker of exposure to genotoxic contaminants.
This is of importance in assessing water quality regarding
pollution with genotoxic compounds, food safety analysing
edible aquatic animals and in terms of ecotoxicology. Covalent
modification of DNA is considered a crucial event in chemical
carcinogenesis and thus may be considered a biomarker of an
early genotoxic effect. Measuring DNA adducts is unique in that
these lesions may be considered a biomarker of both exposure
and effect. A number of studies have described the analysis of
the DNA isolated from the liver of both freshwater and marine
fish. Considerable levels of DNA adducts have been observed in
some animals from contaminated lakes or rivers. Low levels
were observed in DNA from the liver of marine fish. The
background levels of DNA adducts have to be determined in
animals from appropriate uncontaminated control sites that are
matched for species, gender, age and season of the year. It is
of crucial importance to consider the species analysed since
there have been reports of the non-responsiveness of some
species.

Keywords: DNA adducts, 32P-postlabelling, fish, environmental
toxicology.

Introduction
T h e occu rrence of  tum origenic  lesions in  f ish  has  been

emp lo yed  as  a  biom ar ker for  the assessment of  water  pollut ion

(Mix 1986,  Mal ins et  al. 1988). However,  th is bio log ica l

e nd p o in t  ha s p roved to be a  rather  cru de  pa ra m eter,  detect ing

on ly v ery  heavy contam ination o f  the enviro n m e n t w i th

c arc inogenic pollutants ( deRaat  et  al. 1990). Furt h e rm o re ,  t he

detection of  neoplast ic diseases  in  f ish  is a  late  biom ar ker of

eff ect  wh ich provides no inform atio n on  t he con tam in ant s th at

led  to  this bio logical  resp o n se .

DNA adducts
Covalen t  m odifica tions of  cel lular  DNA  (DN A adduc ts)  are

general ly  regard ed as in i t ia t ing lesi ons in  chem ically- ind uced

neoplasms (Kr iek et al. 1984) .  Quanti tat ive re lat ion ships ha ve

been estab lished  betw een do se ,  D NA  add uct  level  and

biological  endpoints in  a  num ber of  mutagenesis  tes ts,

t ransform ation assays a nd anim al carcinogenici ty  tests  in  v i tro

a n d  in  v ivo in  roden ts  (A utrup 1991).  T he determ inat ion of

DN A  ad du cts  in  ex per im en tal  anim al s and  h um an s exp osed to

genotoxic  com pounds is a useful  too l  in  can cer  resea rc h.  A

num ber  of  experim ental  s tudies w ith laboratory  f ish  (see

below)  have led to  the assum ptio n that  these results  ca n b e

transf erred from  mam malian sp ec ies to  te leosts:  m ost  of  the

chem icals  c lassi f ied as  carc in ogens re q u ire  m etabolic

act ivat ion in  order  to  exert  thei r bio logical effec t.  This

act iv at ion  is m ediated by  cytochrom e P450 ox id ases or

p ro staglandin sy nthetases (p hase  I)  an d m ay  req u i re furt h e r

ac tivation by con jugat ing enzymes (phase  II) . T he act ive

m etaboli tes  are  elect ro phil ic ,  and wil l  react  with cel lular  DN A

to form  covalent  adducts.  Gu anine is  gen er al ly  the m ajor  target

for  the binding of  a lky lat ing or  bulky polycyc lic  aro m a ti c

ag en ts to  D NA. I t  has  been  dem onst rated that  f ish  have the

enzym at ic  capabil i ty  to  perform  th ese  m etabol ic

transform ations (reviewed by S tegem an 199 3).  T he induction

of hepatic enzym es as a  resu lt  of  environ m ental  p ol lut ion  o r

exp erim ental  do sin g with  PAH , po lychlo rinated  bip heny ls or

dioxines has been applied as a useful  b io mark er  in  fre sh w a te r

an d m ar in e o rganisms including f ish  (Goksoyr and Förl in

1992,  Col lier  et  al. 1995) .

In  experimental  studies (Varanasi  et  al.  1986,  1989a , Ste in  e t

a l. 19 93) i t  has been shown that  adducts form e d  b y

benzo [a ]py rene in  the liver  DNA of f ish  accumulate  over  t ime.

