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Cellular defence against accumulation of toxic xenobiotics includes metabolism by phase I and II enzymes and export of toxicants and their metabolites via ATPbinding cassette (ABC) transporters. Liver gene expression of representatives of these three protein groups was examined in a population of multixenobioticresistant killifish (Fundulus heteroclitus) from the Sydney Tar Ponds, Nova Scotia, Canada. The Tar Ponds are heavily polluted with polycyclic aromatic hydrocarbons, polychlorinated biphenyls and heavy metals. The relationship among ABC transporters ABCB1, ABCB11, ABCC2, ABCG2, phase I enzyme cytochrome P4501A1 (CYP1A1) and phase II enzyme glutathione-S-transferase (GST-mu) was investigated by quantifying hepatic transcript abundance. In Tar Pond killifish, hepatic mRNA expression levels of ABCC2, ABCG2, CYP1A1 and GST-mu were elevated compared to reference sites, suggesting that hydrophobic contaminants undergo phase I and II metabolism and are then excreted into the bile of these fish. Hepatic ABCB1 and ABCB11 mRNA were not up-regulated in Tar Pond fish compared to two reference sites, indicating that these two proteins are not involved in conferring multixenobiotic resistance to Tar Pond killifish. The results suggest instead that liver up-regulation of phase I and II enzymes and complementary ABC transporters ABCC2 and ABCG2 may confer contaminant resistance to Tar Pond fish.

Introduction

ATP-binding cassette (ABC) transporters are highly conserved transmembrane active transport proteins [START_REF] Dean | Evolution of the ATP-binding cassette (ABC) transporter superfamily in vertebrates[END_REF], and some members of this superfamily confer multixenobiotic resistance to aquatic organisms living in polluted environments [START_REF] Kurelec | The multixenobiotic resistance mechanism in aquatic organisms[END_REF][START_REF] Epel | Use of multidrug transporters as first lines of defense against toxins in aquatic organisms[END_REF]. The phenomenon of multixenobiotic resistance allows these organisms to survive in their habitat despite high pollution levels by over-expressing these ABC transporters. This overexpression prevents the cellular accumulation of potentially harmful xenobiotics because ABC transporters actively export parental or metabolized forms of the xenobiotic.

In the present study, the expression of four apical ABC transporters was investigated in killifish (Fundulus heteroclitus) from the Sydney Tar Ponds (Cape Breton, Nova Scotia, Canada; Figure 1). Three of these ABC transporters, namely ABCB1 (MDR1/P-glycoprotein), ABCC2 (MRP2/multidrug resistanceassociated protein 2) and ABCG2 (BCRP/breast cancer resistance protein), play a major role in xenobiotic export in mammals [START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF] and for ABCB1 and ABCC2 similar importance has been demonstrated in fish [START_REF] Miller | Excretory transport of xenobiotics by dogfish shark rectal gland tubules[END_REF][START_REF] Bard | Multixenobiotic resistance as a cellular defense mechanism in aquatic organisms[END_REF]Bard et al., 2002a;[START_REF] Miller | MRP2 and acquired tolerance to inorganic arsenic in the kidney of killifish (Fundulus heteroclitus)[END_REF]. Recently, the first study investigating the presence and expression of ABCG2 in an aquatic organism quantified hepatic expression of this transporter in rainbow trout (Oncorhynchus mykiss; Zaja et al. 2008). The fourth ABC transporter, ABCB11 (SPGP/sister of P-glycoprotein), was investigated because it is homologous to ABCB1 in killifish and the antibody used in this study does not distinguish between the two homologues [START_REF] Cooper | Immunohistochemical and immunoblot detection of P-glycoprotein in normal and neoplastic fish liver[END_REF]. Research about the role of ABCB11, also known as bile salt export pump/BSEP is limited in aquatic organisms, but mammalian studies indicate a physiological role in the hepatic export of bile salts [START_REF] Gerloff | The sister of P-glycoprotein represents the canalicular bile salt export pump of mammalian liver[END_REF] rather than xenobiotics.

ABCB1, ABCB11, ABCC2 and ABCG2 are localized in the apical membrane of hepatocytes and facilitate the movement of substrates into the bile for eventual excretion. Except for ABCB11, these transporters have broad substrate specificities that include phase I and II metabolites. ABCB1 transports moderately hydrophobic, amphiphilic, neutral or positively charged substances, including both exogenous and endogenous compounds (Ambudkar et al., 1999;[START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF]. ABCC2 and ABCG2 primarily transport organic anions that may or may not be conjugated to glutathione, glucuronide, sulfate or other polar groups [START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Mao | Role of the breast cancer resistance protein (ABCG2) in drug transport[END_REF]. However, ABCG2 prefers sulfate conjugates, while ABCC2 is a major exporter of glutathione conjugates [START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Mao | Role of the breast cancer resistance protein (ABCG2) in drug transport[END_REF].

Many of these ABC transporter substrates are products of hepatic phase I and II metabolism by enzymes such as cytochrome P450s and glutathione-Stransferases (GSTs), respectively, but not exclusively. For example, cytochrome P4501A1 (CYP1A1) hydroxylates hydrophobic substances including polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs), making them more hydrophilic and suitable for phase II metabolism or transport out of the cell. PAHs and PCBs can also induce CYP1A1. The phase II enzyme GST conjugates glutathione to electrophilic centres. Different types of GSTs are characterized based on substrate specificity and in mammals GST-mu metabolizes PAHs, for example benzo [a]pyrene into the derivative benzo[a]pyrene 7,8-diol-9,10-epoxide [START_REF] Hayes | Role of glutathione transferase in drug resistance[END_REF]. Like many other PAHs, benzo [a]pyrene is found in sediments of the Sydney Tar Ponds where fish samples for this study were collected.

