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Abstract :

To assess the potential of the sole as sentinel species for ecotoxicological monitoring, the present study
compares contaminant levels and biological responses with two closely related flatfish species: the
common dab and European flounder. Trace metals, organic contaminants and biomarkers were
measured in the three flatfish species collected during the same oceanographic cruise in the Bay of Seine
(France). Overall, sole showed lower concentrations of Hg, met-Hg, Cd, Zn and PBDE (lw), higher
concentrations of Ag, Cu, PFOS (ww), PCBs, p,p’-DDE (Ilw) and OH-pyrene, a higher ability to metabolize
PBDEs and higher genotoxic (Comet, Micronuclei) and neurotoxic (AChE inhibition) alterations. Sole was
the species most frequently occurring in the bay and appeared sensitive to chemical contamination. We
therefore recommend promoting the use of the common sole for ecotoxicological monitoring.

Highlights

» Chemical contaminants alone are not sufficient for assessing the fish health status. » The species
with the most altered biomarker responses was not the most contaminated. » With regard to pollution,
integrated monitoring is key to assess ecosystems' status. » The common sole is a suitable sentinel
species for coastal pollution monitoring.
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1 Introduction

Impacts of chemical contaminants transported by rivers, atmosphere and directly to the seas and
oceans, and the threat they represent to marine organisms is acknowledged as a global concern by
authorities and regulators (Tang et al., 2019; Tornero and Hanke, 2016). This is exemplified in
international commitments such as the Regional Sea conventions, supporting clean and healthy seas.
For instance, the North-East Atlantic Environment Strategy (NEAES) adopted in 2021 by OSPAR
includes a dedicated objective on Hazardous Substances for 2030: “Ensure that contaminants do not
cause pollution effects, with fish and seafood safe to eat, and that Contracting Parties move towards
a cessation of contaminant discharges, emissions, and losses” (OSPAR, 2021). Similarly, the European
commission has implemented several actions, including the European Marine Strategy Framework
Directive (MSFD) that engages member states to take actions to achieve or maintain a good
environmental status (GES) of marine waters. Several descriptors are defining the GES, including one
for chemical contamination (Descriptor 8), under which member states should take actions to achieve
or maintain contaminants at levels not giving rise to pollution effects. These actions include the
monitoring of selected chemicals and their biological effects in sentinel species to support an effective
integrated assessment of chemical contamination impact.

Although the monitoring of the health of an ecosystem cannot realistically be limited to a single species
(Power and McCarty, 1997), operational constraints including the large number of selected biological
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and chemical parameters to be measured in the framework of an integrated approach require focusing
on a set of a few pre-selected parameters and sentinel species. These species are selected among those
that are widely distributed, easy to sample, and sufficiently sensitive to chemical contamination to
provide early warning of contaminant impacts. Flatfish are of particular interest as sentinel species:
they live in close contact with and feed near the sediment, where several inorganic and hydrophobic
contaminants accumulate, making them likely to be exposed to these contaminants by different
exposure routes (dermal, respiratory, trophic). In the North-East Atlantic, the two flatfish species most
commonly used for monitoring marine contamination and its effects are the European flounder,
Platichthys flesus, and the dab, Limanda limanda, both from the Pleuronectidae family (Barsiené et al.,
2013; Burgeot et al., 2017; Davies and Vethaak, 2012; Hylland et al., 2012; Lang and Wosniok, 2008;
Laroche et al., 2013). The common sole, Solea solea from the Soleidae family, is phylogenetically more
distant and has been less studied for biomonitoring purposes at European scale. From an
ecotoxicological point of view, several studies have been conducted with sole and they demonstrated
both its ability to metabolize pollutants (Constenla et al., 2022; Wessel et al., 2013), and its sensitivity
to chemical pollution (Briaudeau et al., 2021, 2020). Nevertheless, its geographical distribution extends
further south than those of the dab and flounder and it has been preferred for monitoring in France,
Spain and Portugal and could also be used as such in North African countries (Briaudeau et al., 2019;
Cuevas et al., 2015; Cuevas and Zorita, 2018; Mounier et al., 2020; Munschy et al., 2011; Wessel et al.,
2010). This species was reported by Walsh et al. (2015) as the third most exploited flatfish by northeast
(NE) Atlantic fisheries in 2010, and the fourth fished species in value for North sea, Channel and Atlantic
coasts (SIH, 2022). In France in 2020, sole represented a total value of more than 35k€ for 1687 tons,
while dab represented about 15 k€ for 1104 tons (France Agrimer, 2022). This is also one of the most
widely produced flatfish species in European aquaculture, after the turbot and the Atlantic halibut;
aquaculture studies also contribute to the knowledge of the physiology of the species (Cerda and
Manchado, 2013; Howell, 1997; Sardi et al., 2021). Despite the present work focused on inter-flatfish
species variability in their response to the chemical contamination, sole may also represent a sanitary
issue for human health.

