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Abstract

The aim of this study was to characterise biomarker responses in three-spined sticklebacks exposed to copper. For this purpose, adult
sticklebacks were exposed for 3 weeks to copper sulphate at 0, 25, 100 and 200�g L−1 as Cu. At days 4, 8, 12 and 21, several parameters were
measured including liver, gonad and spleen somatic indexes, hepatic biomarkers (catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase (GPx), glutathione (GSH), glutathione-S-transferase (GST) and 7-ethoxyresorufin-O-deethylase (EROD)) and hepatic copper and
zinc concentrations. Copper induced a rapid and transient increase of antioxidant enzymes and a depletion of glutathione content during the
first 8 days of exposure. Significant copper and zinc accumulation in fish liver were observed for the two higher exposure concentrations after
8 and 12 days, respectively. This study showed that copper induced an oxidative stress in fish liver before significant metal accumulation in the
liver could be detected, suggesting the involvement of differential mechanisms in copper uptake and metabolism. Three-spined stickleback
appears to be a sensitive model to study oxidative stress induced by metals.
© 2004 Elsevier B.V. All rights reserved.

Keywords:Bioaccumulation; Biomarkers; Copper; Liver; Oxidative stress; Three-spined stickleback

1. Introduction

Mining activity, domestic waste emission or application
of fertilizers and pesticides induce contamination of aquatic
ecosystems by heavy metals. Among them, copper is a
widespread pollutant found in surface waters at concentra-
tions up to 100�g L−1 (Roy, 1997). It is also a particular pol-
lutant because it is an essential trace element for living organ-
isms, used as a co-factor for structural and catalytic properties
of a variety of enzymes involved in the biological processes
of growth, development and maintenance (Turnlund, 1999).
Although this metal is a required element, high concentra-
tions appear to be toxic to freshwater organisms with no

∗ Corresponding author. Tel.: +33 344 55 65 11; fax: +33 344 55 67 67.
E-mail address:Selim.Ait-Aissa@ineris.fr (S. Äıt-Aı̈ssa).

observed effect concentrations comprised between 4 and
120�g L−1 as reported for 14 fish species (Grosell et al.,
2002). The freshwater predicted no effect concentration
(PNEC) was recently evaluated for copper and the value of
1.6�g L−1 was proposed (GRNC, 2002). Copper toxicity
varies with water chemistry, temperature and fish species
and induces various damages that can lead to the death of the
organisms.

At the cellular level, copper can interfere with several
metabolic pathways and thereby induce different cellular
responses. This metal has been well described as a promoter
of oxidative stress by catalysing the formation of highly
reactive oxygen species (ROS), such as HO• radical through
the Haber–Weiss reaction (Matés, 2000) and generating
peroxidation of membrane lipids (Chan et al., 1982) and
DNA alterations (Ozawa et al., 1993). Copper also binds

1382-6689/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.etap.2004.07.003
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thiol-containing molecules such as glutathione (GSH) or
metallothioneins (MT), where it is trapped (Roesijadi, 1996).
Direct interaction of copper with proteins can be the source
of enzyme inhibition such as cytochrome P450-associated
monooxygenase activities (Kim et al., 2002).

This study was conducted to characterise the response of
several hepatic biomarkers, including oxidative stress and
xenobiotic transformation biomarkers, in three-spined stick-
leback (Gasterosteus aculeatusL.) exposed to sublethal cop-
per concentrations and to determine whether these responses
are related to copper accumulation in the target organ. Three-
spined stickleback is present in all aquatic ecosystems in
northern hemisphere and is an abundant fish species in both
unpolluted and polluted areas. Recently, this fish has been
used as a model organism to study bioaccumulation of or-
ganic compounds (Andersson et al., 2001; Falandysz et al.,
1998) and metals (Bervoets et al., 2001), as well as biochem-
ical biomarker responses to various xenobiotics such as pes-
ticides (Sturm et al., 2000), organic compounds (Holm et al.,
1993) or environmental estrogens and androgens (Katsiadaki
et al., 2002; Pottinger et al., 2002). To our knowledge, no
study has investigated the effect of metals on the biomarker
responses in three-spined stickleback. Hence, as its use as
a sentinel species for aquatic pollution biomonitoring has
been suggested (Handy et al., 2002; Pottinger et al., 2002),
there is still a need to characterise biomarker responses
to widespread environmental contaminants in this fish
species.

The biomarkers that we measured were enzymatic [su-
peroxide dismutase (SOD), catalase (CAT) and glutathione
peroxidase (GPx)] and non-enzymatic (GSH) antioxidants, as
well as two biotransformation enzymes [7-ethoxyresorufin-
O-deethylase (EROD) and glutathione-S-transferase (GST)]
involved in oxidative metabolism of xenobiotics (Van der
Oost et al., 2003). Furthermore, copper measurement in liver
was used to link metal accumulation with biochemical re-
sponses. In addition, hepatic zinc content was measured in
order to evaluate whether MT induction occurred during our
experiment.

2. Materials and methods

2.1. Exposure protocol

Male and female adult sticklebacks (3.4–6.8 cm) were
collected in outdoor artificial streams during spring 2003
and maintained in denitrated water (ionic composition:
K, 3.0 mg L−1; Mg, 11.7 mg L−1; Na, 10.9 mg L−1; Si,
5.8 mg L−1; Ca, 55.5 mg L−1; Al < 0.01 mg L−1; Fe <
0.02 mg L−1; PO4

3−, <0.1 mg L−1; NH4
+, 0.3 mg L−1; Cl−,

58 mg L−1; NO3
−, 0.45 mg L−1; SO4

2−, 11.7 mg L−1; alka-
linity, 367 mg L−1 as CaCO3; pH, 8.35± 0.05) for 3 weeks
prior to experimentation. Fish were randomly distributed in
four groups of 30 fish and exposed to waterborne copper
sulphate in semi-static conditions with complete water re-

Table 1
Actual copper concentrations measured in the water throughout the
experimenta

Nominal copper
concentration (�g L−1)

Measured copper
concentration (�g L−1)

0 <0.05
25 24.6± 1.5

100 91.6± 2.8
200 176.8± 2.3

a Measurements were performed in water sampled 2 h after each water
renewal. Data are mean± S.E. (n = 7).

newal and food supply every 3 days. The concentrations
of copper were chosen to be representative of environmen-
tal concentrations encountered in polluted freshwaters (25
and 100�g Cu L−1) with an additional higher concentration
(200�g Cu L−1) that was expected to exert subtoxic events.
The control group received no added copper. Water copper
concentrations in each aquarium were controlled by induc-
tively coupled plasma optical emission spectrometry (Ultima
2, Jobin Yvon) and showed that actual copper concentrations
were stable between two water changes (data not shown) and
throughout the experiment (Table 1). The water temperature
was 13.5± 0.4◦C and the photoperiod was a light/dark cycle
of 8 h/16 h.

2.2. Sampling, biometrical and biochemical analysis

At days 0, 4, 8, 12 and 21, six fish per concentration
were randomly sampled. Fish were sacrificed, measured
and weighed. Liver, gonads and spleen were dissected and
weighed to calculate the corresponding somatic index ac-
cording to the following equation: organ somatic index =
(organ weight/fish weight)× 100.