Synergistic activity of ABC transporters and phase I and II enzymes has been suggested [START_REF] Bard | Multixenobiotic resistance as a cellular defense mechanism in aquatic organisms[END_REF][START_REF] Liu | Multidrugresistance mdr1a/1b double knockout mice are more sensitive than wild type mice to acute arsenic toxicity, with higher arsenic accumulation in tissues[END_REF][START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Xu | Induction of phase I, II and III drug metabolism/transport by xenobiotics[END_REF] and many studies report elevated expression of xenobiotic transporters, phase I enzymes or phase II enzymes in aquatic organisms living in environments contaminated with PAHs or PCBs [START_REF] Van Veld | Induced cytochrome P-450 in intestine and liver of spot (Leiostomus xanthurus) from a polycyclic aromatic hydrocarbon contaminated environment[END_REF][START_REF] Ca> Armknecht | An elevated glutathione Stransferase in creosote-resistant mummichog (Fundulus heteroclitus)[END_REF][START_REF] Cooper | Altered expression of the xenobiotic transporter P-glycoprotein in liver and liver tumours of mummichog (Fundulus heteroclitus) from a creosote-contaminated environment[END_REF]Bard et al., 2002b;[START_REF] Gowland | Implications from a field study regarding the relationship between polycyclic aromatic hydrocarbons and glutathione S-transferase activity in mussels[END_REF] or following laboratory exposures to PAHs and heavy metals (e.g. [START_REF] Arzuaga | Evidence for resistance to benzo[a]pyrene and 3,4,3′4′-tetrachlorobiphenyl in a chronically polluted Fundulus heteroclitus population[END_REF][START_REF] Franco | Antioxidant status and stress proteins in the gills of the brown mussel Perna perna exposed to zinc[END_REF]. However, there are no investigations regarding the simultaneous expression of several xenobiotic transporters and xenobiotic metabolizing enzymes in a wild aquatic population despite the possibility of these proteins being part of the same cellular detoxification system.

The Sydney Tar Ponds are an ideal site for studying the simultaneous expression of genes important in cellular detoxification. This site is chronically polluted with PAHs, PCBs and heavy metals due to 100 years of industrial activity since the early 1900s at adjacent steel mill and coke production sites (Joint Review Panel, 2006). Thus, resident aquatic populations experienced contaminant exposure over many generations. Sediment concentrations of summed PAHs have been reported to range from 880 to 26800 µg/g and those of summed PCBs up to 2600 µg/g (Joint Review Panel, 2006). In addition, until recently leachates from a municipal landfill and raw sewage were entering the Tar Ponds. The raw sewage input ceased in 2005 as part of a remediation process that is currently underway at the Tar Pond site, but heavy rains still lead to occasional raw sewage input through storm drains (M. Jones, personal observation).

Despite the heavy contamination, fish and other aquatic organisms populate the Tar Ponds. The most abundant fish in the Tar Ponds are killifish, also known as mummichogs, representing 94.3% of fish that were collected in minnow traps at the site [START_REF] Jones | Condition analyses of mummichog, Fundulus heteroclitus, from the Sydney Tar Ponds and reference estuaries[END_REF]. The killifish is a small intertidal fish native to Nova Scotia estuaries. The condition of killifish can be indicative of the effects of the local state of the environment because these fish tend to remain in one estuary for life [START_REF] Griffin | δ 15 N isotope studies of life history and trophic position of Fundulus heteroclitus and Menidia menidia[END_REF]. This estuarine fidelity was observed among Tar Pond killifish, which seem to remain within the Tar Ponds (M. Jones, unpublished data). In addition, these fish have been observed to feed on benthic detritus (M. Jones, unpublished data) so that exposure to hydrophobic, particle-bound contaminants is expected. In comparison to killifish from other Cape Breton estuaries, Tar Pond killifish show higher incidences of developmental stress indicated by morphological asymmetry [START_REF] Jones | Asymmetries in skeletal elements of mummichog (Fundulus heteroclitus) as indicators of environmental stress[END_REF], which may be due to high contaminant levels in the Tar Ponds.

We hypothesize that Tar Pond killifish have developed multixenobiotic resistance (i.e. they can survive in the Tar Ponds despite the high pollution levels by over-expressing certain ABC transporters) as a strategy for coping with the contaminants in their habitat. Furthermore, we hypothesize that ABC transporters and phase I and II enzymes 'cooperate' during cellular detoxification, and that concurrent up-regulation of these transporters and enzymes occurs in response to pollution. Therefore, the objective of our study was to investigate the expression of the three xenobiotic transporters ABCB1, ABCC2 and ABCG2, the ABCB1-homologue ABCB11, and the xenobiotic-metabolizing enzymes CYP1A1 and GST-mu in killifish from the Sydney Tar Ponds. Gene and protein expression was analyzed in the liver, which is one of the major detoxifying organs of vertebrates. In addition, hepatic heat shock protein 70 (HSP70) expression was evaluated since it can be induced by heavy metals and PAHs [START_REF] Kinder | Expression of heat shock protein 70 in a permanent cell line (EPC) exposed to sediment extracts from the North Sea and the Baltic Sea[END_REF][START_REF] Franzellitti | Cytoprotective responses in the Mediterranean mussel exposed to Hg 2+ and CH 3 Hg +[END_REF] and could represent an alternative strategy to multixenobiotic resistance. New tools for quantitative RT-PCR were developed for assessing expression of the genes ABCB1, ABCB11, ABCC2, ABCG2 and GST-mu as part of this study. Novel information on the ABC transporters ABCC2 and ABCG2 not previously described in F. heteroclitus is also provided.

METHODS

Reference Site Selection Based On Chemical Analysis Of Sediment And Fish Samples

Sediment samples were collected from candidate Nova Scotia reference sites in Cape Breton (Fuller's Bridge, Glace Bay, Morrison Beach, Mira River, Lingan Beach; Figure 1) and the Halifax Regional Municipality (Conrad Beach; Figure 1) for PAH analysis. Adult killifish were collected in the Sydney Tar Ponds (N=3; Figure 1) and at two candidate Nova Scotia reference sites, Mira River (Cape Breton; N=25) and Conrad Beach (Halifax Regional Municipality; N=5) in the fall of 2004. Sediment and whole fish were analyzed for 85 individual PAHs. In addition, three whole killifish from the Tar Ponds were analyzed for 55 PCBs.

Briefly, sediments were dried, sieved over a 2 mm mesh, ground and processed for GC-MS analysis. PAHs were extracted from sediments following a modification of the procedure outlined in [START_REF] Hellou | Distribution of PACs in surficial sediments and bioavailability to mussels, Mytilus edulis, of Halifax harbour[END_REF], where sonication using dichloromethane replaced the soxhlet extraction; while a sub-sample of each sediment was submitted for total organic carbon (TOC) analysis, where results obtained for inorganic carbon were subtracted from those of total carbon to truly reflect the organic content.