T h erefore  DN A adducts appear to  be especia l ly  su ited for  the

d et e rm in ation of  ch ron ic ex p osu re to  gen otoxic com pounds.  I t

has b een  sho wn that  cov alent  DNA  m odificat ions are

persis tent  for  longer per iods of  t ime (up to  several  m onths) ,

sim ilar  to  or  even  longer than D NA ad ducts in  m amm alian

tissues (Varan asi  et  al.  1989a).  Although sever al  studies have

a d d ressed the repair  of  DNA adducts in  f ish (Sikka et  al. 1990 ,

K u re lec et  al. 1991) , the recent  insigh ts i nto th e m echanisms of

DNA repair  in  m amm alian ce l ls  have not  as  yet  been

investigated in  de tai l (Bohr 1995).

METHODS
The detection and quantitation of DNA adducts present a challenging analytical

problem. Since these lesions are formed at very low levels the sensitivity of an

assay must be very high. Several new methods have been developed to detect

carcinogen± DNA adducts in mammalian (including human) tissues and blood cells

(Table 1), including immunochemical, biochemical and physical techniques

(Phillips 1989). Experimental studies often make use of radioactively labelled

compounds which are applied to the animals (Sikka et al. 1991, Zhang et al.

1992) (Table 2). However in field studies this approach is not feasible. The

immunological methods use antibodies raised against specific DNA adducts,

thus the chemical structure of the DNA adduct to be analysed has to be known

(Nakatsuru et al. 1990, Poirier 1993, Pfohl-Leszkowicz et al. 1996). Typically,

antibodies are raised against DNA modified with benzo[a]pyrene diol epoxide. It

has been shown that these antibodies cross-react with similar DNA adducts

formed by other PAH diol epoxides, data derived from these immunochemical

assays are considered to reflect the total of PAH± DNA adducts (Poirier 1993). In

order to increase the specificity and sensitivity of the biochemical and the

physical methods they have been combined with an immunoaffinity purification

step (Autrup 1991).
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The fluorescence-based techniques rely heavily on the intrinsic fluorescence

properties of the carcinogen. Thus, synchronous fluorescence scanning or HPLC

analysis with fluorescence detection have been restricted to the analysis of

benzo[a]pyrene or aflatoxin-derived adducts (Shugart et al. 1987, Phillips 1989,

Wang and O’Laughlin 1992). Analysis of DNA adducts by GC/MS techniques has the

advantages of a relatively high sensitivity with additional structural information on the

carcinogen. It has been shown that PAH-modified DNA quantitatively releases the

tetrol moieties following acid hydrolysis. Polycyclic aromatic amines bound to DNA

are released by mild alkaline hydrolysis (Friesen et al. 1996). The necessary

derivatization techniques have been developed and GC/MS analysis has been

applied in experimental studies with rodents or in human biomonitoring experiments

(Talaska et al. 1992, Friesen et al. 1996). The application of these very recent

developments to studies on DNA adducts in fish appears to be very promising.

32P-Postlabelling
The most extensively applied method in the study of DNA adducts is the 32P-

postlabelling assay developed by Randerath and coworkers (Randerath et al.

1981). The advantages of this method are the versatility with regard to adduct

structure, the extremely low limit of detection, the applicability to DNA adducts of

unknown structure and the relatively low cost of the assay.

DNA adducts of the ̀ bulky’ types formed by carcinogens containing a multi-ring

aromatic moiety are most easily detected, but adducts formed by other groups of

compounds can be analysed by modifications of the chromatographic conditions

(Phillips 1989). Briefly this method consists of DNA isolation from the tissue and

enzymatic hydrolysis of DNA to 3Â -phospho-nucleotides. These monophosphates

are then enzymatically labelled with radioactive [32P]-phosphate at the 5Â -position

using polynucleotide kinase and [g -32P]-ATP. This step is often preceded by an
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Method Sensitivitya Cost Comments Reference

3H-label/HPLC 10
High

Labelled carcinogens required, Phillips 1989, Varanasi et al. 1986
14C-label/HPLC 100 not suitable for biomonitoring feral fish Sikka et al. 1991

HPLC/fluorescence 100 Low Applicable only to fluorescent compounds Shugart et al. 1987

GC/MS 10 High Derivatization required Talaska et al. 1992, Friesen et al. 1996

Immunoassay 1 Low Structure of adduct must be known and antibody Poirier 1993

available
32P-Postlabelling 0.1 Low Preferably bulky, aromatic adducts Randerath et al. 1981, Phillips 1989

Table 1. Methods for DNA adduct analysis that have been applied to the study of DNA adduct formation in marine or freshwater fish.

a Approximative sensitivity in adducts per 108 nucleotides.

