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Abstract:
A multibiomarker approach was developed on juvenile Atlantic tomcod (Microgadus tomcod) to
evaluate the pertinence of this approach for low-cost screening assessment of the environmental
quality of various coastal sites within estuaries. Several biometric indices and biomarkers
(ethoxyresorufin-O-deethylase (EROD) activity, metallothionein concentration, and immune
responses) were investigated on immature and maturing tomcods (≤31 months) collected in four
environmentally contrasted sites in the St. Lawrence Estuary (SLE). Simultaneous examination of
various age classes provides the opportunity to detect short-term responses in sensitive young-of-theyear fish (e.g., EROD induction) and longer-time effects associated with chronic exposure and
bioaccumulation (e.g., metallothionein induction). Principal component analysis was helpful to
discriminate between responses possibly related to contaminant exposure (EROD, metallothionein)
and responses that could be affected by upstream–downstream gradient (immune response, biometric
indices). Measurement of a battery of biomarkers in young tomcods at several sites along the shore of
the SLE is a low-cost screening investigation useful to identify hot spots requiring further investigation
with chemical analysis and additional reference sites.
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1. Introduction
Smith et al. (1979) had detected a high prevalence of hepatocellular carcinomas for the
Atlantic tomcod (Microgadus tomcod) in Hudson River (USA), possibly related to elevated
concentrations of polycyclic aromatic hydrocarbons (PAHs) and halogenated aromatic
hydrocarbons (HAHs) such as polychlorinated biphenyls (PCBs) and polychlorinated
dibenzo-p-dioxins/furans (PCDD/Fs). During the forty next years, the Atlantic tomcod has
been considered as a candidate species to monitor the quality of estuarine waters in Canada
(Couillard 2009), whereas resistance to HAHs and susceptibility to PAHs were demonstrated
for the Hudson River’s tomcod population (Sorrentino et al. 2005; Yuan et al. 2006).
More recently, Wirgin et al. (2011) demonstrated the major role played by the AHR in the
tolerance of tomcod to chemical stress; the Hudson River population exhibiting a particular
allele of AHR2 encoding an AHR protein characterized by reduced affinity for dioxin-like
compounds; this variant being not detected in other estuaries in the United States or in
Canada. Thus in the previous study, a structural change in the coding region of a single gene
could explain the resistance of the population. The authors suggested that the fish
bioaccumulation of high levels of xenobiotic, associated with low gene flow between
populations and strong selective pressure have conducted to a rapid evolutionary change of
AHR2 in the Hudson River population.
In Canada (St Lawrence Estuary) tomcod populations are generally submitted to a lower
level of contamination compared to the Hudson River population, and do not exhibit the HAH
resistance AHR2 allele demonstrated in the Hudson River (Wirgin et al. 2011). Thus, an
experimental exposure to PCB77 induced an activation of the CYP1A mRNA expression for
Canadian tomcod populations vs no alteration of the expression level for the Hudson River
population (Yuan et al. 2006). These confirmed the hypothesis of Wirgin et al. (1994) that
Canadian tomcod populations could be more sensitive to lower levels of pollution, compared
to the Hudson River population. Several biomarkers measured on mature adult tomcod in
Canada have been correlated to pollution level (Couillard et al. 1999; Couillard et al. 2004).
In 1994, multifocal granulomatous lesions in the spleen, likely caused by an infectious agent,
and density and surface area of pigmented macrophage aggregates were higher in tomcod
sampled in the Miramichi Estuary, (NB, Canada) receiving pulp and paper mill effluent
compared to a reference estuary (Couillard et al. 1999). Adult tomcods collected in St.
Lawrence Estuary (SLE, QC, Canada) and exposed to high levels of organochlorine
contaminants including PCBs showed high levels of DNA adducts and hepatocellular
proliferations and low hepatic EROD (Ethoxyresorufin-O-deethylase) activity, compared to
fish from two estuaries with a lower level of organochlorine contamination (Couillard et al.
2005). Furthermore, Lair et al. (1997) also identified jaw ulcers in tomcods from the SLE, but
the cause(s) of these lesions were not identified.
The Atlantic tomcod is an anadromous species; adults undertake yearly migration (up to
several hundreds of kilometers) throughout the SLE to spawn in freshwater tributaries (Scott
and Scott 1988). In contrast, young-of-the-year (YOY) Atlantic tomcod living in eelgrass
meadows are rather sedentary and may better represent local contamination at their site of
capture than adult fish as shown previously in the Hudson Estuary (Fernandez et al. 2004)
Thus, in this study, we have collected juvenile tomcods in four sites along the SLE: Sept-Îles,
Penouille, Cacouna, Rivière-Ouelle.
The Sept-Îles Bay is characterized by numerous industrial and harbor activities and thus
probably submitted to a high chemical stress induced by a complex mixture of xenobiotics;
some analysis indicating high levels of total Butyltins (BTs) in the benthic invertebrates
(about 120ng Sn /g d.w.) and fish (222ng Sn /g d.w.) in this area compared to other sites in
SLE (benthic invertebrate between 40 and 60ng Sn /g d.w. and benthic fish between 50 and