Fish samples were pooled, homogenized and PAHs and PCBs were extracted from fish using caustic digestion as described in [START_REF] Hellou | Monitoring for PAH exposure in finfish: concentrations in tissues and biotransformation[END_REF] and replacing the previously used purification of the extract by gel permeation chromatography as described in [START_REF] King | Tracing the source of 3, 3'dichlorobiphenyl found in samples collected in and around Halifax harbour[END_REF]. The instrumentation used for quantification of the analytes is described in [START_REF] Hellou | Body burden of contaminants and biological effects in mussels: an integrated approach[END_REF] along with the quality assurance/quality control protocol. This QA/QC included the processing of a blank, duplicate analysis of a sample and a standard reference material of sediments purchased from the National Research Council and of mussels purchased from the National Bureau of Standards.

Specimen Collection

Adult killifish were collected and sampled within 24 hr at the two reference sites, Conrad Beach (September 2004) and Mira River (July 2007) and in the Tar Ponds (July 2007; Figure 1). Killifish livers were dissected, snap frozen and stored at -80 ºC until sample processing. Abnormalities of liver appearance were noted and for each fish, sex, length (L in cm), fish weight (W in g) and liver weight were recorded and condition factors (K= W x 100/ L 3 ) were calculated as a measure of plumpness and relative health.

Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

For quantification of hepatic mRNA levels of ABCB1, ABCB11, ABCC2, ABCG2, CYP1A1 and GST-mu in killifish from the three sampling sites, total RNA was isolated from partial liver (30-50 mg) of adult killifish (Conrad Beach n=10, Mira River n=10, Tar Ponds n=8) using TRIzol reagent® (Invitrogen, USA) following manufacturer's instructions. Isolated RNA was treated with RNA secure reagent (Ambion, USA) and Turbo DNA-free™ (Ambion, USA) DNase according to manufacturer's instructions. Subsequently, 200 ng total RNA were reverse transcribed to cDNA using 15 ng/µL random hexamer pd(N) 6 primers (GE Healthcare, UK), 10 mM dNTPs (Fermentas, USA) and StrataScript® Reverse Transcriptase (Stratagene, USA) according to supplier's instructions. Primers were designed using the software PrimerQuest (www.idtdna.com) and purchased from Integrated DNA Technologies. PCR efficiencies for each primer were determined from a standard curve using dilutions of pooled hepatic cDNA from two Tar Pond killifish (r 2 >0.96 for all primers).

The following qRT-PCR conditions were used for all reactions: initial denaturation (95 ºC/10 min), 40 amplification cycles (separation (95 ºC/30 s), annealing (57 ºC/30s) and elongation (72 ºC/1 min) followed by reading of SYBR green fluorescence (82 ºC/30 s)) and a final melt curve. Reactions for ABCG2 followed the same protocol but with 45 cycles of amplification. Every qRT-PCR reaction included a blank (water) and a negative control (reverse transcription product obtained using denatured reverse transcriptase) for each primer set and all samples were run in triplicate. Real-time PCR products for ABCB1, ABCB11, ABCC2, ABCG2 and GST-mu were visualized in 2% agarose-TBE gels, isolated using the QIAquick® Gel Extraction Kit (Qiagen, Canada) and commercially sequenced (Genewiz®, www.genewiz.com). The obtained nucleotide sequences were compared to GenBank sequences using BLAST (Altschul et al., 1997). qRT-PCR products were assumed to be correct if sequenced products aligned with the predicted product sequence, were of the expected size when run in a 2% agarose gel and shared high sequence identity with the target gene in other aquatic or mammalian species as determined by BLAST search (Altschul et al., 1997).

Hepatic transcript abundance among killifish from the three study sites was compared using the threshold cycle (C t ) values obtained from qRT-PCR and the ∆∆C t method [START_REF] Livak | Analysis of relative gene expression data using real-time quantitative PCR and the 2-∆∆Ct method[END_REF] with Conrad Beach serving as comparison site for both Mira River and the Tar Ponds.

Immunoblotting Of Killifish Liver Proteins

Protein expression of hepatic ABC transporter P-glycoprotein and its isotypes, as well as ABCC2 and the xenobiotic metabolizing enzyme CYP1A1 were examined for comparison with mRNA levels. Monoclonal antibody C219 was used for P-glycoprotein detection and commercial monoclonal antibodies raised against mammalian ABCC2 (M 2 I-4, M 2 II-12 and M 2 III-6 purchased from ID Labs Inc.) and an ABCC2 antibody generously provided by Dr. Dietrich Keppler (Deutsches Krebsforschungszentrum, Heidelberg, Germany) were used for ABCC2 detection. CYP1A1 protein was detected with MAb 1-12-3, a gift from Dr. John Stegeman (Woods Hole Oceanographic Institution, MA). Hepatic HSP70 protein expression was assessed with monoclonal anti-HSP70 clone BRM-22 (Sigma, US).

In brief, about 30 mg of liver from each killifish was homogenized manually on ice in lysis buffer (50 mM Tris, 150 mM NaCl, 5 mM EDTA (disodium ethylene diamine tetra acetate), 1 % w/v deoxycholic acid (sodium salt), 0.1 % w/v SDS (sodium dodecyl sulfate), 1 % v/v Triton X-100; pH 7.4) with protease inhibitors (0.614 µM aprotinin, 0.5 µM PMSF, 23.4 µM leupeptin) and centrifuged for 15 min at 21000 x g at 4 ºC (modified from [START_REF] Cooper | Immunohistochemical and immunoblot detection of P-glycoprotein in normal and neoplastic fish liver[END_REF]. The clear supernatant was transferred to a fresh tube, centrifuged as before and protein concentration of the final supernatant was determined in triplicate using the [START_REF] Bradford | A rapid and sensitive method for the quantification of microgram quantities of proteins using the principle of protein-dye binding[END_REF] assay. Samples were boiled 3 min under reducing conditions (100 mM DTT) and protein separation was achieved using an 8 % SDSpolyacrylamide gel electrophoresis (SDS-PAGE) gel (150 V, 60 min, at room temperature) [START_REF] Laemmli | Cleavage of structural protein during the assembly of the head of bacteriophage T4[END_REF]. Amounts of total protein loaded in the gel were 2.5 µg for P-glycoprotein and CYP1A1, 4.5 µg for HSP70, and 7.5 µg for ABCC2. A pre-stained broad range molecular weight marker (Bio-Rad, USA) was included in each gel. Protein transfer to nitrocellulose membrane (100 V, 60 min, on ice) submerged in transfer buffer (25.0 mM Tris, 191.8 mM glycine, 20% v/v methanol) [START_REF] Towbin | Electrophoretic transfer of proteins from polyacrylamide gels to nitrocellulose sheets; procedures and some applications[END_REF] was followed by incubating the blot in blocking buffer (Tris buffered saline (20.0 mM Tris, 137 mM NaCl; pH 7.6) with 0.1 % Tween® and 50 g/L skim milk powder) for 45 min at room temperature.