Liver was homogenized in 200�L of ice-cold phosphate
buffer (100 mM, pH 7.8) supplemented with 20% (v/v) glyc-
erol and 0.2 mM phenylmethylsulfonyl fluoride as a protease
inhibitor. The homogenate was centrifuged at 10,000× g,
4◦C, for 15 min and the supernatant was used for biochemi-
cal assays. Total proteins were determined using the method
of Bradford (1976)with bovine serum albumin (Sigma) as
a standard. SOD, CAT and GPx were assessed according
to the methods ofPaoletti et al. (1986), Babo and Vasseur
(1992)andPaglia and Valentine (1967), respectively; using
purified bovine enzymes (Sigma) as standards. For GST ac-
tivity determination, chlorodinitrobenzene was used as sub-
strate (Habig et al., 1974) and purified GST from equine
liver (Sigma) as a standard. GSH and oxidised glutathione
(GSSG) concentrations were measured by the spectrophoto-
metric method ofVandeputte et al. (1994). All measures were
carried out at room temperature in microtiter plates, using a
microplate reader (Power Wavex–Bio-Tek instruments). 7-
Ethoxyresorufin-O-deethylase activity was determined by a
fluorimetric method in black microplates (Flammarion et al.,
1998) using a microplate spectrofluorimeter reader (Victor2

Wallac, Perkin-Elmer).
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2.3. Chemical analysis

Hepatic copper and zinc concentrations were determined
after digestion of homogenized liver using suprapure nitric
acid (Carlo Erba) at 120◦C for at least 2 h (1 mL of nitric acid
per 20�L of sample). The volume was then adjusted to 20 mL
with de-ionized water. Metal concentrations were determined
by inductively coupled plasma optical emission spectrometry
(Ultima 2, Jobin Yvon). Quality assurance controls based on
certified reference materials of the National Research Council
of Canada (DOLT-2, dogfish liver) were carried out to validate
this procedure.

2.4. Statistics

All statistical calculations were performed with SPSS
10.1 software. Since data were not normally distributed (Lil-
liefors’ test) and/or exhibited heterogeneous variances (Lev-
ene’s test), non-parametric tests (Kruskall–Wallis ANOVA
and Mann–WhitneyU-test) were performed (significant for
P < 0.05). Data are reported as mean± standard error.

3. Results

During this experiment, low mortality was observed for
fish exposed to 200�g L−1. Four out of 30 fish died dur-
ing the first 5 days and one died at day 16. This mortality
prevented the analysis of hepatic copper concentration and
biomarkers at day 21. At this concentration, the surviving
fish appeared stressed as indicated by a dark colour, a lower
mobility and a loss of appetite. Those behaviour alterations
were not observed in the other groups.

A significant bioaccumulation of copper was observed in
liver of fish exposed to 200�g L−1 for 8 and 12 days and
to 100�g L−1 for 12 days (Fig. 1A). At day 21, a trend is
noted for copper accumulation at 100�g L−1 although this
was not statistically significant. An increase of zinc concen-
tration in liver was noticed after 12 days of exposure to 100
and 200�g L−1, whereas a transient increase of zinc level
was noticed after 4 days at 25�g L−1 (Fig. 1B).

No significant variation of somatic indexes was observed
for any copper concentration or any sampling time (data not
shown), whereas several differences were observed at the
biochemical level.

As seen inFig. 2, a rapid and transient induction of an-
tioxidant enzymes was measured within the first week of
copper exposure. SOD activity was clearly increased at day
4, although this effect was statistically significant only at
25�g L−1 and returned to the basal level at day 8 (Fig. 2A).
CAT activity was characterised by a general increase for all
copper treatments after 4 days (Fig. 2B). This increase was
maintained up to 12 days in fish exposed to 200�g L−1. GPx
activity showed a significant increase after 8 days in fish ex-
posed to 200�g L−1 and returned to the basal level at day 12
(Fig. 2C).

Fig. 1. Effect of copper treatment on hepatic copper (A) and zinc (B) con-
centration. Data represent mean± S.E. of the measurements on six fish per
group except for the 100�g L−1 on day 21 (n= 5). (*), statistically different
from t0 control (P < 0.05).

In control fish, total and oxidised GSH were characterised
by an important variation of the basal level during the ex-
periment (Fig. 3). Nevertheless, some effects of copper can
be seen for this biomarker. A significant decrease of both
total and oxidised GSH content was noticed in fish exposed
to 200�g L−1 after 4 and 8 days of exposure (Fig. 3A and
B). This depletion was not accompanied by an impairment of
glutathione redox status as no effect on GSSG/GSH ratio was
noticed (not shown). After 12 days of exposure, this effect
was reversed and fish exposed to the highest copper concen-
tration presented a total glutathione level significantly higher
than control fish.

For EROD activity measured in fish exposed 21 days to
100�g L−1, a significant inhibition was observed as com-
pared to the control group (Fig. 4A). For the other concen-
trations and sampling time, no significant variation of this
enzyme was detected as compared to the control group. The
hepatic GST activity did not vary significantly with respect
to either copper concentration or time of exposure (Fig. 4B).

4. Discussion

Despite the low mortality observed after 4 days at the
highest copper concentration, our exposure conditions were
clearly sublethal. For three-spined stickleback exposed to
copper sulphate, the 50% lethal concentrations (LC50) were
reported to be 2.78, 1.96 and 1.59 mg Cu L−1 after 24, 48
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Fig. 2. Effect of copper treatment on hepatic SOD (A), catalase (B) and GPx (C) activities. Data represent mean± S.E. of the measurements on six fish per
group except for the 100�g L−1 on day 21 (n = 5). (*), statistically different fromt0 control (P < 0.05).

and 72 h, respectively (Svecevicius and Vosyliene, 1996),
which are much higher than the concentrations used in our
study. However, comparison is rather difficult, since copper
toxicity is highly dependent on several abiotic factors, such
as pH, water hardness and alkalinity, that influence copper
speciation. The physico-chemical forms, in which the metal
is present in the aquatic environment (free ionic Cu2+,
dissolved inorganic or organic complexes, associated with
particular matter) will indeed determine its bioavailability for
the organisms. In our study, the slightly basic conditions (pH
8.35) together with the elevated water hardness (367 mg L−1

as CaCO3) and very low dissolved organic carbon (DOC)
suggest that a major fraction of the copper in the water is
present as inorganic complexes (mainly CuCO3) and only
a small fraction as free Cu2+. Nevertheless, our results
showed that these inorganic copper complexes are also

bioavailable to the organisms, since significant accumulation
and biochemical responses to copper were observed.

At day 12, copper did accumulate at similar levels in the
liver of fish exposed either to 100 or 200�g L−1 (Fig. 1).
Copper concentrations in liver measured during this labora-
tory exposure are in accordance with the levels observed in
three-spined stickleback sampled in the field (Bervoets et al.,
2001). This may indicate that saturation for copper accumu-
lation occurred right from 100�g L−1 and is in agreement
with the fact that, in rainbow trout (Oncorhynchus mykiss),
the time to half saturation for copper in the liver is 6 days
(McGeer et al., 2000). At day 12, the bioconcentration factor
(BCF = ([Cu]exposed− [Cu]control)/[Cu]water) reached 401 and
208 in the 100 and 200�g L−1 groups-exposed fish, respec-
tively, which are in the same order of magnitude to those pre-
viously reported for zebrafish (Brachydanio rerio) exposed
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Fig. 3. Effect of copper treatment on activities of total glutathione (A) and
oxidised glutathione (B) content. Data represent mean± S.E. of the mea-
surements on six fish per group except for the 100�g L−1 on day 21 (n= 5).
(*), statistically different from 0�g L−1 control (P < 0.05).

Fig. 4. Effect of copper treatment on biotransformation enzyme activities:
EROD (A) and GST (B). Data represent mean± S.E. of the measurements
on six fish per group except for the 100�g L−1 on day 21 (n = 5). (*),
statistically different fromt0 control (P < 0.05).

for 14 days to copper (Paris-Palacios et al., 2000). These
relatively low BCF, as compared to those reported for other
metals such as Cd, may reflect the existence of homeostatic
regulation of copper levels in the liver (McGeer et al., 2000).