120 ng Sn /g d.w.) (Michaud and Pelletier 2006). Furthermore, sediments near the harbor of
Sept-Îles Bay presented high concentrations of arsenic (6 to 13mg/kg) and copper (28 to
38mg/kG); concentrations of arsenic, boron and sulfates in the water of Sept-Îles Bay
exceeding the threshold to protect aquatic life (respectively 0.069mg/L, 5mg/L and
1499mg/L) (GENIVAR 2012).
Penouille, located in a Bay is displaying a contamination mainly linked to the anthropogenic
activities of the city of Gaspé (presence of PCBs, PAHs), but also resulting from mining
activities in the river basin and thus showing significant levels of heavy metals like copper
(Gagnon 1997; Xstrata Copper Canada 2012). The mine was closed in 1999 and a
rehabilitation of the Bay of Gaspé is carried out (removing of contaminated sediments near
study site) (Xstrata Copper Canada 2012).
The sites of Rivière-Ouelle and Cacouna could be considered as pristine areas, their basins
receiving reduced inputs of domestic, agricultural and industrial effluents. Furthermore, these
two sites are not located in bays and thus submitted to a higher mixing with the water of the
SLE, compared to the two previous polluted systems. Thus, a fish re-introduction is currently
conducted in the Rivière-Ouelle site and the Cacouna site (located between harbour of
Cacouna and the Isle Verte) is considered as a major nursery for birds and several fish
species (Saint-Louis et al. 1997; Gagnon 1998).
In the present study, an integrative approach on the fish responses to chemical stress was
conducted considering several biomarkers (activities of detoxification, immunocompetence,
biometric indexes). The major objective was to assess the potential of YOY tomcod as
sentinels to explore the water quality in contrasted environments in the SLE.

2. Materials and methods
2.1. Fish sampling and cells preparation
Tomcods were collected by a hoop net in September-October 2010 in four eelgrass
meadows in Québec (Fig. 1): Cacouna (n=39), Rivière-Ouelle (n=60), Sept-îles (n=33) and
Penouille (n=44). Fishes were killed by cervical dislocation, just after the catch. Their total
length, gutted-carcass weight, liver weight and gonads weight were measured. The liver and
a part of muscle were flash-frozen and stored at -80°C. Otoliths were removed for ageing.
The head kidney of each fish was aseptically removed. Pronephric cell suspensions were
obtained by homogenization of head kidney with a syringe valve against a steel grid with 1ml
of medium. The medium used throughout the assays, consisted of steril RPMI 1640
supplemented with 10% (v/v) fetal bovine serum (FBS) from Biomedia (Montreal, Quebec,
Canada), 0.5 mg/mL sodium pyruvate, penicillin (100 U/mL)/streptomycin (100 mg/mL), and
buffered with 10 mM Hepes (pH 7.4) (Brousseau et al. 1999). Cells were counted with
hemocytometer by the microscope, using trypan blue dye exclusion (0.4%). Viability was
over 90%.
2.2. Biometric indexes
The individual fish age was estimated considering that all fishes were born in February in a
SLE tributary (Fortin et al. 1990); the number of winter being detected on the otoliths by a
binocular.
The body condition factor (CF) was calculated by the formula: CF = 100 x W / L 3, where W is
gutted-carcass weight (g) and L is total fish length (mm).

