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Abstract. Ethoxyresorufin O-deethylase (EROD) activity
was measured in the liver of dab (Limanda limanda) and
flounder (Platichthys flesus) from the German Bight
(southern North Sea) and compared with muscle and liv-
er polychlorinated biphenyl (PCB) concentrations in an
attempt to relate EROD activity to PCB body burden. In
none of the different datasets (species-, tissue- or matrix-
dependent) was a significant (P<0.05) correlation be-
tween PCB tissue contamination and EROD activity
found. Yet EROD activity was significantly correlated
with polycyclic aromatic hydrocarbons (PAH) levels
(phenanthrene, fluoranthene, pyrene) in muscle tissue,
indicating a possible dependence of EROD expression
on other ubiquitous organic contaminants, thus making it
asuitable biomarker for general pollution.
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Introduction

The induction of cytochrome P450 1A enzyme activity
in the liver of fish, also known as mixed-function oxyge-
nase (MFO) activity, is an experimentally well-docu-
mented biochemical reaction of fish to organic contami-
nants such as polynuclear aromatic hydrocarbons
(PAHSs), co-planar polychlorinated biphenyls (PCBs) and
chlorinated dibenzo-dioxins and dibenzofurans (CDD,
CDF) (Addison and Edwards 1988; Stegemann et al.
1988; Galgani et al. 1991). Induction of MFO activity is
commonly determined by measuring the activity of the
ethoxyresorufin O-deethylase (EROD). It has been pro-
posed as one of the parameters to be routinely deter-
mined in the Biological Effects Monitoring Programme
of the North Sea in the framework of the Quality Status
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Report and the Joint Monitoring Programme, with partic-
ular reference as a biomarker for exposure to planar en-
vironmental contaminants (Payne et al. 1987; Goksgyr
and Forlin 1992; Sleiderink and Boon 1995).

Although from field studies circumstantial evidence
of a correlation between PCB tissue concentrations in
fish and EROD activity exists (Addison and Edwards
1988; Sleiderink and Boon 1995), a causal relationship
between the two could not be established. In view of the
considerable seasonal variation of EROD activity in the
liver of fish (Lange et al. 1992; Kriner and Westernha-
gen 1995), we attempted to define whether there exists a
tissue concentration-depending correlation between PCB
contamination and the measured EROD activity in the
two flatfish species dab, Limanda limanda, and flounder,
Platichthys flesus, from different sites in the German
Bight.

Material and methods

Mature male and female dab and flounder were sampled by bot-
tom trawl in the southern North Sea during several cruises (Febru-
ary 1992; March/April 1992; July 1993; February 1994; June
1994; September 1994, 1995; January 1996; October 1996; April
1997; September 1997). Sampling locations and general areas of
collection areindicated in Fig. 1.

Immediately after capture fish were sacrificed by ablow on the
head and livers were excised. Samples were immediately frozen in
cryo tubes in liquid nitrogen for later determination of EROD ac-
tivity and chlorinated hydrocarbon analysis. In addition, muscle
tissue was deep frozen (at —25°C) for the analysis of chlorinated
hydrocarbons and PAHs whenever needed. The preparation of mi-
crosomes from liver tissue was performed according to Andersson
et a. (1985). Theliver (0.5-0.75 g) was homogenised in four vol-
umes of 0.1 M sodium phosphate-buffer including 0.15 M potassi-
um chloride (pH 7.4). Homogenates were centrifuged at 10 000 g
for 20 min and the resulting supernatants were centrifuged at

105 000 g for 60 min. EROD activity was measured as produc-
tion of resorufin per minute, using the fluorometric method ac-
cording to Burke and Mayer (1974). Total and microsomal protein
content were measured according to Lowry et al. (1951).