Differences in biological effects and chemical contamination levels are to be expected among flatfish
species as (1) their movement and migration, (2) their diet and trophic level and, (3) their physiology
and metabolic capacity have been documented as differing. Movement and migration of fish species
are largely dependent on environmental parameters (water temperature, salinity, pH, food availability,
predation, among others) and vary throughout the species’ life cycle and reproduction. With variations
across their latitudinal range, flatfish spawn from winter to spring and pelagic larvae dwell during
several weeks (ca. 1 to 2 months for Solea solea; (Rochette et al., 2012)). Newly metamorphosed
flatfish arrive in May-June in nurseries which are mainly located in coastal and estuarine areas, even
though, for flounder, nurseries in brackish or even fresh waters have also been observed, and for dab,
the question remains open regarding the possible occurrence of open-sea nurseries (Bolle et al., 1994;
Daverat et al., 2012; Koutsikopoulos et al., 1995; Rijnsdorp et al., 1992). Then, sexually mature sole
and dab, ca. 2-years old, move offshore and reproduce, while flounder tend to remain in coastal areas
(Dorel et al., 1991; Koutsikopoulos et al., 1995; Riou et al., 2001).

Flatfish are carnivorous and mostly feed on benthic invertebrates (polychaetes, bivalves, small
crustaceans) living on or in the sediment, but also on echinoderms, squids or other fish species (Link
et al., 2014). For instance, Piet et al. (1998) reported differences in diet composition among flatfish
species from the southern North Sea: adults sole (ca. 20-30 cm) fed mainly on polychaetes (>80% of
stomach content) and also on molluscs; flounder fed on both polychaetes and echinoderms and in a
smaller proportion fishes (ca. 35%, 60%, 5%, respectively); dab had a broader diet composition as they
mainly fed on crustaceans (55%) and in a smaller proportion, polychaetes, fishes, echinoderms and
molluscs. The diet thus varies among species, life stages and even populations. Because of these
differences in species distribution, diet and physiology, they are exposed to different types of
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contamination (nature of contaminants, quantity and exposure patterns) and will exhibit different
response capacities to stressors (e.g. Hylland et al.,, 2017c). The relative importance of these
interspecific differences should be considered when assessing contaminant levels and biological
responses between species.

Assessment of biological effects of chemical contamination is challenging, as it requires monitoring
and integrating different exposure scenarios using different selected sentinel species to represent
various modes of exposure to contaminants. Following the development of a biological/chemical
integrated assessment method (Vethaak et al., 2017), and within the MSFD context, the field
monitoring program SELI (https://doi.org/10.18142/285) has been implemented in France since 2017.
It carries out the monitoring of chemical pollution and its potential biological effects in different areas
of the French coast under high anthropogenic pressure. A survey took place in 2018 in the Bay of Seine,
during which three flatfish species were sampled, namely the common sole, the common dab and the
European flounder. While many studies have addressed the effects of contamination on flatfish
separately, few have investigated the differences among fish species in an integrated manner,
considering both contaminant occurrence and biological effects simultaneously (e.g. Burgeot et al.,
2017). The present study therefore aims to compare biomarker responses and contamination levels in
these three flatfish species co-occurring in the Bay of Seine, in order to assess the potential of the sole
as sentinel species. Benchmarking the response of sole to contamination to the other two species is
essential for the development of sole-based indicators to assess the contamination of coastal
ecosystems.

2 Materials and Methods

2.1 Fish sampling in the Bay of Seine

Sampling was performed in the Bay of Seine. It is located in the eastern English Channel and is open to
Atlantic waters in its western part and is influenced by the inflow of the Seine River in its eastern part
(Gasperi et al., 2010; Tronczynski et al., 2004). The bay is subjected to high cumulative anthropogenic
pressures that rank it among the most impacted coastal zones in Europe (Dauvin et al., 2020). Despite
its chemical contamination, it provides important nurseries for flatfishes, such as the sole, and the
plaice, Pleuronectes platessa (Le Pape et al., 2007; Rochette et al., 2012), the two most landed species
in the Bay of Seine (Riou et al., 2001), and also the flounder (Daverat et al., 2012). The Seine catchment
is highly anthropized, inhabited by around 20 million people, with many factories and refineries located
upstream (e.g. Le Havre harbour and the entire Seine catchment, including the cities of Paris and
Rouen) or on the northern shore (e.g. Antifer oil terminal) of the estuary, together with high maritime
traffic pressure (Miramand et al., 2001; Munschy et al., 2011; Tappin and Millward, 2015). The Bay of
Seine has thus been used for the last 3 decades as a pilot area for the study of chemical contamination
and its biological effects on marine organisms, especially flatfish species (Akcha et al., 2003; Borcier et
al., 2020; Burgeot et al., 2017; Laroche et al., 2013; Laurent et al., 2022).