The biomarker responses in stickleback were in accor-
dance with the known capacity of copper to promote ox-
idative stress and to modulate enzymatic and non-enzymatic
antioxidant expressions in fish tissues, as shown by a rapid
and transient increase of SOD, CAT and GPx enzymes and
by a decrease of total GSH. In fish, antioxidant enzymes have
been shown to be either induced or inhibited by copper, de-
pending on the dose, the species and/or the route of expo-
sure. Zebrafish submitted to 40 and 140�g Cu L−1 as CuSO4
presented a clear-cut induction of CAT and GST within 2
weeks of waterborne copper exposure (Paris-Palacios et al.,
2000). Conversely, in carp, CAT and GST were inhibited af-
ter 96 h of exposure to 100 and 250�g Cu L−1 as CuSO4
(Dautremepuits et al., 2002). Using intra-peritoneal injection
of copper, SOD inhibition was reported in carp after 48 h
(Varanka et al., 2001), while this enzyme was rapidly in-
duced in gilthead seabream (Sparus aurata; Pedrajas et al.,
1995).

In stickleback, the rapid response of both enzymatic and
non-enzymatic antioxidants is in line with the view that cop-
per is able to act through different oxidative mechanisms,
including generation of ROS and direct interaction with in-
tracellular thiols.

SOD are metalloenzymes that play a key role in the de-
fence against ROS by transforming superoxide anions into
hydrogen peroxide (Yim et al., 1993). The total SOD ac-
tivity that we measured in the post-mitochondrial fraction
corresponds mainly to the Cu, Zn–SOD activity, the major
isoform in the cytosol, nucleus and peroxisomes. Thus, the
rapid and marked drop in SOD activity at day 4 may result
from direct binding of the metal to the enzyme, as previ-
ously suggested in fish (Pedrajas et al., 1995). In addition,
induction of CAT and GPx indicated that copper induces (hy-
dro)peroxide species in the liver. It is likely that the resulting
H2O2 produced from increased SOD activity was the source
for subsequent increase of CAT activity after the fourth day
of copper exposure (Fig. 2B). Moreover, the known capacity
of copper to oxidize membrane lipids in fish (Pedrajas et al.,
1995), together with the role of GPx in the detoxification of
lipoperoxidation products (Matés, 2000), may also account
for the observed increase of this enzyme at day 8 (Fig. 2C).
Unfortunately, the induction of lipid damages by copper was
not measured in this study to confirm this hypothesis.

Reduced glutathione is considered as a first line of cel-
lular defence against metals by chelating and detoxifying
them, scavenging oxyradicals and participating in detoxifi-
cation reactions catalysed by glutathione peroxidases (Sies,
1999). The effects that we observed on this parameter, i.e.
inhibition of total GSH (both reduced and oxidised GSH)
without any impairment of GSSG/GSH ratio, is in line with
the known ability of copper to interact with GSH forming
stable GS–Cu(I) binding complexes. Besides, as proposed
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by Canesi et al. (1999), it is likely an inhibitory effect on
GSH regenerating systems (e.g. GSH reductase or GSH syn-
thetase), which was not assessed in our study, that could have
contributed to the observed depletion of total GSH. The fact
that we did not observe any impairment of GSSG/GSH ratio
by copper does not reach previous report in gilthead seabream
fish exposed by copper intra peritoneal injection (Rodriguez-
Ariza et al., 1994). Finally, although the mechanism by which
copper inhibited GSH in fish is not fully understood and re-
mains complex, this rapid depletion may have contributed to
the early toxicity observed at the higher concentrations as
suggested byConners and Ringwood (2000).

Interestingly, biochemical responses were more rapid than
copper accumulation, suggesting the involvement of differ-
ential mechanisms in copper metabolism and accumulation.
Cellular copper metabolism involves copper intake by GSH
and subsequent formation of GS–Cu(I) complex, from which
the metal is further transferred to metallothionein apopro-
teins where it is stored (Freedman et al., 1989; Conners and
Ringwood, 2000). The GS–Cu(I) pool is the source for
the synthesis of other metalloenzymes such as SOD or cy-
tochrome oxidase, as well as for ROS production through
GS–Cu(I) oxidation (Freedman et al., 1989). In our study,
antioxidant responses occurred within the first week of ex-
posure and then recovered concomitantly with copper accu-
mulation in the liver (Figs. 1 and 3). This indicates that at
day 8, other detoxification systems, such as MTs, have been
induced to replace GSH in the uptake and sequestration of
copper (Freedman et al., 1989). Moreover, the role of MTs
in cellular protection against oxidative stress (Viarengo et
al., 2000) argues in the way that these proteins could have
been involved in response to copper in three-spined stickle-
back. This hypothesis is strengthened by the finding that cop-
per accumulation was accompanied by increased hepatic zinc
concentrations. In fact, a significant positive correlation was
observed between these two metals (r2 = 0.596,P < 0.001,
Spearman correlation). The sequestration of metals such as
cadmium and copper occurs by displacement of zinc from
their binding sites, leading to a release of free zinc that could
induce de novo MT synthesis (Hollis et al., 2001; Roesijadi,
1996). Relationships between liver metal content and MT ex-
pression have been described in aquatic organisms (Hollis et
al., 2001) but further studies on MT response to copper in
stickleback will be necessary to confirm these hypotheses for
this fish species.

EROD inhibition by metals has been reported in several in
vitro and in vivo studies on fish (Ghosh et al., 2001; Stien et
al., 1997). In our study, we detected an inhibition of EROD
activity in fish exposed to 100�g L−1 for 21 days (Fig. 4).
This effect, which involves direct interaction of copper with
the enzyme leading to a conformational change of the protein
(Kim et al., 2002), may reflect cellular toxicity induced by
an increased content of metal in the cell (Stien et al., 1997).
Although this effect could be considered as minor regard-
ing the responses of the other biomarkers to copper, EROD
inhibition should be taken into account when using it as a

biomarker of exposure in fish exposed to a mixture of chem-
icals, i.e. containing both organic and metallic compounds,
which mostly occurs in environmental pollution.

In summary, this dynamic study showed that waterborne
copper-induced several biochemical responses in three-
spined stickleback, in a transient manner, suggesting the
occurrence of adaptive processes. Rapidly after the beginning
of the exposure, antioxidant biomarkers were induced in or-
der to compensate the oxidative stress generated by the metal.
In a second phase, copper accumulation was correlated to a
recovery of GSH and a return of antioxidant enzymes to the
basal level suggesting that other detoxification mechanisms,
such as MTs, have been involved to allow fish adaptation
to copper. This study shows the suitability of three-spined
stickleback as a model fish species to study oxidative stress
biomarker responses to waterborne metal exposure. Field
studies that evaluate several biomarkers, including oxidative
stress biomarkers, EROD and vitellogenin, are under
progress to determine the potential of stickleback as an indi-
cator species of sublethal stress in multipollution contexts.
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Short communication

Biochemical effects of nonylphenol polyethoxylate
adjuvant, Diquat herbicide and their mixture on the
three-spined stickleback (Gasterosteus aculeatus L.)

W. Sanchez a,*, O. Palluel a, L. Lagadic b, S. Aı̈t-Aı̈ssa a,
J.-M. Porcher a

a National Institute of Industrial Environment and Risk (INERIS), Ecotoxicological Risk Assessment Unit,

BP 2, F-60550 Verneuil en Halatte, France
b National Institute of Agronomic Research (INRA), Ecotoxicology and Quality of Aquatic Environments,

65 rue de Saint Brieuc, CS 84215, F-35440 Rennes cedex, France

Abstract

This study examined the response of 7-ethoxyresorufine-O-deethylase, glutathione-S-transferase,
glutathione peroxidase, glutathione content, level of thiobarbituric acid reactive compounds and cir-
culating vitellogenin, in three-spined sticklebacks after 21 days of exposure to Diquat herbicide,
commercial nonylphenol polyethoxylate adjuvant and mixture between Diquat and adjuvant. The
results showed that adjuvant exerted more important oxidative effects than Diquat and that mixture
effects were unlike to single additivity. This study argues for ecotoxicological risk assessment of adju-
vants and mixtures of adjuvants and pesticides.
� 2006 Elsevier Ltd. All rights reserved.