Species Carcinogena Methodb Resultc Reference

English sole Parophrys vetulus BaP 3H-label Species-dependent adduct levels Varanasi et al. 1986

Starry flounder Platichthys stellatus

English sole Parophrys vetulus Sediment extract PL/Butex Diagonal zone Varanasi et al. 1989b

English sole Parophrys vetulus BaP PL BPDE-dG Varanasi et al. 1989a

Rainbow trout Oncorhynchus mykiss AFB 3H and ELISA Species-dependent adduct levels Nakatsuru et al. 1990

Coho salmon Oncorhynchus kisutch

Southern flounder Paralychthys lethostigma BaP and metabolites 3H-label James et al. 1991

Brown bullhead Ictalurus nebulosus BaP and metabolites 14C-label BPDE-dG, persistence of adducts Sikka et al. 1991

Carp Cyprinus carpio BaP PL, Butex BPDE-dG Kurelec et al. 1991

Carp Cyprinus carpio Diesel-2 oil slick PL Persistence and repair of adducts Kurelec et al. 1992

English sole Parophrys vetulus BaP 3H-label BPDE-dG Nishimoto et al. 1992

English sole Parophrys vetulus BaP, DBC PL/P1 Cumulative adduct formation, Stein et al. 1993

persistence

Rainbow trout Oncorhynchus mykiss AFB 3H-label Temperature dependent adduct levels Zhang et al. 1992

Rainbow trout Oncorhynchus mykiss BaP PL Adduct levels dependent on route of Potter et al. 1994

administration

Killifish Fundulus grandis BaP PL/P1 Willet et al. 1995

Fundulus similis

Rainbow trout Oncorhynchus mykiss Effluent discharges PL/Butex DNA adducts in gill and liver Sagelsdorff 1995

(aquarium control)

Table 2. Experimental studies on DNA adduct formation in aquarium fish.

a Fish were treated with carcinogenic compounds (BaP: benzo[a]pyrene, AFB: aflatoxin B1, DBC: dibenzocarbazole) or complex mixtures.

b Methods employed for DNA adduct analysis were PL: 32P-postlabelling with enhancement procedures butanol extraction (Butex, Gupta 1985) or nuclease P1

enhancement (P1, Reddy and Randerath 1986); or 3H or 14C-labelled compounds were administered and radioactivity bound to hepatic DNA was determined.

c Specific results of the study, i.e. identification of the major DNA adduct formed by BaP, the adduct that is formed by direct reaction of r-7,t-8-dihydroxy-t-9,10-oxy-

7,8,9,10-tetrahydrobenzo[a]pyrene with deoxyguanosine (BPDE-dG) or dependance of adduct formation on species, water temperature, route of administration or

organ examined.
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enrichment of the modified nucleotides, extracting these into n-butanol in the

presence of a phase-transfer agent, HPLC fractionation or differential hydrolysis of

non-modified nucleotides with nuclease P1 (Gupta 1985, Reddy and Randerath

1986, Dunn et al. 1987). Following the labelling reaction the labelled material is

separated by chromatographic methods. Conventionally, this is done by

multidirectional thin layer chromatography on ion exchange polyethylene imide

cellulose plates that yield patterns of spots or areas of radioactivity upon

autoradiography (Randerath et al. 1981, Phillips 1989). The quantitation is

achieved by Cerencov counting of the excised spots or more conveniently with a

phospho-imager or similar apparatus. Alternatively, reversed-phase HPLC

methods have been developed that allow on-line detection and quantitation of DNA

adducts with improved chromatographic resolution of labelled adducts (Pfau and

Phillips 1991, Zeisig and Möller 1995). Some problems exist with the

interlaboratory reproducibility of these 32P-postlabelling DNA adduct analyses.

While in several trials the qualitative reproducibility was satisfactory, the

quantitative results differed considerably between laboratories. Efforts to

standardize the existing protocols are under way (Phillips and Castegnaro 1993).

The high sensitivity of the 32P-postlabelling assay is also its weakness. Many

different spots or diffuse areas of radioactivity are observed in this assay but the

structure of these and the biological consequences remain unknown. To date it

has been impossible to identify most of the 32P-labelled adducts since none of the

spectroscopic methods available reaches into these femtomole levels of

sensitivity.