Flounder, dab and sole were sampled by trawling in September 2018, outside the fishes’ reproduction
season, on the Oceanographic vessel Antea as part of a SELI campaign
(https://doi.org/10.17600/18000585). Four areas around the Seine River mouth were sampled (Fig. 1):
the ‘Estuary’ area in front of the mouth, the ‘Open Bay’ area further offshore, and two areas on either
side of the mouth, the ‘North’ and ‘South’ areas. In order to keep fish alive, trawling time and speed
were limited to 20 min and 3 knots. A total of 194 fishes were caught during the camping. Sole was the
most abundant species and was present in the four studied areas (Table 1). Distributions of flounder
and dab were more heterogeneous, with individuals concentrated in two areas: North and Open bay
for dab, Estuary and South for the flounder. Flatfish were selected according to their total length,
ranging from 22 to 34 cm, to target individuals of an expected age of 2-3-years old. They were kept
alive on board in a fish pool during the sampling day, before dissection for sample preparation.
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Fig. 1. Map of the Bay of Seine showing the four fishing areas (Estuary, North, South, Open Bay) where flatfishes were caught
in September 2018, with indication of trawling lines (in blue).

Table 1. Number of individuals per species used for biomarker (n) and contaminant (n.) analyses. Number of males (M) and
females (F) is indicated in bracket.

Species Sole Dab Flounder
Fishing area n(M/F) Nc(M/F) n(M/F) nc(M/F) n(M/F) Nc(M/F)
Estuary 18(7/11) 4(4/0) 5(4/1) O(NA) 21(11/10) 10(5/5)
North 25(9/16) O(NA) 15(8/7) 5(5/0) 2(0/2) O(NA)
South 23(7/16) 5(5/0) 1(0/1) 0(NA) 20(10/10) 7(5/2)
Open Bay 30(15/15) 5(5/0) 34(8/26) 10(5/5) O(NA) O(NA)
Total 96(38/58) 14(14/14) 55(0.44) 15(10/5) 43(0.51) 17(10/7)

2.2 On board sample preparation

Once at the dockside, the size and weight of the individuals were determined and blood was sampled
with a heparinized syringe through the caudal vein. For each blood sample, one drop was first stored
in liquid nitrogen in a cryotube containing RPMI 1640 medium supplemented with fetal calf serum
(25%) and dimethyl sulfoxide (20%) for DNA strand breaks analysis by the comet assay. A second drop
was then air-dried on a microscope glass slide before fixation in absolute ethanol. Once dried, slides
were stored at room temperature prior to microscopic analysis of micronuclei in fish erythrocytes.
Then, the fishes were sacrificed and dissected. Sex was determined during the dissection by
macroscopic observation of the gonads. Otoliths of each fish were sampled for further age
determination by schlerochronology according to Vitale et al. (2019). For each individual, the content
of the gallbladder and its content were stored in liquid nitrogen for the measurement of biliary
hydroxylated metabolites of Polycyclic Aromatic Hydrocarbons (OH-PAH) concentrations. An aliquot
of the liver was stored at -80°C for lysosomal membrane stability assessment. A second aliquot of the
liver was stored at - 20°Cin a calcinated glass vials for trace metal analysis. One part of fish muscle was
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stored in liquid nitrogen for the measurement of acetylcholine esterase activity (AChE). The rest of the
fish was saved in calcinated aluminium foil at -20°C. Once in the laboratory, the whole fish muscle was
collected under ultra-clean conditions, freeze-dried and ground into a fine powder for measurement
of concentrations of mercury and organic contaminants (polychlorobiphenyls (PCBs), polybrominated
diphenyl ethers (PBDEs), dichlorodiphenyltrichloroethane and derivates (DDT) and perfluoroalkyl
substances (PFASs)).

2.3 Biomarker measurements

The biomarkers measured are among those recommended by the International Council for the
Exploration of the Sea (ICES) for the integrated monitoring of contamination effects using fish at the
subcellular and tissue levels (Davies and Vethaak, 2012).

2.3.1 General stress and cell integrity - Lysosomal membrane stability

Lysosomal membrane stability (LMS) was assessed in hepatocytes, after demonstration of the acid
phosphatase activity, according to Broeg et al. (1999) and UNEP/RAMOGE, 1999. Frozen samples were
processed using Tissue Array technology (Array Mold® Kit; n°20,015-A) and Tissue Array blocks were
cut at -27 °C using a Leica CM 3050S cryotome. The time of acid labilisation treatment required to
produce the maximum staining intensity was assessed under a light microscope as the maximal
accumulation of reaction product associated with lysosomes (UNEP/RAMOGE, 1999) and was denoted
as the Labilisation Period (LP; in min). LP value is considered as the maximum staining peak in one
replicate. Four replicates of LP measurement were made per individual and used to determine the
individual LP mean value (Moore et al., 2004).