Keywords: Nonylphenol polyethoxylate; Herbicide; Oxidative stress; Biotransformation enzymes; Vitellogenin;
Three-spined stickleback

To increase agricultural treatment efficiency, pesticides are frequently used in combina-
tion with adjuvants to improve foliar coverage and leaf absorption. Recently, Xie et al.
(2005) showed greater than additive effects on vitellogenin synthesis between pesticides
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and NPEO adjuvant. However, there is still much to be done to understand the underlying
mechanisms in the case of mixtures. This study was performed to examine biochemical
biomarker responses to NPEO-containing adjuvant and its combination with an herbicide,
in three-spined stickleback.

The adjuvant is Agral90�, a commercial non-ionic surfactant including NPEO and
widely employed as a tank-mix adjuvant. Nonylphenol and mono- and diethoxylated
derivatives are recognized as weak estrogenic endocrine disruptors in aquatic organisms
(Schwaiger et al., 2002) but little is known about the effects of other ethoxylated deriva-
tives of nonylphenol on aquatic wildlife. The associated herbicide is Diquat dibromide
(6,7-dihydrodipyrido[1,2-a:2 0,1 0-c]pyrazinediium), a quaternary ammonium herbicide
employed for potatoes and bean weeding and as aquatic herbicide in many countries.
The action of Diquat is based on the reactive oxygen species production that can also
impair biological molecules of aquatic organisms.

According to the known mode of action of Diquat, we studied biomarkers that were
related to both oxidative stress (GPx, GSH and TBARS) and oxidative metabolism of
xenobiotics (EROD and GST) in the liver. In addition, because degradation products of
NPEO are recognised as weak estrogenic, we also measured plasmatic vitellogenin as an
indicator of estrogenic response.

Male and female adult sticklebacks were maintained two weeks at 13 ± 0.5 �C under 8/
16 (Light/Dark) photoperiod. Ten fish per condition were waterborne exposed, in semi-
static conditions with complete water renewal and food supply every other day, (1) to envi-
ronmental (22 and 44 lg/L) and sublethal (222 and 444 lg/L) Diquat concentrations, (2)
to Agral90 alone at 50, 100, 500 and 1000 lg/L according to the 1:2.25 ratio (Diquat:A-
gral90�) advised by the supplier, and (3) to Diquat/Agral90 combinations at concentra-
tions of 22:50, 44:100, 222:500 and 444:1000 lg/L, respectively. After 21 days, livers
were dissected and homogenized in phosphate buffer supplemented with glycerol and pro-
tease inhibitor. The post-mitochondrial fraction was used for biochemical assays accord-
ing to methods described by Sanchez et al. (2005a). Male fish blood (0–5 fish per
concentration) was sampled in phosphate buffer supplemented with protease inhibitor
and vitellogenin was quantified using a competitive ELISA (Sanchez et al., 2005b).

In this study, Diquat alone had no effect on hepatic oxidative stress biomarkers (Fig. 1)
although it has been described as a redox cycling chemical. Nevertheless, it was able to
alter biotransformation enzymes by inhibiting basal EROD activity and inducing GST
(Fig. 1) in accordance with Gallagher et al. (1995) that showed an inhibition of EROD
and mRNA-CYP1A production in rat in vitro and in vivo experiments. The effect on
GST could be explained by its ability to protect against reactive oxygen species and its
implication in oxidative metabolism of several pesticides (Halliwell and Gutteridge,
1999) as supported by the negative correlation between EROD and GST (Fig. 2).

Agral90� appeared as a strong oxidative agent as shown by induction of GPx and
TBARS and depletion of total hepatic GSH pool (Fig. 1). These results are in accordance
with the capacity of alkylphenols to alter redox status in Atlantic cod (Hasselberg et al.,
2004) and could reflect the biological membrane degradation by reactive oxygen species
and the degradation product elimination by antioxidant parameters. In addition,
Agral90� inhibited almost totally basal EROD activity at low doses (Fig. 1). The hypoth-
esis that this effect is related to the known capacity of nonylphenol to exert anti-CYP1A
effect through its binding to the estrogen receptor (Arukwe et al., 1997) is unlikely since no
effect on vitellogenin level in male fish was observed (Fig. 1). The length of NPEO alkyl
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group could explain the lack of vtg induction as reported by in vitro experiments (Routl-
edge and Sumpter, 1997). However, the weak number of male fish per group could also
explain the lack of effect. Besides, EROD inhibition may rather reflect direct inhibition
enzyme through either oxidative mechanism and/or membrane alteration as indicated
by TBARS induction. Few data are available for NPEO effects in fish and further inves-
tigations should be done to determine the exact mechanism of NPEO adjuvants. The GST
induction after NPEO exposure (Fig. 1) could be explained by the phenol group of NPEO
making it directly available to GST (Ankley and Agosin, 1987). Moreover, GST could
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Fig. 1. Biomarker responses after 21 days of exposure to Agral90�, Diquat and their mixture. Data are presented
as mean ± SD. T-test was performed to evaluate gender differences and data were presented separately when a
significant difference was noticed (GPx). Comparison with control group were performed using two-way ANOVA
followed by Sidak test. * indicates a significant difference (P < 0.05). Numbers 1–4 refer to the increasing
concentrations of mixture.
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have been induced by lipid peroxidation products as indicated by correlation between GST
and GPx (Fig. 2).

Interestingly, co-exposure to the mix Diquat-Agral90� nullified the inhibitory effects
of both compounds on EROD, which could suggest that they inhibit this enzyme
through distinct and antagonistic mechanisms. Conversely, the mixture led to a GST
induction stronger than substances alone, suggesting a synergistic interaction. Overall,
these results suggest that Diquat and Agral90� had some interactive effects on oxidative
metabolism capacity. Such possible interaction may have few consequences on oxidative
stress parameters, although the mixture induced TBARS at higher levels than with
Agral90� alone.

Using the three-spined stickleback, this study shows that environmental concentrations
of NPEO adjuvant generate oxidative stress and affects biotransformation enzymes in fish.
Moreover, Agral90� modulates herbicide adverse effects by increasing GST activity and
lipoperoxidation. These results show that the adjuvant can exhibit more important effects

Fig. 2. Principal component analysis performed with centred and normalized hepatic biomarkers data. Exposure
conditions are presented as letter-number code (D = Diquat, A = Agral90, M = mixture and T = control. The
number indicates the tested concentration).
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than the active substance and argue for ecotoxicological risk assessment of adjuvants and
tank-mixes between these adjuvants and pesticides.
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in three-spined stickleback (Gasterosteus aculeatus L.) sampled
in contaminated streams

Wilfried Sanchez Æ Sélim Aı̈t-Aı̈ssa Æ
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Abstract Recently, the three-spined stickleback

(Gasterosteus aculeatus L.) has been proposed as a

suitable fish species for detecting both androgen- and

estrogen-induced endocrine disruption by environmen-

tal pollutants. This relatively pollution-tolerant fish is

present in most European streams and small rivers but

also coastal and estuarian areas. The purpose of the

present field study was to determine the extent to which

multiple biomarkers in this fish species could distinguish

between streams with different pollution levels. Stick-

lebacks were sampled in French rivers characterised by

various urban, industrial or agricultural contaminations

and in outdoor lotic mesocosms as reference site.