For detection of P-glycoprotein isotypes, blots were incubated with MAb C219 in blocking buffer (33.3 ng/mL; ID Biotechnology Labs Inc., Canada). Based on amino acid sequence comparisons in F. heteroclitus, C219 is expected to cross-react with the protein products of ABCB1 and ABCB11 in this species [START_REF] Cooper | Immunohistochemical and immunoblot detection of P-glycoprotein in normal and neoplastic fish liver[END_REF]. All four ABCC2 antibodies were tested at dilutions of 1:200, 1:400, 1:600 and 1:1000 in blocking buffer. For CYP1A1 protein detection, the purified mouse MAb 1-12-3 (anti-scup [START_REF] Kloepper-Sams | Specificity and cross-reactivity of monoclonal and polyclonal antibodies against cytochrome P-450E of the marine fish scup[END_REF]) was used at a concentration of 1.5 µg/mL in blocking buffer. Anti-HSP70 antibody BRM-22 (Sigma, US) was used at a dilution of 1:10000 in blocking buffer. All blots were incubated at 4 ºC overnight except for HSP70 blots which were incubated at room temperature for 50 min. Following incubation with primary antibody, blots were washed three times for 15 min in TBS-T (Tris buffered saline with 0.1 % Tween®). Blots were then incubated with secondary antibody (horse radish peroxidase-conjugated IgG goat anti-mouse; purchased from Alpha Diagnostic International Inc.) diluted 1:5000 (C219, 1-12-3), 1:3000 (all ABCC2 antibodies) or 1:10000 (HSP70) in blocking buffer for 50 min at room temperature, washed three times in TBS-T (15 min/wash) and rinsed 10 min in TBS without Tween® (modified from [START_REF] Cooper | Immunohistochemical and immunoblot detection of P-glycoprotein in normal and neoplastic fish liver[END_REF]. Experiments were run in duplicate or triplicate to control for staining variability on different blots.

Chemiluminescent detection of immunoreactive bands was achieved by incubating the probed blot with enhanced chemiluminescent reagents Lumigen™ TMA-6 solution A and B (GE Healthcare, UK) in a 1:1 ratio (500 µL per blot) and visualizing the blot on blue Lumi-Film chemiluminescent detection film (Roche, USA). QuantityOne 4.6.4 beta scanning software and the GS-800 scanner (Bio-Rad, USA) were used to scan the developed film and measure density of individual bands employing rectangles of equal size to allow semi-quantification of protein expression. Background readings were subtracted using rectangles of the same size and care was taken to avoid saturated pixels in the exposure and scanning procedure. Due to the number of killifish livers analysed, samples were split onto two immunoblots so that all three sites were represented on each blot. In order to analyze both sample groups together, one sample from Conrad Beach was included as duplicate standard ("standard sample") on each blot to allow normalization.

Statistical Analysis

Relative transcript abundance among fish populations from different sites was compared using analysis of variance (ANOVA) in the statistical software SPSS® (version 13.0 for Windows). In order to satisfy assumptions for ANOVA, transcript abundance data were normalized by square-root transformation (β-actin, ABCB1, CYP1A1) or log transformation (ABCB11, ABCC2, ABCG2, GSTmu) and homogeneity of variance was tested using Levene's Test. Multiple comparisons were performed using either Tukey's or Tamhane's post-hoc test as reported in Results. Semi-quantitative hepatic protein expression in killifish from different sites was compared using Kruskal-Wallis non-parametric test. The significance level was set at p=0.05.

RESULTS

Contaminant Levels In Fish And Sediments At Candidate Reference Sites

PAH levels in sediment samples from all six candidate reference site were one or more orders of magnitude lower than those in Sydney Tar Pond sediments determined in an environmental assessment study (AMEC, 2005; Table 1). These summed PAH (ΣPAH) levels varied considerably from site to site, with Mira River and Conrad Beach both having relatively low levels of PAHs (Figure 2A). The TOC content of samples ranged from 0.74 to 8.82% in sieved dry sediments. Levels of ΣPAH levels in three whole killifish collected in the Tar Ponds in 2004 were 1352, 457 and 5171 ng/g wet weight. Summed PCB (ΣPCB) levels in the same fish were 233, 234 and 157 ng/g wet weight, respectively. Levels of ΣPAH were about three orders of magnitude lower in fish sampled from Mira River (2-11 ng/g) and Conrad Beach (6 ng/g) (Figure 2B) and many prevalent PAHs found in Tar Pond killifish were below detection levels in reference fish (Table 2).

Killifish Condition

On average, Tar Pond killifish had a lower condition factor than Mira River fish (K=1.09 and 1.31, respectively; ANOVA, p=0.007; Tukey, p=0.005), but did not differ from Conrad Beach fish (K=1.22; Tukey, p=0.157). A high prevalence (70%) of encysted Acanthocephalan sp. parasites was observed in Mira River killifish livers (parasite identified by Stanley King, Saint Mary's University, Halifax, Nova Scotia, Canada), whereas none of these parasites were observed in Tar Pond or Conrad Beach fish.

Immunoblotting for HSP70, a protein typically induced by stress, detected two bands ~70 kDa in killifish liver homogenates, but results showed no significant difference in HSP70 protein expression among killifish from the Tar Ponds, Mira River and Conrad Beach.