The hepatosomatic index (HSI) was calculated as: HSI = 100 x LW/W, and gonadosomatic
index (GSI) as: GSI = 100 x GW/W where W is gutted-carcass weight (g), LW is liver weight
(g) and GW is gonad weight (g).
Frequency of GSI distribution, for males as females, was used to classify the fish into two
groups: immature fishes with low GSI and maturing fishes with higher GSI (data not shown).
All indices were then calculated for each group separately.
2.3. Detoxification
2.3.1. EROD (ethoxyresorufin-O-deethylase)
EROD activity was measured at 22°C by a microplate spectrofuorometric assay (excitation
530nm, emission 585nm) in the liver S9 fraction (Couillard et al. 2004). Protein
concentrations were determined by the method of Bradford using bovine serum albumin as a
standard (BIO-RAD Laboratories, USA).
2.3.2. Metallothionein
A metallothionein(MT)-specific antibody and flow cytometry were used to determinate the
relative cellular level of metallothionein in immune cells as described by Yurkowi and
Makhijani (1998). Briefly, pronephric cell suspensions were fixed with phosphate buffered
saline (PBS, pH 7.4) with 0.3% of paraformaldehyde. One million cells were washed at
1200G, 5min and 500µl of permeabilization buffer (PBS with 3% foetal calf serum, 0.1%
sodium azide and 0.1% saponine, pH 7.4) was added on the pellet. After 30 min of
incubation, 500µl of staining buffer (PBS with 3% foetal calf serum, 0.1% sodium azide, pH
7.4) were added. Cells were centrifuged at 1200G, 5min. Specific anti-MT monoclonal mouse
antibody (DAKO-MT-E9, Dako Canada Inc., Burlington, Ontario, Canada) was added on the
cells (1µg of antibody to 1.106 cells) and incubated 30min at ambient temperature. Cells were
washed with staining buffer and an anti-mouse IgG antibody (Fab specific, F(ab′)2 fragment–
FITC antibody (Sigma-Aldrich Canada Ltd) was added on the pellet (10 µl of a 1:100 dilution
of conjugate per 106 cells). After washing the cells (centrifugation at 1200G, 5min), the pellet
was re-suspended in PBS. Cells were analyzed by flow cytometry (FACSCalibur cytometer,
Becton Dickinson, San José, USA) and 10000 events were recorded. The relative cellular
MT concentration is estimated by mean fluorescence intensity of macrophage population.
2.4. Immunology
2.4.1. Phagocytosis
Capacity of phagocytosis was assessed by the methods described by Brousseau et al.
(1999). Briefly, fluorescent latex beads (d=1.7µm, Polysciences, Warrington, USA) were
added to pronephric cell suspensions (106cells/ml) in order to respect the 100:1 beads to cell
ratio. The cells were incubated 18h at ambient temperature (20°C1). Then, cell suspension
was layered over a 3% bovine serum albumin gradient and cells recovered by centrifugation
at 150g for 8 min in order to remove the free beads. Cell pellets were then resuspended in
0.5 ml of 0.5% formaldehyde and 0.2% sodium azide diluted in phosphate buffer saline
(PBS). Cells can be kept in one week. Cells were analyzed by flow cytometer (FACSCalibur
cytometer, Becton Dickinson, San José, USA) and 10000 events were recorded. The
efficiency of phagocytosis was determined by the percentage of cells having three or more
beads in macrophage gate.

2.4.2. Cell cycle analysis
Proliferation of lymphocytes was estimated by flow cytometry assay based on the analysis of
cell cycle through the quantification of DNA content (Chilmonczyk and Monge 1999; Nunez
2001). Pronephric cell suspensions (1ml of 106 cells/ml) were fixed with ethanol and stored at
4°C. For analysis, cells were centrifugated (5min, 450G) and were resuspended in PBS
(0,5.106 cells/ml). Each sample was recentrifugated (5min, 450G) and resuspended in 500ml
of PBS with RNase (10µg/ml) ans propidium iodide (50µg/ml). Cells were incubated at room
temperature during 30min. Cells were analysed by FACSCalibur cytometer (Becton
Dickinson, San José, USA), 10000 events were recorded and doublet cells were subtracted
(Wersto et al. 2001). Percentage of lymphocytes and macrophages in G0/G1, S and G2/M
were acquired by DNA content analysis (represent by the red fluorescence intensity due to
propidium idodide) of lymphocyte and macrophage gate.
2.5. CCO (Cytochrome C oxidase)
CCO activity was measured at 22°C by a microplate spectrophotometric assay in muscle S9
fraction (Smith and Conrad 1956; Théron et al. 2000). Absorbance changes were monitored
at 550nm during 8min. Protein concentrations were determined by the method of Bradford
using bovine serum albumin as a standard (BIO-RAD Laboratories, USA). CCO is the
complex IV of electron transport chain in mitochondria and is responsible for 90% of cellular
oxygen consumption in mammals (Xu et al. 2005).
2.6. Statistical analyses
Statistic tests and box plot graphs were carried out using Statistica 10.0 (StatSoft). The
variables were not normally distributed, so the Kruskal-Wallis (KW) test was used for intersites comparisons for immature and maturing fishes separately. Within sites, immature and
maturing fishes were also compared by KW test. When KW test was significant (p  0.05), it
was followed by a post-hoc test: a multiple bilateral comparisons of mean ranks. No
significant differences between males and females was detected over the whole markers
(KW test: p > 0.05); thus the analysis were conducted grouping males and females.
Principal Component Analysis (PCA) was used to explore the variability of the different fish
markers over the sampling sites. Markers of cell cycle were strongly correlated, thus only the
percentage of lymphocytes on G2/S phase was considered in the PCA. HSI and GSI were
strongly dependent of maturity and/or gender and/or fish age, thus these two indices were
not considered. Finally, CF, EROD, MT, lymphocytes on G2/S phase, phagocytosis and
CCO were considered in the PCA. All data were standardized (zero mean, unit variance)
before PCA.