2.3.2 Neurotoxicity - Acetylcholine esterase activity

Acetylcholine esterase activity (AChE) was measured in fish muscle according to Bocquené and Galgani
(1998). Briefly, muscle was thawed before protein extraction by homogenization in Tris buffer
(100 mM, pH 8, 0.1% triton, 4°C) using Ultra Turrax (Janke & Kunke IKA Werk®), followed by ultra-
centrifugation (9,000 g, 20 min). The protein concentration was measured in the S9-fraction by
spectrophotometry according to Bradford (1976). The AChE activity was determined on 100 pg of
protein extracts with acetylthiocholine iodide (ACTC, 2.63mM) as substrate, and
dithiobisnitrobenzoate (DNTB, 0.53 mM) for the coloration at 412 nm. The activity is measured after 2
min of incubation, on three replicates per individual, and the final result is expressed by the mean of
the three replicates. Activity was expressed in nmol min * mg? proteins.

2.3.3 Genotoxicity - DNA strand breaks

DNA strand breaks (SBs) level was measured in fish erythrocytes by applying the comet assay as
described by Akcha et al. (2003). Briefly, blood samples were thawed and a cellular suspension
(108 cell/mL) was prepared for each sample in phosphate-buffered saline (PBS). For each sample, two
slides were prepared with three agarose layers each. First layer: slides were immersed in a 0.5%
Normal Melting Point (NMP) agarose solution in PBS. Second layer: 85 pL of 0.5% Low Melting Point
(LMP) agarose containing cells (30 uL of cellular suspension were previously added to 225 plL agarose)
was deposited and spread out using a micro-cover glass. The slides were immediately placed onice in
the dark for 1 min to allow the agarose to solidify. Third layer: once the cover glass was withdrawn,
90 uL of LMP agarose solution were deposited on the slide and spread out using a cover glass. The
slides were then stored on ice. Following one-hour lysis step in glacial lysis buffer, and 20 min of pre-
incubation in the electrophoresis buffer, DNA migration was performed in the same buffer for 20 min
at 23 V. Slides were then washed with Tris buffer, dehydrated in absolute ethanol, dried and stored at
room temperature until analysis. Slides were analyzed with an epifluorescence microscope coupled to
a CDD camera following staining at least one hour with GelRed™. Images were analyzed with the
Komet 6 image-analysis software (Kinetic imaging Ltd.), revealing the percentage of Tail DNA. Analysis
was conducted on 50 nuclei per slide (100 nuclei per individual).
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2.3.4 Genotoxicity - Micronuclei

Micronuclei (MN) occurrence was measured in fish erythrocytes by applying the micronucleus assay
on the slides prepared onboard, as described in Couteau (2020). Blood cells were stained with DAPI,
allowing a better visualization of micronuclei compared with Giemsa (Vincent-Hubert et al., 2011) and
a semi-automatized process: slides were rinsed twice in PBS buffer, before DAPI coloration (1 ug
DAPI/mL in methanol). Slides were then rinsed three times in PBS before a micro-cover slide was fixed
on each slide with Mowiol. Slides were saved in the dark before the semi-automatic analysis on 5,000
cells per sample (individual) on a Celllnsight CX5 HCS® (Thermo) platform.

2.3.5 PAH metabolization - Hydroxylated PAH metabolites

Concentrations of hydroxylated PAH metabolites (OH-PAH) were measured in the bile of fish using a
method of liquid chromatography coupled to tandem mass spectrometry (LC/MS/MS) adapted from
Mazéas and Budzinski (2005) and Le D{-Lacoste et al. (2013). First, samples were sonicated and
homogenized in sodium acetate buffer, and an internal standard (1-OH-pyrene-d9 at 0.5 ng/uL) was
added to the sample before enzymatic deconjugation. Metabolites were then extracted by solid phase
extraction (SPE, C18 cartridge, 500 mg, 3 mL). Extracts were reduced to dryness under nitrogen stream
and dissolved in 1 mL methanol/dichloromethane mixture (20/80). The purification step was
conducted by a second solid-phase extraction (NH2 SPE cartridge, C18, 500 mg, 3 mL), and
concentrated under gas flow at 100 pL in methanol. Finally, the extracts were stored at —20°C until
quantification by LC/MSMS in negative ionization mode (Infinity 1290 LC/6460 Triple Quad LC/MS,
Agilent Technologies) with an Acquity UPLC BEH column C18 (1.7 um x 2.1 mm x 50 mm, Waters).

2.4 Contaminant concentrations
Contaminants were analyzed on a sub-sample-set of 2-year-old fish (n = 46), and preferably on males
to enhance sample homogeneity (Table 1).

2.4.1 Trace metals

Total mercury (Hg) concentrations were determined in fish muscle according to the standard operating
procedure described in the US-EPA method n°7473 (US EPA, 1998), on aliquots of homogenized
powder (~40+10 mg) and by atomic absorption spectrophotometry using an Advanced Mercury
Analyzer (ALTEC AMA-254, Altec Ltd). In addition, methyl-mercury (met-Hg) determination was
performed in the same tissue according to a method adapted from Azemard and Vassileva (2015) and
described in detail in Chouvelon et al. (2018), using liquid-liquid extractions of met-Hg in samples
before analysis by AMA-254.