Hepatic ABC Transporter Expression

Hepatic mRNA levels of the ABC transporters ABCB1, ABCB11, ABCC2 and ABCG2 in killifish from the Sydney Tar Ponds and two reference sites (Mira River and Conrad Beach) are illustrated in Figure 3. Hepatic ABCB1 expression was 1.85-fold higher in Tar Pond fish than at the two reference sites; however, this was not statistically significant (ANOVA, p=0.059). Expression of ABCB11, a close homologue of ABCB1, was 7.1-fold up-regulated in Mira River fish (ANOVA, p<0.001; Tukey, p<0.001) compared to the Conrad Beach reference site, but due to high interindividual variability, expression did not differ significantly from Tar Pond fish (Tukey, p=0.061). No difference in ABCB11 expression was detected between fish from the Tar Ponds and Conrad Beach (Tukey, p=0.073). ABCC2, a transporter of organic anions and conjugated phase II metabolites, was 4.5-fold up-regulated in Tar Pond killifish compared to reference fish from Conrad Beach (ANOVA, p=0.005; Tukey, p=0.021) and Mira River (Tukey, p=0.006). Mira River fish exhibited no difference in ABCC2 expression compared to Conrad Beach fish (Tukey, p=0.829). ABCG2, the second organic anion and phase II metabolite transporter of interest in this study, was 3.9-fold up-regulated in Tar Pond killifish compared to Conrad Beach fish (ANOVA, p=0.013; Tukey, p=0.010), but due to high interindividual variability, the difference in hepatic ABCG2 expression between Tar Pond and Mira River fish was not significant (Tukey, p=0.129). There was no difference in hepatic ABCG2 expression between Mira River and Conrad Beach fish (Tukey, p=0.429).

Combined hepatic protein expression of ABCB1 and ABCB11 was assessed by immunoblotting samples from freshly caught killifish. The monoclonal antibody C219 which reacts with the P-glycoprotein isotypes ABCB1 and ABCB11 identified in F. heteroclitus [START_REF] Cooper | Immunohistochemical and immunoblot detection of P-glycoprotein in normal and neoplastic fish liver[END_REF] detected a band of ~170 kDa in killifish liver homogenates (Figure 4A). In addition, a higher molecular weight protein and several faint low molecular weight bands appeared on blots of some samples. Incubating the immunoblot with secondary antibody without prior incubation with MAb C219 yielded no bands, eliminating the possibility that the additional bands were due to non-specific binding of the secondary antibody. The low molecular weight bands may be the result of protein degradation over time or denaturation during sample preparation and immunoblotting. The higher molecular weight band mimicked the expression pattern of 170 kDa P-glycoprotein band.

Livers of freshly caught killifish from the three sites did not show a significant difference in P-glycoprotein expression (Kruskal-Wallis p=0.104; Figure 4B), though Tar Pond killifish expressed the least amount of hepatic C219-binding protein. Because high inter-individual variability in P-glycoprotein protein expression was observed, possible correlations between ABCB1 expression and condition factor (K) or fish sex were investigated. Neither of these two variables correlated with the relative ABCB1 transcript abundance of killifish collected from the Tar Ponds, Mira River and Conrad Beach.

The anti-ABCC2 MAb M 2 II-12 did not react with liver proteins from killifish at any of the concentrations tested and anti-ABCC2 MAbs M 2 I-4, M 2 III-6 and Keppler's ABCC2 antibody did not yield reliable staining under the tested conditions.

Hepatic Phase I And II Enzyme Expression

Using qRT-PCR, hepatic expression of two xenobiotic metabolizing enzymes was assessed in fish collected from the three study sites: CYP1A1, a phase I xenobiotic metabolizing enzyme induced by PAHs and other contaminants, and GST-mu, a phase II enzyme that adds glutathione to its substrates. In freshly collected killifish, CYP1A1 was 8-fold up-regulated in livers of Tar Pond fish compared to reference fish from Conrad Beach (ANOVA, p<0.0001; Tamhane, p=0.009; Figure 5A) and >5-fold up-regulated compared to reference fish from Mira River (Tamhane, p=0.014). Fish from Mira River and Conrad Beach did not differ in CYP1A1 mRNA expression (Tamhane, p=0.815). Immunoblot analysis of CYP1A1 protein expression confirmed results obtained from qRT-PCR (Figure 5B). Tar Pond fish had 65-fold elevated CYP1A1 protein levels compared to Conrad Beach fish (Kruskal-Wallis, p<0.001) and 45-fold elevated levels compared to Mira River fish (Kruskal-Wallis, p<0.001; Figure 5C).

GST-mu transcript abundance in Tar Pond fish was 3.3-fold higher than in Conrad Beach fish (ANOVA, p<0.001; Tukey, p<0.001) and 2.2-fold higher than in Mira River fish (Tukey, p=0.004; Figure 6). Mira River and Conrad Beach fish showed no difference in hepatic GST-mu transcript abundance (Tukey, p=0.668).

DISCUSSION

Defining Reference Sites

This study emphasizes the importance of carefully characterizing unpolluted reference sites for comparison to a polluted site. In the case of nonionic, lipophilic organic contaminants such as the PAHs and PCBs, the grain size and TOC content play a major role in the comparison. A smaller grain size will have a higher TOC content and this will lead to a better binding/higher affinity of these lipophilic chemicals to fine grain sediments. This situation is well illustrated by the first two columns in Table 1 displaying the results for larger and smaller particles obtained from the same site after sieving the collected material. The muddy smaller grain sample had 100 times lower TOC and consistently displayed lower concentrations of PAHs. This is also the case for the Mira River sample represented by fine sand where PAH levels were also low.

The levels of PAHs in fish were very low in Conrad Beach and Mira River fish and similar to levels reported for offshore finfish of various species [START_REF] Hellou | Monitoring for PAH exposure in finfish: concentrations in tissues and biotransformation[END_REF]. As discussed in that publication, variables affecting the bioaccumulation of PAHs in finfish include the size/age, sex, lipid content, habitat and feeding preferences as well as enzymatic activity of a species. Levels in Tar Pond samples were much more substantial and demonstrate that PAHs bioaccumulate in finfish, regardless of the fact that these contaminants are reactive chemicals that biotransform. The bioaccumulation of PAHs implies that higher predators would also be exposed and risk to develop an impact, such as the deformities displayed by the killifish. It is recommended that the gall bladder bile of future collected animals be sampled in other studies aiming to dissect and analyse proteins in livers. In that case, a more detailed view of reactive chemicals inducing the activity of the phase I enzymes, phase II enzymes and ABC transporters would be enhanced.