3. Results
3.1. Biometric indices
YOY (8-9 months), one-year-old (20-21 months) and two-years-old (32-33 months) tomcods
were caught at each sampling site (Fig. 2). Fishes sampled in Sept-îles and Penouille
showed higher total length and condition factor compared to those of Rivière-Ouelle and
Cacouna (Fig. 2 & 3A).

Whatever the considered site, the GSI of maturing females (males: data not showed) was
higher than the one of immature fishes (Fig. 3B); however the increase of GSI linked to the
maturation process appeared more limited in Penouille compared to other sites.
Immature fishes showed lower HSI than maturing fishes, this difference being only significant
in Rivière-Ouelle (Fig. 3C); furthermore, the HSI of fishes in maturation was significantly
higher in Cacouna vs Rivière-Ouelle and Penouille (Fig. 3C).
3.2. Detoxification
3.2.1. EROD (ethoxyresorufin-O-deethylase)
No significant difference was detected between males and females for EROD activity within
site (KW test: p > 0.05), thus the data were pooled by site (Fig. 4A). In Cacouna, EROD
activity was higher for immature compared to maturing tomcods. In addition, immature
tomcods displayed a higher EROD activity in Penouille compared to other sites; no
significant difference was detected between sites for maturing tomcods (Fig. 4A).
3.2.2. Metallothionein
No significant difference of MT concentration was detected among sampling sites for
immature tomcods (Fig. 4B). However a particularly high inter-individual variability was
observed for this biomarker in Penouille. The MT concentration differed among sites only for
maturing fishes, tomcods in Rivière-Ouelle, and in Sept-Îles/Penouille showing respectively
the lowest and the highest values (Fig. 4B). In Penouille, significantly more MT was detected
in maturing than in immature tomcods.
3.3. Immunology
No significant difference of immune responses (cell cycle or phagocytosis activity), was
detected between immature and maturing tomcods, whatever the sampling site (Fig. 5A &
5B).
3.3.1. Cell cycle analysis
Over the whole data set, the percentage of cells in G0/G1 phase was strongly and negatively
correlated with the one of cells in G2/M phase (R= -0.93, p<0.001). In Sept-Îles and
Penouille, tomcods showed a significantly higher percentage of cells in G2/M (and lower
percentage of cells in G0/G1) relatively to those in Rivière-Ouelle and Cacouna (Fig. 5A).
3.3.2. Phagocytosis
Fishes in Rivière-Ouelle and Cacouna displayed a higher capacity of phagocytosis than
those of Sept-Îles and Penouille; the phagocytosis activity being particularly reduced in
Penouille for immature as maturing fishes (Fig. 5B).

3.4. CCO
Activity of CCO showed a high within site variability. No significant difference was detected
for the CCO activities over the different sites (0.54  0.35 < mean  SD < 0.83  0.31)
The results were not presented because no significant difference was detected among sites,
sexes, maturity classes or age.
3.5. PCA
The first and second principal components (axis 1 & axis 2) accounted for respectively
34.49% and 21.6% of the total variance over the whole data set (Fig. 6). On the first axis of
the correlation circle, an opposition was observed between the right side of the diagram
mainly characterized by a high phagocytosis activity and the left side principally linked to high
condition index and % of lymphocytes in G2/M phase (Fig. 6). The second axis was mainly
linked to detoxification activities, the upper and lower parts of the plan being characterized
respectively by a high EROD activity and a high concentration of MT.
On the distribution of the individuals on the main factorial plan (Axis 1 & 2), two groups of
fishes were clearly detected (Fig. 7):
-

on the left part of the plan, a mixture of individuals from Penouille and Sept-Îles
displaying a reduced capacity of phagocytosis, high percentage of cells in G2/M
phase and high CF; upper and lower fishes displaying respectively a high activity of
detoxification by EROD and by MT;

-

on the right part of the plan, a mixture of individuals from Rivière-Ouelle and Cacouna
showing a high capacity of phagocytosis, a reduced percentage of cells in G2/M
phase, a reduced CF and a limited activity of detoxification (EROD or MT) explaining
their reduced spatial distribution over the axis 2;

-

Furthermore, the fish group: (Cacouna and Rivière-Ouelle) showed a higher CCO
activity relatively to the group (Penouille and Sept-îles).