Species
Experimental studies have established differences of hepatic DNA adduct

formation, e.g. between two species of salmonid fish, rainbow trout and coho

salmon, upon treatment with aflatoxin B1 (Nakatsuru et al. 1990). The studies

published so far on DNA adducts in feral fish have been pilot studies with the aim

of establishing the suitability of this biomarker in a number of different species

(Tables 3 and 4).

Fish species with a small migration tendency and a high abundance in the

investigated aquatic environment are considered most suitable (Jedamski-Grymlas

et al. 1994). It has been suggested that benthic species living close to the

sediment and feeding on the sediment or invertebrates living therein are ideal for

monitoring the contamination of the sediment. A correlation between adduct

DNA adducts in fish 147

Correlation of DNA

Adduct levelsb adduct levels with

Species Location Methoda RAL (108) contaminationc Reference

Brown bullhead Ictalurus nebulosus Buffalo River Great Lake estuaries P1 7.0 + Dunn et al. 1987

Detroit River HPLC 5.4

(aquarium control)d (1.5)d

Chub Leuciscus cephalus Sava River New Zagreb, Croatia Butex 0.5 ± Kurelec et al. 1989a

Barbel Barbus barbus Karlovac, Croatia 1.9

Bream Abramis brama 7.5

Carp Cyprinus carpio (Korana River)d (0.5)d

Brown bullhead Ictalurus nebulosus Cuyahoga River Ohio 56.6 + Dunn et al. 1990

Black River Ohio 42.2

Hamilton Harbour Lake Ontario 21.7

Bay of Quinte Lake Ontario 7.9

(Lake Haddie)d (6.6)d

Oyster toadfish Opsanus tau Elizabeth River Virginia 4.7± 14.1 + Collier et al. 1993

(Chesapeake)d (0.5)d

Bream Abramis brama River Elbe Several stations, Butex 21.9± 45.7 + Pfau et al. 1994

(Lake Belau)d Germany (0.5)d

Roach Rutilus rutilus Nieuwe Meer Lake Amsterdam P1 2.9 ± van der Oost et al. 1994a

(Gasperplan Lake)d (2.8)d

Eel Anguilla anguilla Amerika Harbour Amsterdam, P1 34.3 + van Schooten et al. 1995, 

van der

Volgermeerpolder The Netherlands 23.2 Oost et al. 1994b

(Diemerzeedijl)d (4.7)d

White sucker Catostomus St Lawrence River Montreal Canada 12.9 + El Adlouni et al. 1995

commersoni (St Francois River)d Windsor, Canada (5.7)d

Table 3. Field studies on DNA adducts in various species of freshwater fish from a number of contaminated rivers or lakes. DNA adduct levels are compared with

fish of the same species from local reference sites. Studies were performed on DNA from fish liver employing the 32P-postlabelling assay with different enrichment

procedures.

a Variations of the 32P-postlabelling assay: Butex: butanol extraction (Gupta 1985), P1: nuclease P1 enrichment (Reddy and Randerath 1986), HPLC: fractionation of

adducts by reversed-phase HPLC (Dunn et al. 1987).

b RAL = relative adduct labelling of DNA modifications detectable by 32P-postlabelling expressed as DNA adducts per 108 nucleotides (interval or mean levels from

several animals per station).

c A significantly elevated level of DNA adducts was observed (+) or was not observed (± ) in the livers of fish from a contaminated environment compared with the

reference site.

d Reference sites and DNA adduct background levels observed in animals from these sites in parenthesis.
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formation in fish liver DNA and sedimental contamination has been shown for

toadfish (Collier et al. 1993) and eel (van der Oost et al. 1994b). Aromatic

contaminants of high molecular weight tend to bind to the sediment and DNA

adducts formed by these polycyclic compounds are most easily detected by 32P-

postlabelling analysis of liver DNA. However, studies of rainbow trout exposed to

industrial effluents have shown that they develop DNA adducts both in the liver

and to a considerable extent in the gill (Sagelsdorff 1995). The variation of DNA

adduct levels depending on the route of administration (feed, water or

intraperitoneal injection) has also been shown in experimental studies (Varanasi et

al. 1986, Potter et al. 1994).