Physiological parameters including condition factor

and liver somatic index, biotransformation enzymes

such as 7-ethoxyresorufin-O-deethylase (EROD) and

glutathione-S-transferase, antioxidant enzymes includ-

ing glutathione peroxidase and total glutathione (GSH)

content and lipoperoxidation (as TBARS) showed

several differences between sites. For example, fish

from an heavily contaminated stream exhibited a 9-fold

EROD induction associated to a decrease of GSH and a

3-fold increase of TBARS content in comparison to fish

from uncontaminated sites. When fish were transferred

from polluted river to clean water, some of these

biomarkers rapidly returned to basal levels found in fish

in the reference site while others, like TBARS levels

were still high after 2 weeks of depuration. Based on

multivariate analyses, the battery of biomarkers proved

to differentiate all sites, with a very good classification

rate for highly contaminated streams. Influence of fish

gender and sampling period on biomarker responses was

also observed and is discussed. The results of this field

study provide additional support for the use of stickle-

back for in situ multi-biomarker assessment.

Keywords Three-spined stickleback � Biomarkers �
Oxidative stress � Field study � Depuration experiment

Introduction

Biomarkers have been proposed as sensitive tools for

detecting environmental exposure and adverse effects

of toxic anthropogenic chemicals on aquatic organisms.

Biomarkers have been defined as a change in biological

response which can be related to exposure or toxic

effect of environmental chemicals (Peakall 1994). In

recent years, the usefulness of a set of biomarkers has

been demonstrated in environmental biomonitoring in

several aquatic species, including freshwater fish

(Galloway et al. 2004; Triebskorn et al. 2001). In

European rivers, the fish species mostly employed to

assess biological effects of contaminants using a set of

biomarkers are chub and roach (Flammarion et al.

2002). However, due to the fish species diversity

encountered in streams and estuaries, the assessment

of various other species for biomarker-based biomon-

itoring is still needed.
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The three-spined stickleback (Gasterosteus aculeatus

L.) appears to be a promising species to assess the

impact of contaminants in aquatic biota in that it is

relatively tolerant to environmental pollution, and that

it inhabits most streams, small rivers, estuarian and

coastal areas in Europe (Wootton 1984). Moreover,

this fish species is a well-studied model for biologists

since behaviour, ecology and evolution of stickleback

have been extensively characterised. The responses of

several biochemical parameters such as vitellogenin

(Pottinger et al. 2002), spiggin (Katsiadaki et al. 2002)

and 7-ethoxyresorufin-O-deethylase (Holm et al. 1993)

have been investigated in laboratory studies and have

appeared as promising biomarkers of chemical expo-

sure to be used in environmental biomonitoring.

Despite its relative ubiquity, to our knowledge, cho-

linesterase activity and liver histopathology are the

only biomarkers investigated and validated in the

stickleback (Handy et al. 2002; Sturm et al. 2000)

and, therefore efforts are still needed to validate other

biochemical biomarker responses in situ for the mon-

itoring of fish health in freshwater ecosystems.

In previous studies, we examined a set of hepatic

biotransformation and oxidative stress endpoints as

potential biomarkers for various pollutants in stickle-

back (Sanchez et al. 2005, 2006). The purpose of the

study was to validate these biomarkers in the field

when this fish species are exposed to a variety of

pollutants in rivers situated in Northern France.

Biomarker responses in wild sticklebacks sampled in

five sites subjected to different types and levels of

contamination (Table 1) were examined. The studied

biomarkers were related to xenobiotic metabolism (i.e.

7-ethoxyresorufin-O-deethylase [EROD] and glutathi-

one-S-transferase [GST]) and to oxidative stress (i.e.

glutathione peroxidase [GPx], total glutathione con-

tent [GSH] and lipoperoxidation [TBARS]), as well as

to physiological parameters (i.e. liver somatic index

[HSI] and condition factor [CF]). Moreover, a first

evaluation of biomarker reversibility in stickleback

from one of the most contaminated streams was

performed to investigate the evolution of biomarker

profiles over a 15 day depuration period in clean water.

Materials and methods

Sampling design

During 2003 and 2004, five sites located in the North of

France characterised by the presence of wild stickle-

back population and exhibiting various qualitative and

quantitative contaminations were investigated. Table 1

summarises some general characteristics of the selec-

ted sites and fish sampling in each site. All sampling of

adult sticklebacks were carried out by electrofishing in

Spring (between June and July) and/or Autumn

(September–October). All sampling sites have been

impacted by urban and/or agricultural activities as

determined by the Fish Based-Index (FBI) quality

score based on occurrence and abundance data and

reflecting the level of degradation of fish assemblage

structure (Oberdorff et al. 2002). Therefore they could

not be considered true reference sites so, reference fish

were sampled at equivalent sampling periods in

uncontaminated outdoor lotic mesocosms located at

INERIS (Verneuil en Halatte, France). Each meso-

cosm channel was 20 m long, 1 m wide with a water

depth of 0.3 m in the upper section and 0.7 m in the

lower section. The mesocosms were initially set-up

Table 1 Summary of some general characteristics of the five selected sites

Réveillon (REV) Ourcq (OUR) Lézarde (LEZ) Rhonelle (RHO) Escaut (ESC)

GPS coordinates N 48�43¢00¢¢ N 49�11¢42¢¢ N 49�34¢09¢¢ N 50�17¢49¢¢ N 53�23¢40¢¢
E 2�32¢09¢¢ E 3�31¢32¢¢ E 0�13¢20¢¢ E 3�32¢41¢¢ E 3�32¢56¢¢

Strahler’s ranka 2 3 1 2 4
Pressureb Urban dense Intensive agriculture Mixed Urban dense Urban dense
Water qualityc – Medium Good Bad Bad
Fish based indexd 5 4 3 3 3
Sampling period Spring 2003 Spring 2003 Autumn 2004 Autumn 2004 Autumn 2004

Spring 2004

a Strahler’s rank based on structure and density of hydrographic network (Strahler 1957)
b Data obtained from the Eurowaterne database of European Environment Agency (EEA 2001)
c Data obtained from the ‘‘Seine-Normandie’’ water agency for OUR and LEZ and from ‘‘Artois-Picardie’’ water agency for RHO and ESC

d Fish based-index quality score based on occurrence and abundance data and reflecting the level of degradation of fish assemblage
structure (Oberdorff et al. 2002). FBI score ranged from 1 (no disturbance) to 5 (very high disturbance)
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with natural and artificial sediments, aquatic plants,

phytoplankton, periphyton, benthic and pelagic inver-

tebrates, microorganisms and one fish species that is

the stickleback. The channels were fed by denitrated

water from a drinking water treatment plant with a

flow of 800 l/h by channel.

Depuration experiment

To determine the potential reversibility of biomarkers

when fish are returned to clean water, we collected 45

fish from the Réveillon (REV) river in Spring 2003

campaign and transferred them to the laboratory in

aerated tanks. The fish were divided into three groups

of 15 and placed in denitrated water (alkalinity,

367 mg/l as CaCO3; pH, 8.35 ± 0.05) for periods of 4,

8 and 15 days. This experiment was carried out in semi-

static conditions with complete water renewal and food

supply every 2 days. The water temperature was

14 ± 0.5�C and the photoperiod corresponded to nat-

ural light/dark cycle at this period.

Sample preparation

Fish were measured, weighed and sacrificed immedi-

ately after being caught. The CF was calculated

according to Pottinger et al. (2002), while HSI was

calculated as (liver weight/fish weight) · 100. Livers

were removed, weighed and frozen in liquid nitrogen

prior to homogenisation and biochemical analysis. The

homogenisation was in 200 ll of ice-cold phosphate

buffer (100 mM, pH 7.8) with 20% glycerol and

0.2 mM phenylmethylsulfonyl fluoride using a Potter-

Elvehjem homogeniser. The homogenates were

centrifuged at 10,000g, 4�C, for 15 min and the postm-

itochondrial fractions were used for biochemical

assays. Total protein concentrations were determined

using bovine serum albumin (Sigma-Aldrich Chemi-

cals, France) as a standard (Bradford 1976).