4. Discussion
In the past, most biomarkers assessed in Atlantic tomcod were measured in liver: liver
histopathology (Smith et al. 1979; Cormier et al. 1989; Johnson et al. 1993; Couillard et al.
1999), hepatic DNA adducts (Wirgin et al. 1994), EROD activity (Couillard et al. 2005) and
the expression of genes, mainly the CYP1A (Wirgin et al. 1994; Williams et al. 1998; Yuan et
al. 2001; Couillard et al. 2004; Sorrentino et al. 2005; Yuan et al. 2006; Carlson et al. 2009).
These earlier studies were focused mostly on HAHs toxicity. In the present study, an
integrative approach was conducted on the responses of the tomcod to the chemical stress
(organic and inorganic) exploring biometric indices, biomarkers of detoxification and of
immunocompetence, in four contrasted environments in the SLE including two displaying
mixed sources of contamination. Earlier studies in the SLE used adult fish whereas our
studies use YOY and subadults (from 8 to 33 month old fish) to explore the tomcod
responses at different sites within a single estuary. We suggest that these young fish can be
impacted by the chemical stress in estuaries and thus could response to the contamination at
different levels of biological organization (molecular, biochemical, cellular and organism
levels) as it was previously observed for juvenile fish like tomcod or European flounder,
respectively in North-West and North-East Atlantic (Wirgin and Waldman 1998; Evrard et al.
2012)

4.1. Biometric indexes
To distinguish the natural variability (noise) and contaminant-induced stress (signal), the
baseline data of a biomarker/bioindicator should be well defined (van der Oost et al. 2003).
Williams et al. (1998) measured CF, HSI and GSI during one year on mature Atlantic
tomcods in a reference site and an area polluted by pulp and paper effluents. The biometric
indices in the reference as in the contaminated sites varied along the annual reproductive
cycle between 0.55 and 0.85 for the CF, between 2 and 7 for the HSI, and between 3 to 6 for
females and 1 to 5 to males considering the GSI. CF and HSI were maximal in the fall
(September-November) and minimal during the spawning period (February-March). In
contrast GSI was maximal in February and minimal in May. Other studies on mature Atlantic
tomcod sampled yearly in early spring from 1998 to 2004 in the SLE, showed that CF can
vary between the years from 0.45 to 0.75 (Couillard et al. 2004).
In the present study, maturing tomcods of Penouille showed higher CF value compared to
reference sites in the bibliography. Thus, CF does not appear to be negatively impacted by
chemical stress and may be more influenced by natural factors (Linde-Arias et al. 2008).
Condition factor of fishes can be modified by various factors including bathymetry (Chouinard
and Swain 2002), abundance of prey (Dutil et al. 2003), salinity (Lambert et al. 1994), age,
sex and climate (Lambert and Dutil 1997; Guimaraes et al. 2009). Penouille site is probably
characterized by a contrasted hydroclimatic conditions relatively to the other sites in the SLE,
considering particularly the thermal regime and the onset of sea ice (Villeneuve 1959;
Saucier et al. 2003). These differences can directly impact the metabolism of tomcod, and
also its growth rate as observed in the present study where the growth appeared higher at
the downstream sites (Penouille/Sept-îles) compared to the upstream sites
(Cacouna/Rivière-Quelle). Density-dependent processes could also be involved.
Furthermore, the local hydroclimatic conditions and habitat physicochemical characteristics
can also modify the availability of prey and consequently the tomcod energy allocation.
Finally, it is possible that the populations of tomcod sampled downstream in the SLE are
genetically distinct from those sampled upstream and their genetic could affect energy
allocation.
Variation in GSI (considering females) is primary explained by the reproductive cycle
(Williams et al. 1998). Maturing tomcods of Cacouna and Rivière-Ouelle (collected in
October) showed higher GSI compared to those of Sept-îles and Penouille (collected in
September); thus, the differential between the sampling periods could explain that Cacouna
and Rivière-Ouelle fishes should be more advanced in their reproductive cycle and could
explain their contrasted GSI. However we suggest, particularly for the Penouille site, that the
very limited increase of GSI from immature to maturing fishes could be related to a toxic
effect of pollutants. In these fish, more energy could be allocated to storage than to
reproduction. Complementary observations on the reproduction biology should be conducted
in this site, considering an annual change in ovarian histology and steroid profiles at
Penouille and in a reference site with similar hydroclimatic and habitat characteristics.
Maturing tomcods in Cacouna showed higher HSI compared to other sites. Xenobiotics
exposure can lead to induction of hepatic enzymes, liver inflammation or abnormal growth
(Olivares et al. 2010). Higher HSI could be explained by the increase of cell size or cell
number as a response to pollutants (van der Oost et al. 2003). Maturing tomcods in Cacouna
did not show any induction of EROD activity (see 4.2), thus their high HSI does not seem to
be a consequence of enzymatic induction. The gadidae store their lipid reserves in liver
(Lambert and Dutil 1997) and fat reserves are transferred from liver to gonads at the time of
maturation. Vitellogenesis also occurs in liver during gonad maturation. We suggest that the
highest HSI in maturing fish in Cacouna could be a consequence of their more advanced