Endogenous adducts
In order to obtain meaningful results with any biomarker the selection of an

appropriate reference site is crucial. While aquarium-raised fish appear to be 

ideal with respect to minimized pollution, the financial effort is high and the

artificial situation may be misleading. Chemical analysis of the water and/or

sediment from the reference site would be required but in a number of studies

DNA adduct levels in fish liver DNA have been reported and assessed against

another biomarker. It has been pointed out that 32P-postlabelling analysis may

detect considerable levels of DNA adducts unrelated to anthropogenic water

pollution (Kurelec et al. 1989a, Ray et al. 1995). The nature of these adducts is

not clear and they might be due to natural genotoxic components in the diet or be

of endogenous origin. Endogenously-formed DNA modifications have also been

detected in laboratory mammals (Randerath et al. 1986, Nath et al. 1996) and are

apparently dependent on diet, age and, in the case of wildliving fish, are season

dependent. Although described for a number of fish species as being

considerable the levels reported by Kurelec et al. (1989b) are relatively low

compared with other studies (Table 4). Furthermore, in this study of DNA adduct

formation in the Mediterranean sea, the contamination status of the polluted site

was not based on chemical analyses.

However, fish from polluted and reference sites should be matched for species,

gender, age and caught at the same time of the year. Determination of age should

be done by scale analysis since size or body weight of animals may be reduced in

heavily polluted areas.

The age of the animals appears to be of crucial importance: in experimental

studies Varanasi et al. (1989) showed that in juvenile English sole higher adduct

levels were induced compared with adult animals. The accumulation of adducts

has been mentioned above, thus animals living in a contaminated environment for

years show higher levels of covalent DNA modification.

Identification of DNA adducts
W h e reas  in  laboratory  exp erime nts  th e ex po su re  to  a  defined

chemical  leads to  a typical  pat tern  of  covalent  m odificat ion the

e x p o su re  of  w ild an im als typical ly  occurs to  comp lex

m ix tu res.  T he 3 2P -post labell ing analysis  is espec ially  su ited for

the high num ber of  DNA  adducts  result ing from  th ese

e x p o su res , resu lt ing in  a  typical  diagonal zone of  radioac tiv i ty

upon ion-exchange T L C analysis (Figure  1) .  E ven  with a  few

d i sc re te  addu ct  spots  detectable ,  on ly  a  sm all  amo unt of

inform ation  can b e gained  with  regard  to  the chem ical

st ru c tu re  of  the addu cts m easu red .  App lying d iffere n t

variation s of  the assay employing a n uclease  P1  hydro lysis

(Reddy and Rand er ath 1986) o r  enrichm en t of  hydro p h o b ic

adducts prior  to  the labell ing (butanol  extr ac t ion (Gupta 1985,

Gupta  and E ar ley 1988) or  chrom atographic tech niqu es (D un n

et  al. 1987) give  some inform at ion  ab out  th e n ature  o f  addu cts.

T he  nu clease P1  en ric hm ent  pro ce d u re is  gener al ly  considere d

to enh ance DN A add ucts derived from  polycyclic  aro m a ti c

h y d rocarbons or  their  activated metaboli tes , the diol  epoxides,

espec ially  in  the  case of  benzo[a ]py ren e,  th e  m o d el  c om po u nd

W. Pfau148

Correlation of DNA

Adduct levelsb adduct levels with

Species Location Methoda RAL (108) contaminationc Reference

English sole Parophrys vetulus Duwamish Waterway Seattle, Washington Butex 2.6 + Varanasi et al. 1989b

Eagle Harbor 1.7

(Useless Bay)d (< 0.03)d

Winter flounder Pseudopleuronectes Boston Harbor Boston, MA Butex 0.9 + Varanasi et al. 1989b

americanus

Mugil Mugil auratus Mediterranean Croatian coast P1/Butex 0.9 ± Kurelec et al. 1989b

English sole Parophrys vetulus North Sea and Irish Sea ± + Poginsky et al. 1990

Dab Limanda limanda

Winter flounder Pseudopleuronectes Long Island Sound Norwalk, New Haven ± ± + Gronlund et al. 1991

americanus Niantic, Connecticut

English sole Parophrys vetulus Pudget Sound: Seattle, Washington 14± 18 + Stein et al. 1992

Rock sole Lepidopsetta bilineata Duwamish waterway

Starry flounder Platichthys stellatus (Polnell point)d (2.0± 6.7)d

Dab Limanda limanda North Sea Several stations in the Butex No adducts ± Chipman et al. 1992

German Bight

Dab Limanda limanda North Sea Several stations in the P1 0.1± 8.4 + Poginsky et al. 1990

German Bight

Red mullet Mullus barbatus Mediterranean Several sites: Spanish, P1/Butex Up to 5 + Pfohl-Leszkowicz et al.