Total silver (Ag), cadmium (Cd), lead (Pb), copper (Cu) and zinc (Zn) concentrations were determined
in fish liver, according to Chouvelon et al. (2022), and using a Quadrupole Inductively Coupled Plasma
Mass Spectrometer (Q-ICP-MS, ICAP-Qc model from ThermoFisher). The quality assurance of analyses
was based on blank and internal standard controls and on the use of certified reference materials
(CRMs) analyzed in each analytical run. Limits of detection (LOD) and quantification (LOQ) for each
element as well as the CRMs used are specified in Supplemental Material (Annex 1 — Supplementary
material 1). Blank values were systematically below the LODs and CRM results concurred with certified
concentrations (average recovery rates: 88—-109% depending on elements and CRMs).

2.4.2 Organic contaminants and total lipid content
The detailed analytical procedures for the analyses of PCBs, DDTs, PBDEs and PFOS in flatfishes can be
found in Munschy et al. (2020) for sole and flounder, and Vaccher et al. (2020) for dab.

The concentrations of the 7 ICES priority PCB congeners (CB-28, -52, -101, -118, -138, -153 and -180)
and 8 PBDE congeners (BDE-28, -47, -49, -99, -100, -153, -154, -183) were determined using gas
chromatography coupled to high resolution mass spectrometry (GC-HRMS, Hewlett-Packard 6890 GC
coupled to a Micromass AutoSpec Ultima MS) by isotopic dilution with each congener's 13C12-labelled
isomer.
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Among per- and polyfluoroalkyl substances, only the most abundant substance perfluorooctane
sulfonate (PFOS) was investigated. Quantification was achieved by isotopic dilution against 13C8-PFOS
using an Acquity ultra-performance liquid chromatograph (UPLC®, Waters Corp.) coupled to a triple
qguadrupole mass spectrometer (Xevo® TQ-S micro, Waters Corp.) interfaced with a Z-spray (Waters
Corp.) electrospray ionization source operated in negative mode.

The analyses were conducted in controlled atmosphere laboratories under low dust and positive
pressure and Quality assurance and Quality Control (QA/QC) criteria were strictly followed (Munschy
et al., 2020). These include procedural blanks, determination of LOQs per sample, determination of
labelled compound recoveries, analyses of in-house quality control samples and regular participation
in interlaboratory comparison tests.

The extractable organic matter, used as a proxy of the total lipid content to normalize lipophilic
contaminant concentrations, was determined gravimetrically in muscle using 0.4-0.8 g dw of the
freeze-dried samples extracted with a mixture of hexane/acetone (80/20 v/v) at 100 °C under 100 bars
using pressurized liquid extraction (PLE) with a Dionex accelerated solvent extractor (ASE 200, Dionex
Corp., USA). The extracts were further evaporated to dryness at 105 °C for 12 h. Total lipid content was
used to normalize the concentrations of the lipophilic contaminants (namely PCBs, PBDEs, p,p’-DDE).

2.5 Data analysis

2.5.1 Ratios of congeners

Contaminant profiles and various ratios between specific PCB or PBDE congener concentrations are
commonly used as tracers of contaminant sources and/or fish diet, physiology and metabolism. Ratios
that compare a metabolized congener to a recalcitrant one, or one congener to one of its metabolites,
were used to assess one organism’s metabolic capacity. For example, BDE-99:BDE-100 concentration
ratio decreases when metabolic capacity increases. Voorspoels et al. (2003) reported that in the
Western Scheldt Estuary, BDE-99:BDE-100 ratios for organisms such as mussels and shrimps tend to
be more BDE-99 dominant (80:20), while those for higher organisms are more BDE-100 dominant (e.g.
20:80 for sole). A higher proportion of BDE-154 among the main PBDEs has been used as indicators of
a higher metabolization capacity of PBDEs in various fish species (Voorspoels et al., 2003), given that
BDE-154 could originate from higher-brominated congeners, e.g. BDE-209 or BDE-183 metabolic
degradation (Stapleton et al., 2004).

2.5.2 Statistical analysis
Data analysis was performed using R software (version 4.2.2, R Core Team, 2022).

To improve the representation of biomarker results, 95% confidence intervals for the means of each
fishing area or each species were added to the graphs. The confidence intervals were based on log-
normal (OH-pyrene and AChE), normal (SB), Poisson (MN) or exponential (LMS) distributions.

Inter-area and interspecific responses differed among biomarkers, hence comparisons were made
parameter by parameter in the present work. The interspecific comparisons support our main
objective and were therefore more detailed in the present study (three p value levels presented
(versus one for spatial effect), test performed with censored data (while no test was performed for
spatial effect)). Inter-area comparisons for one species were assessed to determine whether spatial
variability was a confounding factor for interspecific comparisons.