maturation. Finally, in the present study, no obvious relationship was detected between the
HSI and the level of pollution, considering the immature as the maturing tomcods.
4.2. EROD (ethoxyresorufin-o-deethylase) and MT (metallothionein)
Hepatic EROD induction is commonly considered as a pertinent indicator of exposure to
molecules binding to the arylhydrocarbon receptor such as PAHs and HAHs (van der Oost et
al. 2003). Several studies have demonstrated a significant increase of EROD activity for
animals living in polluted sites (e.g. Xu et al. 2002; Aarab et al. 2004; Fasulo et al. 2010).
In several fish species, EROD induction, particularly for females, was dependent on the
stage of maturity and thus could explain a differential between males and females (e.g. Kirby
et al. 1999; Khan and Payne 2002; Miller et al. 2004). We suggest that the absence of
difference in the EROD activity between genders in the present study could be linked to the
sampling period of tomcods, at the beginning of their reproductive cycle (Williams et al.
1998). An absence of difference between males and females EROD activity has been
reported occasionally for other fish species (Flammarion et al. 2002; Fang et al. 2010;
Gungordu and Ozmen 2011)
In the present study, in two sites (Cacouna and Penouille), YOY tomcod displayed a higher
EROD activity compared to maturing fishes, the median values being respectively 3 and 0.51 pmol/min/mg. Lower EROD activity in maturing fish could reflect differential exposure as a
result of different diet or of bioaccumulation of chemicals with age. Dietary shift from
zooplanktom to macroinvertebrates in the first year of age has been reported in Hudson
Estuary tomcod (Fernandez et al. 2004). Lower EROD activity in older maturing fish could be
related to natural selection for less-inducible genotypes (Wirgin et al. 2011) or to suppression
of CYP1A activity by steroid hormones (Williams et al. 1998) or by bioaccumulated
xenobiotics (e.g. Couillard et al. 2004, EROD levels being 2-9 and 0.6-5 pmol/min/mg for
repectively 1+ tomcods and older fish). This hypothesis could be strengthened particularly for
the Penouille site where a significant contamination by complex mixture of pollutants is
suspected (Gagnon 1997; Xstrata Copper Canada 2012); this type of contamination being a
strong inhibitor of EROD activity (Viarengo et al. 1997; Kerambrun et al. 2012). Furthermore
in the SLE, Couillard (2009) underlined a negative correlation between the level of hepatic
EROD activity and the organochlorine concentration, considering adult tomcods; the average
level of EROD activity being repectively of 1 and 10 pmol/min/mg for the highly vs lowly
contaminated fish.
Finaly the present study confirmed that there are obviously many gaps in our knowledge on
the tomcod EROD activity. Further studies are needed to compare exposure of YOY and
maturing tomcod to different classes of inducing or inhibiting xenobiotics or to explore the
hypotheses of post-transcriptional inhibition of EROD activity or natural selection. The
variability of this biomarker is potentially linked to multiple factors and could be inhibited by
the pollutants, thus the EROD induction used alone must be considered cautiously for the
diagnostic of the water quality in the field.
MT is a protein which plays a major role in the protection against the toxic effects of heavy
metals (George and Olsson 1994). MT shows a sequestering function explained by the
binding of MT to particular metals (Klaassen et al. 1999). Several laboratory experiments
underlined that teleost MT’s are inducible by numerous metals like cadmium, copper, zinc
(George and Olsson 1994; van der Oost et al. 2003). In this study, the relative quantity of MT
was estimated by an immunoassay technique, considered as the most sensitive method for
the quantification of MT proteins (George and Olsson 1994).