Chlorinated biphenyls (CB) congeners and other chlorinated
hydrocarbons were analysed by a commercia laboratory employ-
ing gel chromatography (GPC Autoprep 1002 B filled with Bio-
Beads SX-3) and capillary gas chromatography with electron cap-
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Table 1 Median values and quartiles (in brackets) for PCBA60 concentration (ng g1 lipids) in liver and muscle tissue of dab (Limanda
limanda) and flounder (Platichthys flesus) from the southern North Sea. nd: No data

PCBAG0 Liver (lipid) Liver (wet wt.) Muscle (lipid) Muscle (wet wt.)
Dab male 1783 (488) 459 (162) nd nd

Dab female 1871 (42) 240 (1.7) nd nd

Flounder male 9849 (5450) 589 (218) 4750 (456) 37 (5.6)
Flounder female 9371 (2082) 400 (118) 4200 (1433) 42 (14.3)

ture detection (GC-ECD 3Ni) on a Fisons Instruments HRGC
Mega 2 Series on a fused silica capillary fitted with a 60-m DB-5
column. Frozen tissue was homogenised with an Ultra Turrax and
mixed with quartz sand and Na,SO, The organochlorines were
then separated from the tissue powder using a solvent mixture of
cyclohexane/aceton (2:1) for 30 min. Before the preparation of the
final extract a clean-up process employing gel chromatography
was applied.

Results and discussion

In Fig. 2 EROD activity in male and femae dab and
flounder from the southern North Sea is presented. As
demonstrated already in a previous investigation by
Kriner and Westernhagen (1995) the expression of
EROD activity in dab was strongly dependent on the
season, with highest values between April and July and
low EROD activity from September to February/March.
During sexual maturation in dab, differences between
sexes were significant in February and April, with higher
EROD activity measured in males. In July and Septem-
ber, there were no differences in the expression of EROD
activity between sexes. These findings correspond to

those of Arukwe and Goksgyr (1997),Sleiderink et al.
(1995a), and Forlin and Haux (1990) in dab, and Ed-
wards et a. (1988) in winter flounder (Pseudopleuronec-
tes americanus), although Lange et al. (1992) did not
find significant sex-dependent differences in EROD ac-
tivity in North Sea dab, probably due to small sample
size. For flounder, no significant differences between
seasons or the sex of the fish were noticeable. Highest
mean values were measured for both sexesin April (0.51
male; 0.41 female). Differences were small and not
significant. The apparent lack of a seasona dependence
in the expression of EROD activity in flounder has
aready been mentioned by Eggens et al. (1995) for
flounder from the Dutch Wadden Sea.

Since in most analyses, concentrations of the EROD-
inducing co-planar congeners CB77, CB126 and CB169
were below detection limits, PCB was calculated as
PCBAG0 [(CB138+CB153+CB180)/0.3] to give an indi-
rect indication of the amount of inducing-PCB present in
the animals. A similar approach has been practised by
Sleiderink et a. (1995a) who used the sum of 7 CBsas a
reference for contaminant with regard to EROD activity.
Residue concentrations for PCBAG0 ranged from below
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Fig. 2 Seasonal differences in hepatic EROD activity (nmol min-=2
mg prot1) in dab (Limanda limanda), and flounder (Platichthys
flesus) from the southern North Sea. a dab; b flounder; n dab-
lowest (44) and highest (148); n flounder-lowest (30) and highest
(59) number of specimensin the respective groups analysed. Black
columns. male; white columns: female

100 to above 120000 ng g1 soluble lipidsin liver and up
to 180000 ng g1 when based on muscle fat. On a wet
weight basis, PCBAG0 tissue concentrations ranged from
10 to about 2300 ng g1. Levels of PCB in dab were sim-
ilar to those reported by Bulther (1988) for this speciesin
the southern North Sea, but up to two orders of magni-
tude higher than reported by Sleiderink and Boon (1995)
and Sleiderink et al. (1995b) for the same area. Lipid-
based liver burden of PCBAGO in flounder at times was
up to one order of magnitude higher than in dab (Fig. 3),
reflecting the differences in liver fat of the two species
(flounder: mean 3.6%; dab: mean 24.5%), but was in a
similar range for both species when body burden was
considered on a wet weight basis (see Table 1 for medi-
ans and quartiles of PCBAG0 content in both species).
EROD activity in flounder was rather low throughout,
rarely exceeding 1.0 nmol-! min-t mg-! protein, while
EROD induction in dab was generally much higher, 50%
of the measured values exceeding 1.0 nmol min mg1