Statistical treatments were performed when enough data were available. Area or species were
compared among groups of at least eight individuals for biomarkers and three for contaminant levels
(a=5%). Therefore, for biomarkers, dabs from the Estuary (n=5) and the South area (n=1), and
flounders from the North area (n=2) were not used in the inter-area comparison per species.

Statistical treatments were adapted according to the presence of censored values (i.e. <LOD for metals
and <LOQ for organic contaminants). 1) When there is no censored data (the case of metals,
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biomarkers, several organic contaminants, sum and ratios), non-parametric Kruskall-Wallis test was
applied either for inter-area and interspecific comparisons per species. Pairwise comparisons of
parameters between species were performed with the Wilcoxon test with Bonferroni correction. 2)
When there were censored data (the case of some organic contaminants), spatial analysis were not
performed. For interspecific comparisons, when there were less than 6 censored data (out of 46
samples for organic contaminants), they were substituted to the LOQ and the procedure used for non
censored dataset was applied. When there were more than 6 censored data, the Fisher's exact test on
the median was applied.

3 Results

3.1 Biomarkers

General health status. Among the five biomarkers measured on fish, lysosomal membrane stability
(LMS) appeared similar among fishing areas for each species separately or among species at the scale
of the Bay of Seine (Fig. 2).

Neurotoxicity. In sole, Acetylcholine esterase (AChE) activity was lower in individuals from the Estuary
than in the 3 other stations. In dab, a lower AChE activity was measured in individuals from the Estuary
and the Open bay than in individuals from the North. In flounder, AChE activity was similar among the
2 stations where flounders were sampled. At the scale of the Bay of Seine, flounder showed a threefold
higher activity than the other two species (median: 227, 79 and 67 nmol/min/mg of proteins for
flounder, dab and sole, respectively, Table 2).

Genotoxicity. In sole, the highest levels of DNA strand breaks (SBs) were observed in individuals from
the Estuary and the lowest in those from the North (Fig. 2, Table 2). Levels of SBs were similar among
area for flounder and dab. Levels of SBs were significantly higher in sole than in flounder and dab
(median: 25, 16 and 16% DNA tail for sole, flounder and dab, respectively, Table 2). Micronuclei (MN)
had low frequencies in all three species. However, they were more frequent in sole (Fig. 2) and scarcer
in flounder (median: 0.15 and 0.03%o, for sole and flounder, Table 2).

Exposure to PAHs. Among the different hydroxylated PAH metabolites, the pyrene metabolite (OH-
pyrene) was the most quantified metabolite in the bile for the three species (177 samples quantified
out of the 178 analyzed). Hydroxy-phenanthrene and hydroxy-benzo(a)pyrene were quantified in less
than 70% of the samples (quantified in 85, 121, 16 and 1 out of the 178 samples for 2+3-OH-
phenanthrene, 1+9-OH-phenanthrene, 4-OH-phananthrene and 3-OH-B(a)P, respectively). The results
for these less quantified PAH metabolites are not further discussed in this paper. OH-pyrene
concentrations were higher in sole and flounder from the Estuary than in those from the South, and
were higher in dabs from the North than in those from the Open bay (Fig. 2, Table 2). At the scale of
the Bay of Seine, OH-pyrene concentrations were the highest in flounder followed by sole and then
dab.
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Fig. 2. Biomarker levels in three flatfish species: lysosomal membrane stability in the liver (A), acetylcholine esterase activity
in the muscle (B), DNA strand breaks levels in the erythrocytes (C), micronuclei frequency in the erythrocytes (D) concentration
of pyrene metabolite in the bile (E). Empty symbols are individual data, full symbols are the means of each species and fishing
area. Bars indicate 95 % confidence intervals around the mean for each fishing area and, for micronuclei mean, for all fishing
areas in grey (right axis). Letters (a, b, c) indicate significant differences among species. Stars (*) indicate, for a species,
significant differences among fishing areas.

3.2 Trace metals
Trace metals were quantified in all samples, except Pb which was quantified in nearly half of the
samples (49% of the samples) and especially in dab (1/14 dab samples), and Ag which was quantified
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in 5/15 dab samples. However, trace metals were detected in all the samples and estimated values
between LOD and LOQ were used in the statistical analysis.

Differences in trace metal concentrations among fishing areas were observed for Zn and Ag in flounder,
in which higher concentrations were measured in the South than in the Estuary area. In other words,
Hg, Pb, Cu concentrations in the three species, and Zn and Ag in sole and dab were similar among
sampling stations. Although no significant difference was observed for Hg, an effect of the fishing area
was observed for the methylated fraction (met-Hg) concentrations in sole: met-Hg concentrations
measured in the Open bay were higher than in the South area. Concentrations of met-Hg were not
measured in the other fishing areas for sole.