In the present study, a significant increase of MT was clearly detected in maturing tomcods
of Penouille and Sept-Îles compared to those of Cacouna and Rivère-Ouelle; this trend being
not detected for the immature fishes. We suggest that maturing fishes have bioaccumulated
more metals in their tissues; the higher bioaccumulation for older fishes conducting to MT
induction; this trend being also detected for coastal fishes submitted to metallic pollution
(Rotchell et al. 2001; Marijić and Raspor 2006). The Penouille and Sept-Îles sites were
clearly suspected to show a chronic metallic contamination; thus their higher MT levels
suggest that this biomarker could become an efficient tool for the diagnostic of heavy metals
exposure in estuarine waters.
4.3. Immunology
Immunocompetence might be considered as a pertinent biomarker of exposure to
environmental stress (Burnett et al. 2007). Several xenobiotics can conduct to an
immunosuppression but conflicting results indicated a difference in sensitivity according to
the species tested, the concentrations used, and the time and/or exposure route (SanchezDardon et al. 1999). The exposure of animals to contaminants in the field could lead to
suppression, inhibition of immune competence and / or stimulation, hypersensitivity and autoimmune reaction (Sweet and Zelikoff 2001). Capacity of phagocytosis is widely used in
ecotoxicology, considering particularly fishes and mollusks (Bols et al. 2001; van der Oost et
al. 2003). Several toxics can inhibit the activity of macrophages leading to a decrease of their
phagocytosis capacity (Fournier et al. 2000; Bols et al. 2001). Measures of cell cycle by flow
cytometer allowed to estimate the lymphocyte proliferation (Chilmonczyk and Monge 1999).
Some toxics might inhibit (e.g. Payette et al. 1995) or enhance the proliferation (e.g. Low and
Sin 1998). Low and Sin (1998) have demonstrated that low and high concentrations of
mercury respectively enhance and inhibit the proliferation of lymphocytes.
The result of immune biomarkers on tomcod showed clearly two groups of sites in the SLE.
The tomcods from the upstream sites (Rivière-Ouelle and Cacouna) displayed a high
capacity of phagocytosis and few lymphocytes in G2/S phase compared to fish from the
upstream sites (Sept-îles and Penouille), with a lower capacity of phagocytosis and more
lymphocytes in G2/S phase (i.e. an increase of proliferation for these two last sites). These
responses may seem conflicting but they were also reported in other studies, the responses
of immune system to complex mixture being difficult to predict (Tahir and Secombes 1995;
Burnett et al. 2007; Finkelstein et al. 2007). Generally, chemical exposure can interfere with
critical phases of the fish immunity by blocking phagocytic activity, inducing or inhibiting cell
proliferation, or negating precursor cell formation (Sweet and Zelikoff 2001).
Numerous xenobiotics can modulate the immune function, particularly the heavy metals
(Bernier et al. 1995; Sanchez-Dardon et al. 1999; Fournier et al. 2000); the underlying
mechanisms being not clear. Toxics could affect directly the immune system, for example by
inducing the apoptosis of immune cells. The presence of toxics in an organism can also
induce the production of stress hormones which can modulate the immune system (Bols et
al. 2001). In tomcods from Sept-Îles and Penouille, measures of MTs were also carried out
on head kidney and showed that pronephric cells responded to heavy metals. We suggest
that the presence of heavy metals and possibly of other pollutants induces several significant
alterations of the tomcod immune system in these polluted sites, inhibiting its capacity of
phagocytosis and enhancing the proliferation of lymphocytes. On the long range, these
alterations could reduce the efficiency of the immune system and as a consequence, could
increase the disease susceptibility (Arkoosh et al. 1998; Arkoosh et al. 2001). Alternative
hypotheses are modulation of the immune response by natural upstream-downstream
ecological gradient or by the reproductive cycle. Further studies with fish sampling at
reference sites with similar ecological characteristics than Penouille and Sept-îles and
chemical analyses would be necessary to discriminate among these various hypotheses.

Again, the variability of this biomarker is potentially linked to multiple factors, thus the
immune response used alone must be considered cautiously for the diagnostic of the water
quality in the field.
4.4. multibiomarker approach
In a multibiomarker approach, the major objectives are to investigate markers that
complement each other and adequately explain the differences between the study sites
(Humphrey et al. 2007). In the present study, the main factorial plan of the PCA, explained
56 % of the total variance of the data set and thus gives a global vision on the variability of
biomarkers and fish distributions over the different sampling sites along the St Lawrence
estuary. The first PCA axis was mainly explained by the immune markers and by the
condition index (phagocytosis vs CF - percentage of G2/M phase lymphocytes); the second
axis being associated to detoxification activities (EROD vs MT).
The fish distribution on the main factorial plan shows a clear separation of the upstreamsites
(Rivière-Ouelle and Cacouna) where the fishes showed a better capacity of phagocytosis, a
low number of cells in G2/M, a lower CF and limited detoxification activites (EROD and MT).
We suggest that these sites are probably submitted to a reduced pollution, considering (1)
their obvious reduced inputs of domestic, agricultural and industrial effluents and (2) the
highly probable dilution effect of the SLE water in these “open systems” (i.e. non located in
Bays).
On the other hand, the fishes of the downstream sites (Sept-îles and Penouille) showed
globally a lower capacity phagocytosis, more cells in G2/M and higher CF, EROD activities
and metallothionein levels; this second fish group was probably living in heavily polluted bays
displaying complex mixtures of contaminants. We suggest that the higher fish spatial
distribution over the axis 2 of the PCA in the downstream vs upstream populations underlines
a higher variability of the detoxification activities (EROD activity and metallothionein level)
linking to the fish aging in polluted vs in pristine systems.