French, Italian Coast ELISA (PAH) 1996

Hardhead sea catfish Arius felis Gulf of Mexico Galveston, Texas ± ± McDonald et al. 1996

Table 4. Field studies on DNA adducts in marine fish. Hepatic DNA adduct levels were determined using variations of the 32P-postlabelling assay or immunochemical analysis (ELISA)

employing antibodies generated against DNA adducts of benzo[a]pyrene diol epoxide. See legend to Table 3.

B
io

m
ar

ke
rs

 D
ow

nl
oa

de
d 

fr
om

 in
fo

rm
ah

ea
lth

ca
re

.c
om

 b
y 

C
ha

ng
hu

a 
C

hr
is

tia
n 

H
os

pi
ta

l o
n 

11
/1

8/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



of this  class of  chemica l  carcin ogens.  Ho wever,  D NA adducts

der iv ed  from  other  c lasses of  genotoxic chem ica ls such as

u nsatur ated  aldeh yd es,  q uino id s tru c t u res,  po lyhalogenated or

h e te rocy clic  co m pou nds f rom  bo th natu r al  an d ind ustr ia l

or ig in  have been sh own to be easi ly  detectable  by th is

e n r ic hm en t  p ro c e d u re  (Reddy and  Randerath 1986, G upta and

E ar ly 1988 , Reddy et  al. 1990) .

Recen t developments using high reso lution chrom atographic

tech niqu es (Pfau  and  Phillip s 1991 , Zeisig and Möller 1995 ) will

im p rove the accu racy of identif icatio n of DNA addu cts from field

stud ies by means of  chromatographic com parison with synthet ic

stan dard  adducts. Using  low reso lu tion  ion-exchange

c h romatography, adducts dete cted  in  f ish liver  DNA hav e been

assig ned  to  the major  adduct formed  by  benzo [a ]pyrene diol

epoxide  (van  Schooten  et al. 1995, Pfohl-L eszko wicz et al. 1996).

T he d evelo pm ent  of  d edicated  p rotocols  for  mass

sp ec trom etric  analys is  of  DNA adducts  a t  a very  h igh

sensi t ivi ty  wil l  further  this f ield  in  the near  future . I t  wil l  thus

be po ss ible  to  measure  i ndivid ual  addu cts  an d to  iden tify

adducts detected  in  feral  f ish,  thus al low in g re t rosp ecti ve

characterizat ion  of  the contam inant  and p oss ibly the pollu ter

re spo nsib le .

Conclusions
I t has been  shown both in  the laboratory  and in  f ie ld  stud ies  that

the analysis of DNA adducts is a promising  marker  of  exposu re

of fish  to cert ain  geno toxic  pollutants and com plex mixtures.

With the excep tion of a few studies, there has genera lly  been  a

corre la tion between po llu t ion  status and  DNA adduct levels  in

bo th  freshwater  and  m ar ine  f ish .  Adduct levels observ e d in

hep ati c DNA from fish  caught in polluted  r ivers were  higher (up

to  56.6 adducts per  108 nucleo tides)  than  those from  marine f ish

(up to  18 adducts per  108 nucleotides) .  Compared  w ith th e

de term ination of  neop lasia in f ish  the  ear lier  endpoints of  DNA

damage app ear to  be far  more sensit ive both in te rm s of

p rogress ion  of  the disease and of  contam inat ion levels.  Other

endpoin ts of  genotoxici ty  have been put  forw a rd ,  such as the

de term ination of  micronuclei or  DNA st rand breaks (Shugart  e t

al. 1992).  T he  latt er  has been  shown to be con founded by  facto rs

such  as water  oxygen levels (L iepelt et al. 1995). Furth e rm o re ,

the se biomarkers of  genot ox ic effect  lack  the inform at ion  about

the  contam inant that  is  ob tained with D NA adduct  studies. Wi th

the applica tion of  sophist icated  methodology DNA adduc t

de term ination  in  feral  f ish  se rves as a  biom arker of  both

ex po sure to gen otox ican ts and a marker  of a very ear ly genotox ic

effec t in  the env iro nm en t.
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