At the Bay of Seine scale, Hg and Cd concentrations were lowest in sole and highest in dab (Fig. 3, Table
2). The methylated form of Hg represented about two thirds of total muscle Hg and its proportion did
not vary among species (Table 2). Liver Pb concentrations were similar among the three species, while
liver Ag concentrations were significantly higher in sole than in dab or flounder (Fig. 3). Regarding liver
Cu and Zn concentrations, the least contaminated species were dab and sole, respectively.
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for a species.
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3.3 Organic contaminants

All PCB congeners, most BDE congeners (BDE-28, -47, -49, -100 and -154) and PFOS were quantified in
100% of the analyzed samples (Table 2, Table S1). PBDE detection frequencies were lower in sole than
in flounder and dab (in sole: BDE-99, -153, -183 were quantified in 11, 8 and 8 samples out of 14 (Table
S1).

For organic contaminants, the only significant differences in concentrations were observed for PFOS
in sole, and for 3 PCB (Iw) in flounder, with lower concentrations in the Open bay (sole) or the South
area (flounder) compared to the Estuary. The BDE-99:BDE-100 ratio was significantly higher in
flounders from the estuary than in those from the South area.

When the PCB and PBDE concentrations (sum of congeners) were expressed on a wet weight basis,
sole was the least contaminated species (Fig. 4 A, B). However, in relation with the significantly higher
lipid content in dab (1.5, 0.7 and 0.4% ww for dab, flounder and sole respectively, Table 2),
concentrations of these lipophilic compounds expressed per lipid weight (lw) were the lowest in dab.
The contamination (in Iw) ranking order was similar for PCBs and PBDEs, i.e., flounder > sole > dab (Fig.
4 A, B). Among PCBs, the dominant compound was CB-153 in the three studied species. Among PBDEs,
the BDE-47 was dominant when all species were considered together. However, differences were
observed between species for PBDEs (Fig. 4). BDE-47 represented 50 and 54% of the sum of the 6 PBDE
congeners in flounder and dab while it was in similar proportion as BDE-154 in sole (32 and 31% for
BDE-47 and BDE-154, respectively). Concentration ratios of PBDE congeners were different among fish
species (Fig. 4 C,D). The BDE-99:BDE-100 ratio was higher in flounder than in sole and dabs (Fig. 4,
Table 2). The proportion of BDE-154 was significantly higher in sole than in the two other species.

Concerning the two other families of organic contaminants, concentrations of p,p’-DDE (in lw) and
PFOS (in ww) were the lowest in dab and did not differ significantly between sole and flounder (Fig. 4
E,F).
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Table 2. Parameters measured in the flatfish including trace metal and organic contaminant concentrations, and biomarker responses. For each parameter, descriptive statistics (n =number of individuals, n < LOQ
= number of measurements below the quantification limit) and significant differences among fishing areas and species are indicated (F =flounder, D =dab and S =sole).

Fishing area

Parameter Tissue Unit n Median Minimum Maximum n<LOQ! effect? Species effect

F D S F D S F D S F D S F D S F D S Signif Ranking
Biological parameters
Length cm 43 55 96 28.5 27 26,5 235 22 22 34 335 32 - - - Hokk F>D=S
Age year 39 54 90 2 2 2 1 1 1 3 5 4 - - -
Biomarkers

LMS liver min 42 45 89 12.26 999 11.0 3.00 3.50 450 3750 30.0 2250 - - - * S=D=F
AChE muscle ””r;‘;'{)rr";:/ 43 55 95 2267 786 66.6 545 207 114 7559 2383 1731 0 0 0 *# % xxx E5D=s
SBs (Comet) blood %tailDNA | 41 49 89 15.84 16.3 249 8.5 6.0 9.2 331 346 475 - - - * *kok S>D=F

MN blood %0 43 55 95 0.033 0.09 0.15 o0.00 o0.00 000 120 280 400 - - - * * S>F®
OH-Pyr bile ng/mLbile | 42 42 94 1141 37.0 685 156 2.0 119 4001 152.1 3816 0 1 o0 * * * *kok F>S>D

Matrix composition

% dry matter muscle % 17 15 14 26 25 23 23 21 23 30 30 26 0 0 O *ok F=D>S
% dry matter liver % 17 15 13 38 51 28 29 44 24 56 65 32 0O 0 O kK D>F>S
Lipid Content  muscle % (ww) 17 15 14 0.7 15 04 0.2 0.8 0.1 2.3 4.2 07 0 O O Hokk D>F=S