5. Conclusion
In the present study, several biomarkers were explored on the Atlantic tomcod in contrasted
environments of the SLE, the downstream sites displaying higher inputs of anthropogenic
effluents when compared to upstream sites. Higher growth rate and condition factor in the
two downstream sites (Penouille and Sept-Îles) vs upstream-sites (Cacouna, Rivière Ouelle)
could be more related to ecological gradient than to contamination level. A reduced energy
allocation for reproduction in maturing fish at Penouille could have detrimental consequences
for fish reproduction and warrants further investigation on sexual maturation process and
potential endocrine disruption at this site.
EROD and MT are linked to detoxification and are considered as biomarkers of exposure to
pollutants. However, with the aging of the fish in the more polluted systems, the
bioaccumulation of xenobiotics could inhibit the EROD activity but on the other hand should
be necessary to induce the production of MT. The capacity of phagocytosis and the cell cycle
analysis are indicators of the immune function that could affect the susceptibility of
individuals to infectious agents (Bols et al. 2001). In the present study, complex mixtures of
contaminants in the downstream polluted systems could induces significant alterations of the
tomcod immune system (inhibition of phagocytosis and proliferation of lymphocytes).

Further investigations will be necessary to thoroughly analyze the tomcod responses in
habitats displaying contrasted levels of contamination but also differential hydroclimatic
conditions. A better understanding of the possible role of the confounding factors (i.e. not
directly linked to the chemical stress) on the modulation of biomarkers is needed. Chemical
analysis should be conducted in sediments, preys and tomcod tissues to better characterize
differential exposure of various age classes of tomcods at different sites. Thus, we suggest to
study in the future the basic life cycle and the physiology of the tomcod in different regions of
the SLE, as well as the seasonal baseline levels in the biomarkers, in addition to pollutant
load in these locations. Finally, we suggest that the tomcod population genetics should be
explored, to assess the possibility of gene flow between different sites and of genetic
adaptation over the SLE.
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Figures
Figure 1 : The four sampling sites in the St Lawrence Estuary, Québec (CANADA)

Figure 2 : Total length of different age groups of tomcods sampled in Sept-Îles, Penouille,
Cacouna and Rivière-Ouelle.

Figure 3 : Biometric indices of tomcod from Rivière-Ouelle ( R), Cacouna (C), Sept-Îles (S),
and Penouille (P), considering immature (i) and maturing fishes (m). A: condition factor (CF),
B: female gonadosomatic index (GSI), C: hepatosomatic index (HSI).
(Statistics: lower-case letters indicate significant differences between immature populations;
capital letters indicate significant differences between maturing populations; asterisks
indicate significant differences between immature and maturing fishes from the same site
with P<0.05)

Figure 4 : Assessment of biomarkers on tomcod from Rivière-Ouelle ( R), Cacouna (C), SeptÎles (S), and Penouille (P), immature (i) and maturing fishes (m). A: EROD activity (pmoles
resorufin/min/mg protein), B: Metallothionein induction (mean of fluorescence of pronephric
cells suspension).
(Statistics: lower-case letters indicate significant differences between immature populations;
capital letters indicate significant differences between maturing populations; asterisks
indicate significant differences between immature and maturing fishes from the same site
with P<0.05)

Figure 5 : Assessment of immune biomarkers on tomcod from Rivière-Ouelle ( R), Cacouna
(C), Sept-Îles (S), and Penouille (P), immature (i) and in maturation (m). A: cellular cycle
(percentage of cells in lymphocyte gate in G2/M, S and G0/G1 phase), B: phagocytosis
capacity (percentage of cells that have engulfed three beads and more).
(Statistics: lower-case letters indicate significant differences between immature populations;
capital letters indicate significant differences between maturing populations; with P<0.05)

Figure 6 : Principal Component Analysis (PCA): distribution of the variables on the
correlation circle (CF: condition factor, EROD, metallothionein, capacity of phagocytosis, cell
cycle: % of lymphocyte in G2/M phase, CCO: enzymatic activity of the Cytochrome C
Oxydase).

Figure 7 : Principal Component Analysis (PCA): distribution of the individuals (fishes) on the
main factorial plan.