Biochemical biomarker assays

EROD, GST, GPx and GSH assays were conducted,

respectively, according to the methods of Flammarion

et al. (1998), Habig et al. (1974), Paglia and Valentine

(1967) and Vandeputte et al. (1994). These assays were

adapted in microplates and optimised for stickleback

to fit the linearity of each assay. The total protein

concentrations used for each assay were 0.5–10 g/l for

EROD and 0.5, 5 and 4 g/l for GST, GPx and GSH,

respectively. Lipid peroxidation was estimated by

adding 345 ll of TBARS reagent (Ohkawa et al.

1979) to 60 ll of a 3 g proteins/l diluted samples.

Samples were then heated and TBARS were quantified

by fluorimetric measurement with 515 nm wavelength

excitation and 553 nm wavelength emission. Malonal-

dehyde (MDA) was used as standard, and results were

expressed in nmol of MDA equivalent/g of proteins.

Statistical analysis

All data are reported as mean ± standard deviation

and SPSS 13.0 software was used for statistical analysis.

First, normal distribution and homoscedasticity of data

were verified using Kolmogorov-Smirnov and Levene

tests, respectively. Since data sets had not a normal

distribution and/or homogeny of variance, the biomar-

ker data was log-transformed, using F(x) = log(1 + x),

prior to parametric analysis. Second, a two-way anal-

ysis of variance (ANOVA) was performed for each

biomarker using sites and gender as factors. When sites

by gender interaction was significant (a = 0.05), male

and female data were treated separately. Biomarker

responses measured at each sampling period in uncon-

taminated mesocosms, were compared using one-way

ANOVA followed by Sidak test (a = 0.05). To deter-

mine the differences between biomarker responses

observed in contaminated sites and mesocosms, a t-test

was performed (a = 0.05). A standardised Principal

Component Analysis (PCA) was performed to inves-

tigate relationships between investigated variables. A

step by step discriminant analysis (DA) using discrim-

inating functions and followed by cross validation was

carried out to classify the sites.

Results

The results for physiological and biochemical parame-

ters are presented in Tables 2, 3. In these tables, males

and females are presented separately when significant

differences were revealed by two-way ANOVA per-

formed using site and gender as co-factors for each

parameters (Table 4).

Influence of gender and sampling period

on biomarker levels

Several biotic and abiotic factors are known to affect

the biomarker responses. Our results showed that CF,

HSI, phase I and phase II biotransformation enzymes,

GPx activity and GSH were gender dependent param-

eters, while TBARS was not (Table 4). No significant

interaction was noticed between biomarkers and fish

weight or length (data not shown).
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In uncontaminated mesocosms, morphological in-

dexes, GPx and TBARS exhibited no significant differ-

ence between fish sampled in Spring and in Autumn

(Tables 2, 3). In mesocosms, unexpected and relatively

high EROD activity was observed in fish sampled during

Spring 2003. This measure could be considered as an

artefact and is unlikely to be representative of unaf-

fected basal level since comparison to EROD levels in

several laboratory controls are generally 5–10 pmol/

min/mg (Holm et al. 1993; Sanchez et al. 2005). No other

significant differences were noticed for EROD activity

measured in mesocosm fish at different sampling periods

(Table 3). An increase of GST was measured in meso-

cosm fish sampled in Autumn compared to those

sampled in the Spring. Moreover, variations of GSH

content were also noticed, with a weaker GSH content in

those fish sampled in Spring of 2003 compared to fish in

Spring 2004 (Table 3).

Table 2 Morphological parameters for three-spined sticklebacks sampled in contaminated sites and uncontaminated mesocosms

Sampling period Sites Gender Fish number Fish length (mm) Fish weight (g) CF HSI (%)

Spring 2003 MESO # 11 43 ± 3A 0.7 ± 0.3A 0.9 ± 0.2A 2.3 ± 1.8A

$ 19 44 ± 4A 0.8 ± 0.2A 1.0 ± 0.2A 3.3 ± 1.1A

REV # 14 54 ± 3* 1.6 ± 0.3* 1.0 ± 0.1 4.1 ± 1.3*
$ 15 54 ± 4* 1.6 ± 0.4* 1.0 ± 0.1 6.1 ± 0.9*

OUR # 9 54 ± 3* 1.7 ± 0.3* 1.0 ± 0.1 3.1 ± 0.7
$ 4 55 ± 4* 1.9 ± 0.2* 1.2 ± 0.1* 7.2 ± 1.2*

Spring 2004 MESO # 14 50 ± 7B 4.3 ± 0.5AB 1.0 ± 0.1A 1.7 ± 0.6A

$ 10 59 ± 6B 2.0 ± 0.7B 1.0 ± 0.2A 2.5 ± 0.7A

REV # 15 57 ± 4* 2.0 ± 0.4* 1.0 ± 0.09 3.5 ± 0.7*
$ 15 58 ± 4 2.4 ± 0.6 1.2 ± 0.1* 8.2 ± 1.0*

Autumn 2004 MESO # 15 53 ± 4B 1.4 ± 0.4B 0.9 ± 0.1A 2.4 ± 0.8A

$ 15 52 ± 7C 1.3 ± 0.7A 0.9 ± 0.1A 2.7 ± 0.4A

LEZ # 10 39 ± 3* 0.6 ± 0.1* 1.0 ± 0.08 2.4 ± 0.6
$ 18 39 ± 1* 0.6 ± 0.1* 0.9 ± 0.06 2.4 ± 0.7

RHO # 13 59 ± 3* 2.1 ± 0.4* 1.0 ± 0.09 3.0 ± 0.8
$ 17 59 ± 5* 2.1 ± 0.5* 1.0 ± 0.08* 5.0 ± 1.1*

ESC # 19 51 ± 3 1.3 ± 0.2 1.0 ± 0.06 4.1 ± 1.4*
$ 8 50 ± 4 1.3 ± 0.3 1.0 ± 0.07 3.3 ± 0.6*

Data are presented as mean ± SD. * Indicates a significant difference compared to mesocosm group sampled at the same period
(p < 0.05). Mesocosm groups annotated with different letters are significantly different (p < 0.05)

Table 3 Biomarker responses for three-spined sticklebacks sampled in contaminated sites and uncontaminated mesocosms

Sampling period Sites Gender Fish
number

EROD
(pmol/min/mg)

GST (U/g) GPx (U/g) GSH
(lmol/g)

TBARS
(nmol/g)

Spring 2003 MESO # 11 23.9 ± 19.8A 1273 ± 406A 57 ± 14A 41.6 ± 25.0A 46 ± 25A

$ 19 32.1 ± 27.2A 1233 ± 417A 113 ± 57A 23.9 ± 18.4A

REV # 14 34.1 ± 15.7 2131 ± 538* 88 ± 29* 18.1 ± 1.3* 148 ± 41*
$ 15 20.3 ± 9.6 1304 ± 881 583 ± 211* 20.4 ± 5.9

OUR # 9 7.9 ± 3.9* 1458 ± 539 60 ± 25 23.5 ± 6.0* 92 ± 21*
$ 4 9.7 ± 4.7* 688 ± 147* 809 ± 72* 18.4 ± 1.8

Spring 2004 MESO # 14 4.9 ± 1.8B 1259 ± 522A 74 ± 47A 59.7 ± 6.5A 53 ± 29A

$ 10 8.4 ± 4.3B 1486 ± 779A 134 ± 116A 82.7 ± 74.6B

REV # 15 43.3 ± 35.9* 1063 ± 514 72 ± 46 42.8 ± 19.7* 164 ± 46*
$ 15 22.7 ± 33.8 1195 ± 1226 72 ± 57 47.8 ± 17.3

Autumn 2004 MESO # 15 4.5 ± 2.1B 1843 ± 419B 119 ± 113A 36.1 ± 15.5A 55 ± 17A

$ 15 5.0 ± 4.0B 2105 ± 479B 134 ± 53A 46.5 ± 18.9B

LEZ # 10 4.6 ± 3.6 1572 ± 385 160 ± 68 42.2 ± 10.1 48 ± 14
$ 18 2.6 ± 1.7* 1151 ± 362* 118 ± 69 41.8 ± 21.2

RHO # 13 3.2 ± 1.4 3638 ± 601* 440 ± 136* 13.6 ± 3.3* 203 ± 33*
$ 17 4.1 ± 3.6 3457 ± 636* 564 ± 127* 14.0 ± 4.8*

ESC # 19 22.5 ± 5.7* 2778 ± 675* 84 ± 37 24.6 ± 7.0 127 ± 25*
$ 8 27.6 ± 7.7* 2782 ± 190* 136 ± 40 25.4 ± 5.1*

Data are presented as mean ± SD. * Indicates a significant difference compared to mesocosm group sampled at the same period
(p < 0.05). Mesocosm groups annotated with different letters are significantly different (p < 0.05)
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In situ biomarker responses

Some morphological index variations were observed

between fish from mesocosms and contaminated sites

(Table 2). CF was increased in female fish sampled in

sites OUR, RHO and REV during Spring 2004. HSI was

increased in all sites except in LEZ and in male fish from

OUR and RHO.