Based on comparison of total PAH concentrations in sediment and fish samples, Mira River was chosen as the geographical reference site (Figure 1). The Mira River is considered uncontaminated by industrial pollution and killifish from this site are in better physical condition than Tar Pond killifish based on their condition factor, the incidence of morphological asymmetry [START_REF] Jones | Asymmetries in skeletal elements of mummichog (Fundulus heteroclitus) as indicators of environmental stress[END_REF] and fin erosion (M. Jones, unpublished data). Since the Mira River and Tar Pond sampling sites are only 20 km apart, killifish from these sites are exposed to similar climate and geographical conditions. However, the Mira River passes through residential areas and occasional sewage input and run-off from adjacent properties may affect the expression of xenobiotic transporters in reference fish collected from the site. In order to include an additional reference site without these effects, Conrad Beach (Figure 1), an intertidal marsh located in the Halifax Regional Municipality which also had low ΣPAH levels in sediment and whole fish samples (Figure 2), was chosen.

Despite low ΣPAH levels in Mira River fish and sediment, high condition index and no adjacent industrial activity, fish collected at the site had a higher incidence of hepatic parasites than fish from the heavily polluted Sydney Tar Ponds. The effect of liver parasites on expression of ABC transporters and phase I and II enzymes in killifish livers is not known. While the condition of Tar Pond killifish was lower than that of Mira River fish, it was comparable to the condition of Conrad Beach fish. A comparison of killifish condition among seven Cape Breton estuaries including the Tar Ponds found that Mira River fish had significantly higher condition factors than fish in all other estuaries [START_REF] Jones | Condition analyses of mummichog, Fundulus heteroclitus, from the Sydney Tar Ponds and reference estuaries[END_REF], but reasons for this difference are not known. Interestingly, HSP70 protein expression in the livers of Tar Pond fish did not differ from Mira River and Conrad Beach fish, despite the highly polluted environment the Tar Pond fish have to cope with. Both heavy metals and PAH can induce HSP70 expression so that heat shock protein expression was considered as an alternative survival strategy to ABCB1 up-regulation in Tar Pond killifish. In the digestive gland of the mussel Mytilus edulis, HSP70 gene expression was elevated after exposure to the heavy metal Hg 2+ [START_REF] Franzellitti | Cytoprotective responses in the Mediterranean mussel exposed to Hg 2+ and CH 3 Hg +[END_REF]) and a carp-derived (Cyprinus carpio) skin cell line expressed more HSP70 protein after incubation with different PAHs [START_REF] Kinder | Expression of heat shock protein 70 in a permanent cell line (EPC) exposed to sediment extracts from the North Sea and the Baltic Sea[END_REF]. Based on current results, HSP70 up-regulation is likely not a strategy for pollution tolerance in Tar Pond killifish. In this context, pollution tolerance refers to the fact that these fish can survive in the highly contaminated Tar Ponds, while at the same time showing obvious morphological and physiological defects.

Results from this study stress the importance of defining reference sites based on several factors such as chemical analysis of the environment (water/sediment), fish health parameters and genetic variables to ascertain that suitable sites are chosen.

Hepatic Expression Of Xenobiotic Metabolizing Enzymes In Tar Pond Killifish

Hepatic expression of CYP1A1 and GST was assessed in Tar Pond killifish because these enzymes play a role in cellular detoxification of contaminants known to be present in the Tar Ponds and because their metabolites are potential substrates for the ABC transporters ABCC2 and ABCG2 [START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Mao | Role of the breast cancer resistance protein (ABCG2) in drug transport[END_REF]. CYP1A1 metabolizes a large number of PAHs and PCBs in fish [START_REF] Stegeman | Cytochrome P-450 monooxygenase systems in aquatic species: carcinogen metabolism and biomarkers for carcinogen and pollutant exposure[END_REF]. Elevated CYP1A1 mRNA, protein or activity levels have been reported in several wild fish populations at PAH and PCB contaminated sites [START_REF] Stegeman | Cytochrome P-450 monooxygenase systems in aquatic species: carcinogen metabolism and biomarkers for carcinogen and pollutant exposure[END_REF] or after laboratory exposure of fish to PAHs and PCBs [START_REF] Woodin | Induction of cytochrome P4501A in the intertidal fish Anoplarchus purpurescens by Prudhoe Bay ACCEPTED MANUSCRIPT crude oil and environmental induction in fish from Prince William Sound[END_REF][START_REF] Arzuaga | Evidence for resistance to benzo[a]pyrene and 3,4,3′4′-tetrachlorobiphenyl in a chronically polluted Fundulus heteroclitus population[END_REF]. The up-regulation of hepatic CYP1A1 mRNA and protein in Tar Pond killifish indicates that these fish are likely exposed to PAH or PCB contaminants and metabolize these inducers in their liver.

The second xenobiotic metabolizing enzyme investigated in this study, GST-mu, was up-regulated in liver of Tar Pond fish. A correlation between GST activity and PAH burden has previously been reported in mussels [START_REF] Gowland | Implications from a field study regarding the relationship between polycyclic aromatic hydrocarbons and glutathione S-transferase activity in mussels[END_REF], and killifish collected in the PAH-contaminated Elizabeth River had elevated GST activity [START_REF] Van Veld | Glutathione Stransferase in intestine, liver and hepatic lesions of mummichog (Fundulus heteroclitus) from a creosote-contaminated environment[END_REF][START_REF] Ca> Armknecht | An elevated glutathione Stransferase in creosote-resistant mummichog (Fundulus heteroclitus)[END_REF]. Heavy metals or their metabolites are also inducers of hepatic GST as reported for arsenic-exposed rat hepatocytes [START_REF] Liu | Overexpression of glutathione Stransferase II and multidrug resistance transport proteins is associated with acquired tolerance to inorganic arsenic[END_REF]. Therefore, the observed elevation of GST transcript abundance in Tar Pond killifish may have been induced by PAHs, heavy metals and possibly also PCBs present in Tar Pond sediments. Similar to CYP1A1, the induction of GST in Tar Pond killifish indicates increased GST activity in livers of these fish which may provide them with a mechanism to cope with the high environmental contaminant load in the Tar Ponds. Such elevated xenobiotic metabolizing enzyme activity would lead to increased production of hydrophilic and/or conjugated metabolites which may be exported by ABC transporters such as ABCC2 and ABCG2, thus supporting our theory of synergistic activity of ABC transporters and phase I and II metabolizing enzymes.