protein with maximum values above 4.0 nmol min-
mg-! protein in dab. In fact, results of Besselink et al.
(1996) indicate that flounder is not sensitive to PCB ex-
posure. There were no significant differences in tissue
contamination between either sex of both species (see
Fig. 4 for dab).

EROD activity was not correlated with PCB content
in either species or sex, irrespective of the basis used for
the calculation of PCBAGO, lipids or wet weight. This
picture did not change when only data for dab from the
season with maximum EROD expression (April-July)
were considered (Fig. 4). In the latter dataset the correla-
tion between PCBA60 and EROD activity was low
(r=0.205), and this situation prevailed when individual
CBs such as CB153 were considered, as has also been
practised by Sleiderink et al. (1995a).

The above-mentioned findings are in contrast to the
general understanding that organochlorine compounds
like planar PCBs, are potent inducers of EROD activity
(Goksgyr and Husgy 1998), and results obtained by
other authors comparing PCB residues in fish liver with
EROD activity (Jargensen et al. 1999). Addison and
Edwards (1988), for instance, noted that in flounder
from a Norwegian Fjord EROD activity was signifi-
cantly positively correlated with total PCBs, also
Sleiderink and Boon (1995) and Sleiderink et al.
(19954) investigated the response of North Sea dab to-
wards environmental chemicals and showed that mus-
cle tissue PCB of North Sea dab (either as total PCBs
or as CB153) was well correlated with EROD. Howev-
er, when the highly polluted coastal stations were omit-
ted from the statistical analysis of their data, no signifi-
cant correlations between chemical body burden and
biochemical (EROD) parameters were observed, indi-
cating that an observed correlation may not have been
the result of a causal relationship. Similarly, in caging
experiments with flounder and cod (Gadus morhua) ex-
posed to polluted sediments, hepatic CY P1A induction
was not correlated with PCB tissue levels (Goksgyr et
al. 1989), which may also be an indication that there
are species-specific differences in the CYP1A system
towards PCBs.

Thus, the situation regarding the role of PCB as
EROD inducers in the environment remains somewhat
contradictory, and the question remains: why is PCB or
some congeners some times well correlated with EROD
activity and sometimes not? One of the reasons for this
apparent inconsistency in the induction of EROD activ-
ity may be a species-dependent expression of EROD
activity on the basis of different distribution patterns in
the respective fish species, as has been demonstrated
experimentally by Bernhoft et al. (1994) for rainbow
trout and cod, cod having a lower potential for induc-
tion of the hepatic xenobiotic system than trout. A sim-
ilar difference may prevail in dab and flounder, ex-
plaining observed differences in EROD expression at
comparable PCB contamination levels (see Fig. 3),
since, after i.p. injection of flounder with Clophen A50,
Besselink et al. (1996) stated that, for instance, floun-
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der is not a species sensitive to PCB exposure, which is
consistent with the findings of Eggens et al. (1996).
However, also dab may not be induced consistently
well by PCBs and may need relatively high concentra-
tions, as suggested when looking at the levels of
PCBAG0 able to induce EROD activity in Figs. 3 and 4.
It can be seen that above a PCBAG0 concentration of
about 1000 ng g7 lipids, EROD activity is above
1.5 nmol min-Img- protein, which is considered a
strong induction, following the suggestions of Kriner

et a. (1996), who consider EROD activities above 0.8
nmol min-1 mg-1 protein indicative of a strong pollution
influence.