EROD was induced in fish from ESC and in male fish

from REV during Spring 2004. A high EROD value was

also observed in REV during spring 2003, which

corroborates the 2004 results, and indicates that fish

were likely to have been exposed to dioxin-like

compounds at these sites. A decrease of the EROD

activity was measured in female fish from LEZ

(Table 3). Glutathione S-transferase was induced both

in males and females from RHO, ESC, and in male fish

from REV during Spring 2003, but was inhibited in

female fish from OUR and LEZ (Table 3).

The assessment of oxidative stress biomarkers

showed that antioxidant defences were clearly affected

in the sites characterised by moderate or high contam-

ination (i.e. REV, OUR, RHO and ESC) as compared to the

low contaminated site LEZ or mesocosms. Depletion of

GSH together with increased TBARS levels (up to

4-fold the reference level) showed that pollution-

exposed fish were subjected to oxidative stress. Alter-

ation of redox liver status in REV (only in 2003), OUR

and RHO, was further confirmed by strong induction of

GPx, which is involved in organic and hydro-peroxide

degradation.

Multi-variate analysis

To explore overall relationships between the different

variables, we ran a PCA from a matrix data that

included biomarkers, morphological and general in-

dexes as variables. The Fig. 1A shows that 58% of

overall variance is explained by the first two principal

components. The first principal component (PC1, 42%

of variance) was mainly built by the water quality index

(WQI) and TBARS that were found to be strongly

correlated (r = 0.8, p = 0.001, Pearson’s coefficient).

On this axis, fish from mesocosms and LEZ were clearly

distinguished from fish sampled in other sites (not

illustrated). The PC2 (16% of overall variance) was

mainly formed by GST and EROD. As expected, this

axis distinguished fish from RHO, which had high GST

levels, to fish from REV 2004 that had high EROD

levels (not illustrated). Moreover, on the first factorial

plan of the PCA, different correlation between bio-

markers were suggested and further confirmed by

Pearson’s correlation test: negative correlation

between GSH and other oxidative stress parameters:

GST (r = –0.238, p < 0.001), GPx (r = –0.292,

p < 0.001) and TBARS (r = –0.312, p < 0.001), and

positive correlation between TBARS and enzymatic

antioxidants (GST: r = 0.429, p < 0.001 and GPx:

r = 0.517, p < 0.001).

We then used step by step DA to further examine the

discriminating power of the set of biomarkers. This

analysis showed that, while all investigated biomarkers

participated significantly to the discrimination, some

weighted more heavily than others in site discrimination:

TBARS > GST > EROD > GSH > GPx > HSI > CF.

As shown in Fig. 1B, DA revealed a very good

discrimination of the contaminated sites RHO and ESC

with, respectively, 100 and 92% of successful classifi-

cation rates. The lower rates of successful classification

in the contaminated sites REV and OUR were due to the

misclassification of some fish in ESC, another impacted

site. Likewise, the lower rate in the lesser contami-

nated site LEZ, were due to badly classified fish in

mesocosm groups as they presented low biomarker

variations as compared to this group. To overcome

variations linked to the sampling period, DA were also

performed within each sampling period. Overall, the

results confirmed a very good discrimination charac-

terised by successful classification rates, i.e. higher than

75% for all sites except for the LEZ river where 30% of

fish were badly classified in mesocosm group (data not

shown).

Depuration experiment

In REV, fish exhibited altered levels of all investigated

biomarkers as compared to basal levels in mesocosms

(Tables 2, 3). The depuration experiment (Table 5)

demonstrated that to varying degrees, some of the

biomarker responses were reversed when fish were

moved into clean water for 15 days. CF and HSI

Table 4 Results of two-way ANOVA performed for physiolog-
ical parameters and biochemical biomarkers in three-spined
stickleback sampled in all study sites

Biomarkers Sites (p) Gender (p) Interaction (p)

Fish length <0.001* <0.001* 0.143
Fish weight <0.001* <0.001* 0.084
CF <0.001* 0.337 0.039*
HSI <0.001* <0.001* <0.001*
EROD <0.001* 0.364 0.037*
GST <0.001* 0.024* 0.015*
GPx <0.001* <0.001* <0.001*
GSH <0.001* 0.756 0.009*
TBARS <0.001* 0.549 0.355

* Indicates that null hypothesis is not assumed (p < 0.05)
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slightly decreased by 10–30% in clean water, reaching

the level observed in male fish from mesocosms. This

was also observed with in situ induction of EROD and

GST which were completely reversed after 15 day

depuration. In contrast, only slight recoveries were

noted for TBARS (decreased by 26%) and GSH

(increased by 34% in males), while GPx induction was

still present after 15 days. Overall, these results con-

firmed that, in REV, fish had undergone relatively high

oxidative damage in the liver that was still persistent

after 2 weeks.

Discussion

The aim of our research on three-spined stickleback

was to determine the potential of this small fish species

as a sentinel organism for in situ monitoring of aquatic

contaminants. To our knowledge, this study is the first

one that has explored the responses of a set of

biomarkers in sticklebacks sampled in various contam-

ination contexts. We showed that individual biomar-

kers such as morphological indexes (CF and HSI),

biotransformation enzymes (EROD and GST) and

oxidative stress parameters (GPx, GSH and TBARS)

were altered in fish sampled in streams impacted by

various contaminants and their combination allowed

site discrimination.

The need of multi-biomarker approach for freshwa-

ter biomonitoring has been largely reported by several

previous field studies (Galloway et al. 2004; Triebskorn

et al. 2001). In our work, a noteworthy fact was that the

set of selected biomarkers was able to discriminate the

different sites accordingly to general indexes based on

water quality and fish assemblage. Moreover, the

biomarker approach enabled to distinguish between

two sites that were similarly classified by general

indexes. For instance, in the heavily contaminated

Fig. 1 Multivariate analysis
carried out all data including
the nine sites as samples and
seven biomarkers as
variables. (A) Representation
of the biomarkers and the
environmental variables
(WQI and FBI) in the first
factorial plane of the PCA.
(B) Discriminant analysis
(DA) presenting the stream
separation based on
biomarker responses. For
each location, the rate of
successful classification is
presented in brackets
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streams RHO and ESC, biomarker response patterns

were different with a strong oxidative stress in RHO

compared to ESC where fish exhibited high EROD

levels. These differences may probably reflect variation

in the nature of chemical contaminants to which the

fish were exposed. However, other sites such as OUR

and REV were less discriminated than the other

impacted sites, e.g. some REV fish were classified in

ESC group in the DA. This may reflect a limit in the

selected combination of biomarkers and the addition

of other specific biomarkers could be a practical way to

improve the discriminating power of the battery.

Nonetheless, the multivariate analyses showed that

the number of investigated biomarkers cannot be

reduced without losing discriminating power. This

showed that all biomarkers significantly contribute

within the battery, although with different weighting.