Overexpression Of Organic Anion Transporters In Tar Pond Killifish

Both ABCC2 and ABCG2 were up-regulated in Tar Pond killifish livers compared to fish from reference sites. Very little is known about these transporters in fish, but studies in mammals indicate both proteins transport suites of organic anions and conjugated metabolites with distinct preferences for the types of substrates that are transported [START_REF] Haimeur | The MRP-related and BCRP/ABCG2 multidrug resistance proteins: biology, substrate specificity and regulation[END_REF][START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Mao | Role of the breast cancer resistance protein (ABCG2) in drug transport[END_REF]. Observed elevated expression of ABCC2 and ABCG2 in Tar Pond killifish may be a response to increased production of hydrophilic and conjugated phase I and II metabolites produced by CYP1A1 and GST-mu.

In mammals, ABCC2 is induced by arsenic [START_REF] Liu | Overexpression of glutathione Stransferase II and multidrug resistance transport proteins is associated with acquired tolerance to inorganic arsenic[END_REF] and arsenite [START_REF] Kauffmann | Influence of redox-active compounds and PXR-activators on human MRP1 and MRP2 gene expression[END_REF]. Arsenic and other heavy metals reportedly have a high affinity for glutathione [START_REF] Scott | Reactions of arsenic(III) and arsenic(V) species with glutathione[END_REF][START_REF] Viarengo | Mechanisms of heavy metal cation homeostasis in marine invertebrates[END_REF], making heavy metals likely substrates of ABCC2 after undergoing phase II metabolism. ABCG2 also transports phase II metabolites, such as sulfated benzo[a]pyrene and is induced by the PAH benzo[k]fluoranthene at the mRNA and protein level in a human intestinal cell line [START_REF] Ebert | Identification of BCRP as transporter of benzo[a]pyrene conjugates metabolically formed in Caco-2 cells and its induction by Ah-receptor agonists[END_REF][START_REF] Ebert | Phytochemicals induce breast cancer resistance protein in Caco-2 cells and enhance the transport of benzo[a]pyrene-3-sulfate[END_REF].

Benzo [a]pyrene, benzo[k]fluoranthene and heavy metals such as lead, copper and arsenic are present in Sydney Tar Pond sediments (AMEC, 2005) and their phase I and II metabolites may induce ABCC2 and ABCG2 in Tar Pond killifish. The elevated hepatic transcript abundance of CYP1A1 and GST-mu in Tar Pond killifish further supports this theory.

Hepatic Expression Of ABCB1 In Killifish

ABCB1 was not significantly up-regulated in Tar Pond killifish, and C219binding protein (expected to include protein expression of ABCB1 and ABCB11) did not differ between Tar Pond and reference site killifish. In fact, Tar Pond fish had lower hepatic C219-binding protein expression, though these results should be considered with caution because of the high inter-individual variability.

The results of this study are in contrast to reported P-glycoprotein upregulation in livers of F. heteroclitus from the chronically PAH-contaminated Elizabeth River (Virginia, USA) compared to fish from an adjacent reference river [START_REF] Cooper | Altered expression of the xenobiotic transporter P-glycoprotein in liver and liver tumours of mummichog (Fundulus heteroclitus) from a creosote-contaminated environment[END_REF]. Likewise, blennies exposed to sediment collected near the Exxon Valdez oil spill had 5-fold elevated hepatic P-glycoprotein expression compared to control fish (Bard et al., 2002b). Unless the sample size of Tar Pond fish (N=8) was too small to detect a difference in hepatic ABCB1 expression between Tar Pond and reference fish, the present results may simply indicate that ABCB1 inducers are not prevalent in the Tar Ponds or that Tar Pond killifish may have developed a primary strategy of cellular detoxification in the liver that is based on metabolizing the prevalent contaminants reaching the liver into more hydrophilic forms and exporting them via ABCC2 and ABCG2 instead of ABCB1-mediated export of the more hydrophobic and neutral parent compounds. Alternatively, ABCB1 may be up-regulated at both the Tar Ponds and the reference sites due to naturally occurring inducers or ABCC2 and ABCG2 may be up-regulated only in the Tar Ponds because of natural inducers present at that site.

The possibility of an ABCB1-mediated intestinal uptake barrier must also be considered in the interpretation of the present results. The gut is the major intake route for hydrophobic PAHs in fish [START_REF] Vives | Distribution of polycyclic aromatic hydrocarbons in the food web of a high mountain lake, Pyrenees, Catalonia, Spain[END_REF] and ingestion of benthic matter is therefore likely the main uptake source of hydrophobic contaminants for killifish. Previously, it was shown that freshly caught killifish from New Bedford Harbour, a PCB-contaminated site in Massachusetts (USA), had elevated intestinal P-glycoprotein expression and depressed hepatic Pglycoprotein expression (Bard et al., 2002a) compared to a reference site. One proposed explanation was that elevated intestinal P-glycoprotein decreased the amount of contaminants crossing the intestinal lining into the bloodstream so that P-glycoprotein inducers did not reach the liver at a sufficient concentration for Pglycoprotein induction. In future studies with these fish populations, we plan to assess intestinal expression of xenobiotic transporters to determine whether an intestinal uptake barrier affects the amount of inducers reaching major metabolizing organs such as the liver.

ABCB11 Overexpression In Mira River Reference Killifish

Killifish from the Mira River reference site had highly elevated ABCB11 transcript abundance (> 7-fold) compared to both Tar Pond and Conrad Beach killifish. While the lack of hepatic ABCB11 induction in Tar Pond killifish suggests that ABCB11 does not play a major role in conferring resistance to industrial contaminants, the strong induction observed in Mira River fish was unexpected. Due to the absence of published information in aquatic organisms of ABCB11's physiological function and its inducers, it is difficult to draw conclusions about the Mira River ABCB11 elevation without further knowledge of Mira River water and sediment chemistry or the genetics and health of the local killifish population. A possible link between the high incidence of parasites and ABCB11 induction based on parasite-caused physiological changes such as inflammation will be further investigated in future studies.