Another factor to be considered may be temperature.
A strong influence of temperature on EROD activity has
been shown to exist, athough the temperature effect
does not necessarily show a causal relationship but is
rather coincidental with the state of maturity the fish
have reached (see also Lange et al. 1998). Kriner and
Westernhagen (1995) showed experimentally that turbot
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Fig. 5 EROD activity (nmol min-1 mg-! protein) in dab (Limanda
limanda) in relation to the tri- and polyaromatic compounds
phenanthren (e ), fluoranthen (0) and pyren (O) in muscle tissue
(ng kg1 fresh wt)

(Scophthalmus maximus) displayed higher EROD activi-
ty with increasing temperatures, while Lange et al.
(1992) claimed higher EROD activity at lower tempera-
tures in dab, and Sleiderink et a. (1995b) even stated
that in their investigations of EROD in North Sea dab
the effect of water temperature was dominant over the
effect of PCB contamination; EROD activity being high-
er at low temperatures. Thus, differences in water tem-
perature between sampling stations may have obscured
effects of PCB contamination on EROD activity or an
existing reaction may even have been suppressed by
chemicals such as tributyltin (TBT) (Fent and Stegeman
1993; Morcillo and Porte 1997) or tetrachlorobiphenyl
(TCB), as found out by Monosson and Stegemann
(1991) in winter flounder (Pseudopleuronectes america-
nus).

After al, from the different chlorinated biphenyls on-
ly CB77 and CB126 are EROD inducers and they occur
only in very low concentrations, giving reason to assume
that their effect may not always be satisfactorily ex-
pressed. From previous investigations (Kriner et al.
1996) on the expression of EROD activity in dab and the
occurrence of various pollutants, we know that there are
anumber of substances that co-occur with dominant pol-
lution-indicating tracers (such as PCBs), thus giving the
impression that they themselves are the causes of partic-
ular events. This was, for instance, demonstrated in the
induction of EROD activity in feral eel (Anguilla anguil-
la) by PCB and a number of non-inducing co-occurring
chlorinated hydrocarbons such as DDT and others (Oost
et a. 1997).

In this respect it should be noted that particularly
PAHs are considered to indicate pollution, resulting from
various kinds of industrial and anthropogenic activities,
and given that they have been proven experimentally and

in the field to be potent EROD inducers (Addison and
Payne 1986; Van Veld et al. 1990; Goksgyr and Forlin
1992; Stagg et al. 1995) we have analysed the PAHs in
muscle of flounder in the course of this study. The rela-
tionship between three major PAHs (phenanthrene, flu-
oranthene, pyrene) and EROD activity is shown in
Fig. 5. A significant concentration-dependent correlation
between EROD activity and concentrations of these tri-
and polycyclic substances was found, indicating that in
the southern North Sea possibly substances other than
PCB may be the main inducers of EROD activity in fish.
This statement is also supported by Sleiderink et al.
(1993) and by the results of experiments conducted by
Livingstone et al. (1993) to induce EROD activity in
dab. Their results indicate a significant EROD activity
induction of PCB aways in conjunction with the simul-
taneous occurrence of considerable PAH concentrations.
The effectiveness of PAH metabolites of the phenan-
threne-type to induce EROD activity has also been con-
firmed by Miller et a. (1999) through the use of quanti-
tative RT-PCR measurements in the Antarctic fish Tre-
matomus bernacchii.

Thus, in conclusion we may summarise that
expression of EROD activity in dab is about 4 times
that recorded in flounder. While PCB is not a good
EROD inducer in dab and even less so in flounder,
PAHSs are. In dab a pronounced seasonal fluctuation of
the EROD activity together with a sex dependent
expression during the reproductive period has to be
taken into consideration when employing this
biomarker for environmental quality assessment. In
flounder seasonal differences are less pronounced and
there are no significant differences between male and
female individuals. Due to relative low response and
variabiliy of EROD activity in flounder, its usefulness
for environmental impact assessment remains limited in
this species. Yet results obtained by Broeg et al. (this
issue) using EROD activity in flounder were in good
agreement with the other biomarkers used during the
study.
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