The biomarker response patterns in stickleback

suggested that fish inhabiting in polluted areas may

have undergone sublethal stress, possibly due to

exposure to different chemical contaminants, although

chemical analyses in fish could not be performed in this

study. EROD activity is a documented biomarker in

stickleback and previous laboratory studies investi-

gated its response in this fish species after exposure to

polyhalogenated compounds (Holm et al. 1993), pesti-

cides (Sanchez et al. 2006) and metals (Sanchez et al.

2005). In the present study, both basal levels in

uncontaminated sites and EROD induction measured

in REV and ESC were consistent with the known range of

variations for this biomarker in stickleback. The 5-fold

observed induction could be considered as moderate as

compared to the 20-fold induction reported by Holm

et al. (1993) and probably revealed exposure of fish to

aryl hydrocarbon receptor agonists in these sites.

As for EROD, baseline levels of antioxidants and

oxidative damages measured in poorly impacted sites

were in accordance with the levels previously reported

for stickleback (Sanchez et al. 2005, 2006). Moreover,

both the nature and the extent of oxidative stress

biomarker responses observed in fish from contami-

nated streams (REV, OUR, RHO and ESC) were also in line

with the range of variation reported after laboratory

exposure to metals (Sanchez et al. 2005) and agricul-

tural technical mixtures (Sanchez et al. 2006). An

exception occurred from GPx that was characterised in

situ by a strong induction (from 5 to 10-fold as

compared to mesocosm fish), which had not been

previously observed in laboratory experiments using

model oxidative chemicals.

CF and HSI are general indicators of fish health

widely used for population assessments because they

integrate many levels of sub-organismal processes and

are easily measured. Overall, only minor effects were

observed on these parameters as illustrated by their

low weight in site discrimination as compared to

biochemical parameters in the DA. In stickleback,

baseline data are available for comparison (Pottinger

et al. 2002; Sokolowska et al. 2004) and show that only

HSI of fish from heavily contaminated sites (REV and

ESC) is out of the normal range of variation. This result

could reflect a liver enlargement in fish exposed to

environmental chemicals which corroborated findings

from other biochemical biomarkers in these sites.

Biomarker responses of stickleback appear as a

potential relevant tool to assess water quality. The

depuration experiment provided valuable information

on their reversibility in clean water and their limits

for monitoring application. It demonstrated that to

varying degrees, biomarker responses were generally

Table 5 Biomarker
responses in fish from REV

maintained 15 days in clean
water

The unit of each biomarker is
indicated in the Tables 3, 4.
Data are presented as
mean ± SD. * Indicates a
significant difference
compared to t0 control group
(p \ 0.05)
a Indicates n = 1

Days of depuration

0 4 8 15

Fish number # 14 9 12 12
$ 15 6 3 3

CF # 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.09* 0.9 ± 0.07*
$ 1.0 ± 0.1 1.0 ± 0.1 0.8 ± 0.07* 0.9 ± 0.03*

HSI # 4.1 ± 1.3 2.8 ± 0.6* 2.6 ± 0.5* 2.7 ± 0.9*
$ 6.1 ± 0.9 4.9 ± 0.9* 3.9 ± 0.05* 4.8 ± 0.5*

EROD # 34.1 ± 15.7 14.2 ± 9.3* 23.4 ± 20.9 5.5 ± 4.3*
$ 20.3 ± 9.6 8.3 ± 5.4* 4.4 ± 2.5* 4.1 ± 4.9*

GST # 2131 ± 538 1818 ± 637 1393 ± 412* 1250 ± 461*
$ 1304 ± 881 1246 ± 518 1461 ± 635 1284 ± 502

GPx # 88 ± 29 98 ± 28 37.2 ± 18.0* 68 ± 88
$ 583 ± 211 533 ± 294 689a 588 ± 104

GSH # 18.1 ± 1.3 23.2 ± 5.1* 19.1 ± 11.2 24.2 ± 6.0*
$ 20.4 ± 5.9 17.5 ± 5.5 24 ± 13.7 17.8 ± 0.8

TBARS 148 ± 41 147 ± 37 127 ± 29 109 ± 21*
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reversed when fish were transferred into clean water.

Based on this experiment, EROD and GST were

characterised by a fast recovery. However, these

parameters cannot reflect the time integration of

contamination effects, they can only reflect a recent

pollution episode. In this context, a frequent sam-

pling could be requested in order to not underesti-

mate pollution (Wu et al. 2005). Conversely,

oxidative stress biomarkers such as GPx and TBARS,

appeared as parameters characterised by a slow

recovery and could be considered as robust biochem-

ical parameters providing a time-integrated estimate

of pollution levels. A less frequent sampling is also

required to evaluate the effects of water quality on

oxidative stress parameters (Wu et al. 2005).

The present work suggested that stickleback bio-

marker responses were influenced by natural vari-

ability. Various biotic factors such as age, gender,

feeding behaviour, and environmental factors includ-

ing diet availability, water temperature, dissolved

oxygen level and parasites can enhance or decrease

the biotransformation activities (Whyte et al. 2000),

antioxidant defences (Martinez-Alvarez et al. 2005)

and fish health reflected by HSI and CF (Pottinger

et al. 2002; Sokolowska et al. 2004). These confound-

ing factors could also prevent using biomarker

application for routine monitoring. Hence, it is

necessary to characterise natural variability of bio-

marker responses. This field study provides a first

indication on certain confounding factors that could

influence the selected biomarkers in stickleback.

Except for TBARS, all investigated indicators

appeared to be gender-dependent. This effect could

be explained by the important variation in physiology

and biochemistry of female fish during the reproduc-

tive phase as previously described for HSI (So-

kolowska et al. 2004) and EROD activity

(Flammarion et al. 1998). For instance, some bio-

markers such as GST exhibited a seasonal variability

with higher levels in Autumn than in Spring. This

could be linked to its implication in the hepatic

degradation of sex steroids and the variation of

hormone levels after the breeding period (Gallagher

et al. 2001). Interestingly, GPx induction were

strongly gender-dependent in OUR and REV sampled

in Spring. Similar trends were observed in meso-

cosms at the same period. To our knowledge, such

gender-effect on this enzyme has not been previously

reported in fish. In addition, other factors linked to

seasonal variability such as predation, parasite infes-

tation and food availability could also be the source

of the variation of biomarkers in uncontaminated

stickleback (Martinez-Alvarez et al. 2005). As an

example, Pascual et al. (2003) showed that suscepti-

bility to oxidative stress in fish, as determined by

oxidative stress biomarkers contents, is enhanced by

food deprivation. These consideration argue for a

better characterisation of stickleback biomarker’s

natural variability due to biotic and abiotic factors

prior to their routine application for freshwater

biomonitoring.

Conclusion

This study was designed to assess the usefulness of

physiological and biochemical biomarkers in stickle-

backs sampled from low and highly impacted areas.

The response profiles of investigated biomarkers

allowed a good discrimination between highly contam-

inated streams and moderately polluted or unpolluted

sites. Other aspects related to using sticklebacks as a

sentinel species were highlighted during this study. The

abundance and distribution of stickleback within the

study area facilitated sampling of several sites located

in reference and polluted areas, however in large

rivers, this could be limited by the availability of

specific habitats. Moreover, stickleback is character-

ised by a stationary behaviour, hence the observed

responses could reflect the local environment. This

field study demonstrates the potential of stickleback as

a sentinel fish species to assess sublethal stress in

multipollution context. Further studies are in progress

to include other specific biomarkers such as vitellog-

enin, spiggin and cholinesterase in this set of biochem-

ical parameters. In addition, seasonal variability

together with chemical analysis of the water will be

studied more thoroughly on selected sites in order to

better characterise the influence of natural and chem-

ical factors on biomarker responses in this fish species.
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