Possible Coordinated Expression Of Organic Anion Transporters And Phase I And II Enzymes

The concurrent up-regulation of a phase I and a phase II enzyme and the xenobiotic transporters ABCC2 and ABCG2 in Tar Pond killifish suggests a concomitant regulation of these proteins in response to some environmental contaminants. Previous publications have considered the coordinated regulation of xenobiotic metabolizing enzymes with xenobiotic transporters as a mechanism of detoxification [START_REF] Bard | Multixenobiotic resistance as a cellular defense mechanism in aquatic organisms[END_REF][START_REF] Liu | Overexpression of glutathione Stransferase II and multidrug resistance transport proteins is associated with acquired tolerance to inorganic arsenic[END_REF][START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Xu | Induction of phase I, II and III drug metabolism/transport by xenobiotics[END_REF]. One indication of coordinated regulation is the overlap of activation pathways involving nuclear receptors [START_REF] Xu | Induction of phase I, II and III drug metabolism/transport by xenobiotics[END_REF]. Furthermore, some phase I metabolites such as B[a]P-7,8-diol-9,10-epoxide, the activated form of benzo[a]pyrene, are suitable substrates for GSTs [START_REF] Hayes | Role of glutathione transferase in drug resistance[END_REF][START_REF] Stegeman | Cytochrome P-450 monooxygenase systems in aquatic species: carcinogen metabolism and biomarkers for carcinogen and pollutant exposure[END_REF] and hydroxylated phase I metabolites are substrates for the phase II enzymes sulfotransferase and UDP-glucuronosyltransferase which conjugate sulfate and glucuronide to electrophilic substrates, respectively [START_REF] Xu | Induction of phase I, II and III drug metabolism/transport by xenobiotics[END_REF]. Phase I and II metabolism makes many substances more suitable for export via xenobiotic transporters such as ABCB1, ABCC2 and ABCG2 as indicated by their substrate specificity [START_REF] Hayes | Role of glutathione transferase in drug resistance[END_REF][START_REF] Keppler | ATP-dependent transport of glutathione S-conjugates by the multidrug resistance protein MRP1 and ACCEPTED MANUSCRIPT it apical isoform MRP2[END_REF][START_REF] Kala | The MRP2/cMOAT transporter and arsenicglutathione complex formation are required for biliary excretion of arsenic[END_REF][START_REF] Leslie | Multidrug resistance proteins: role of P-glycoprotein, MRP1, MRP2, and BCRP (ABCG2) in tissue defense[END_REF][START_REF] Mao | Role of the breast cancer resistance protein (ABCG2) in drug transport[END_REF]. For example, glutathione conjugation of arsenic is necessary to permit ABCC2-mediated transport of the heavy metal into bile [START_REF] Gyurasics | Glutathione-dependent biliary excretion of arsenic[END_REF][START_REF] Gregus | Role of glutathione in the biliary excretion of the arsenical drugs trimelarsan and melarsoprol[END_REF][START_REF] Kala | The MRP2/cMOAT transporter and arsenicglutathione complex formation are required for biliary excretion of arsenic[END_REF] and sulfate-conjugation of benzo[a]pyrene produces suitable ABCG2 substrates [START_REF] Ebert | Identification of BCRP as transporter of benzo[a]pyrene conjugates metabolically formed in Caco-2 cells and its induction by Ah-receptor agonists[END_REF][START_REF] Ebert | Phytochemicals induce breast cancer resistance protein in Caco-2 cells and enhance the transport of benzo[a]pyrene-3-sulfate[END_REF]. Thus the function of xenobiotic ABC transporters and phase I and II enzymes during cellular detoxification is likely complementary.

Conclusion

The data presented here indicate that some xenobiotic ABC transporters and xenobiotic metabolizing enzymes may be part of a coordinated cellular detoxification mechanism that allows killifish to survive in the Sydney Tar Ponds. More work is required to elucidate the underlying mechanisms regulating the expression and activity of these and other proteins in order to gain a better understanding of cellular processes occurring in animals exposed to a mixture of contaminants. In particular, the analysis of bile metabolites in specific internal organs, including the gall bladder bile would be able to determine if PAH are implicated in toxicity, since so far, only one of the fates of PAHs was investigated. This follow up would necessitate the specific identification of the biotransformation products along with their quantification and laboratory 

  Reverse transcribed cDNA was diluted 1 in 20 with DEPC-treated water. Realtime RT-PCR was performed in a Bio-Rad iCycler TM thermal cycler using 10 µL SYBR Green iCycler TM Supermix (Bio-Rad, USA), 1 µL each of forward and reverse primers (10 µM), 6 µL DEPC-treated water and 2 µL of cDNA for a total reaction volume of 20 µL. Primer sequences (forward (FW) and reverse (REV) 5' to 3') used were as follows: ABCB1 FW taccatgcagaccttccagaaagc and REV tgaagctgcaaatgacgagcc (based on F. heteroclitus sequence AF099732); ABCB11 FW ctcgggcaagaaattggctggttt, REV atcatgccaatctgggagcctgta (based on F. heteroclitus sequence AF135793); ABCC2 FW ggcagcttacagtcaggctga, REV ggcaggaagctcactccatgag; ABCG2 FW ccatcatcytvtccatycacc, REV ctccattgatsayrtcyagga (based on Oncorhynchus mykiss sequence EU163724 and Danio rerio sequence DQ223858); CYP1A1 FW ctttcacaatcccacactgctc, REV ggtctttccagagctctggg (provided by Dr. Mark Hahn, Woods Hole Oceanographic Institution, MA); GST-mu FW gacggagaccggaagataacgc, REV tctccaccacgtccactctgac (based on F. heteroclitus sequence AY725220); β-actin (housekeeping) FW tggagaagagctacgagctcc, REV ccgcaggactccattccgag (provided by Dr. Mark Hahn).

Figure 6 .

 6 Figure 6. Hepatic transcript abundance of glutathione-S-transferase type mu (GSTmu). Relative transcript abundance was quantified by real-time reverse transcription PCR in livers of killifish collected at the Sydney Tar Ponds (N=8), Mira River (N=10) and Conrad Beach (N=10). Corrected values represent the fold change in mRNA levels compared to the Conrad Beach reference values. Different letters indicate significant differences (ANOVA p<0.05). SD=standard deviation.

experiments to examine the implications resulting from a gradient of contaminant exposure (DiGiulio and Hinton, 2008).

It is important to study decontamination mechanisms in wild animals such as Tar Pond killifish because this contaminant resistant population provides a unique opportunity to evaluate the effects of chronic pollution on the environment, since such conditions are difficult to reproduce in the laboratory. In addition, the overexpression of xenobiotic defence genes in some species or populations may point to a selective advantage for occupying a particular niche or environment. Finally, in the case of the Tar Ponds, studying xenobiotic resistance mechanisms of killifish provides important baseline data to monitor and evaluate the efficacy of the remediation efforts currently underway at the site.
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