Contaminants expressed in wet weight

Hg muscle ng/gww | 17 15 14 70.4 91.7 36.2 269 626 251 1010 1493 572 0 0 O Hokk D>F>S
met-Hg muscle  ng/g ww 8 15 10 329 63.1 240 16.2 26.0 152 674 1274 362 0 0 O * ok k D>S®
cd liver ng/gww | 17 15 12 614 951 37.6 344 383 256 1267 2351 743 1 0 O *okk D>F>S
Pb liver ng/g ww 17 14 14 338 218 259 134 137 137 758 451 655 6 13 4
Ag liver ng/gww | 17 15 13 136 103 1136 60 13 66 1444 401 2680 O 5 0 * *E X S>F=D
Cu liver ug/gww | 17 15 13 17.8 9.6 344 9.7 37 96 373 198 1083 0 O O ok k S>F>D
Zn liver ng/gww | 17 15 13 421 354 288 252 214 188 561 554 341 0 0 0 * *E X F=D>S
p,p’-DDE muscle ng/gww | 17 15 14 041 025 0.14 0.16 0.09 008 057 132 034 0 8 O - - 36> S
PFOS muscle ng/gww | 17 15 14 0.83 0.20 0.73 054 0.10 0.08 158 044 133 0 0 O * ok F=S>D
Contaminants expressed in lipid weight
2> PCBs muscle pg/g lw 17 15 14 2214 934 1990 343 244 858 9508 1840 4225 - - - * * ok F=S>D
2 PBDEs* muscle  pg/glw | 17 15 14 19673 4098 6159 3054 1325 2742 65635 7183 13904 - - - * * ok F>S>D

p,p’-DDE muscle ng/g lw 17 15 14 722 199 398 105 42 215 19%.0 608 884 0 8 O - - 35=F>D
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Contaminants ratios

met-Hg:Hg muscle 8 15 10 0.62 0.67 063 056 041 058 068 08 077 - - - *
BDE-99:BDE-100 muscle 17 15 14 0.33 0.12 0.11 0.06 0.07 0.04 065 09 028 - - - * - - 3kF>D=S
BDE-154:3PBDE> muscle 17 15 14 0.12 0.14 0.25 0.04 0.10 014 021 019 o042 - - - *xx S>D=F
1 For trace metals, all value were >LOD. Estimated values between LOD and LOQ were used in the statistical analysis
2 Spatial effect per species, when there are no censored data: Kruskall-Wallis test and Wilcoxon with Bonferroni correction as post hoc test: , * p<0.05
3 Species effect at the scale of the Bay of Seine: when there are < 6/46 censored data, when censored data are substituted by the LOQ: Kruskall-Wallis test and Wilcoxon with Bonferroni correction as post hoc
test: , * p<0.05, ** p<0.01, *** p<0.001; when there are > 6/46 censored data: Median exact test of Fischer (p < 0.05)

4 3PBDE = BDE-28+47+49+99+100+154
5 3PBDE = BDE-28+47+49+99+100+153+154+183
6 When only 2 species are indicated, the third one has a value intermediate and similar to both other species

-: not applicable (when there are censored data for the spatial effect and >8/46 censored data for the species effect)



OCooNOOULLPAWN -

e
= O

12
13
14
15
16
17

18
19
20
21
22
23
24
25
26
27
28

29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45

46
47
48
49

16

4 Discussion

4.1 Biological effects

Lysosomal functional integrity is a generic common target for environmental stressors in all eukaryotic
organisms, from yeast and protozoans to humans, and has been highly conserved in the course of
evolution (Davies and Vethaak, 2012). Lysosomal membrane stability (LMS) is therefore considered as
a universal biomarker of organism health and its response range is expected to be similar in all species
(Moore, 2012). Animals are considered to be healthy if the labilisation period, used as the proxy of
lysosomal stability, is >20 min (Background Assessment Criteria, BAC); stressed, but compensating if
>10 min (Environmental Assessment criteria, EAC) and severely stressed and probably exhibiting
pathology if <10 min (Moore, 2012). In this study, with median values of 12.3, 10 and 11 min for
flounder, dab and sole, respectively, LMS were indeed similar among species and indicated that all
three species were exposed to a general stress but at a level that can be compensated. Similarly low
values were recorded in previous studies in flounder after an oil spill (BarSiené et al., 2006), in dab
from the Seine estuary (Burgeot et al., 2017) and sole (Solea senegalensis) from laboratory
experiments exposed to metals and organic model contaminants (Briaudeau et al., 2023, 2021). In the
present study, the lysosomal biomarker did not allow for site differentiation for any of the three
species.

Acetylcholine esterase (AChE) activity differed among species, with flounder showing higher (possibly
less impacted) activity than dabs and soles. The higher activity measured in the flounder than in dab
has already been observed (Burgeot et al., 2017, 2001), and is illustrated by the derivation of species-
specific BAC and EAC (Vethaak et al., 2017). In this study, flounder (together with sole) also showed
higher concentrations of PFOS (ww) than dab, which is known to be neurotoxic (Gaballah et al., 2020).
The higher basal AChE value in flounder could result from a possible adaptation to higher
concentrations of land-based neurotoxic compounds, as this species lives further upstream in the
estuary than the other two. The AChE activity was similar in sole and dab, and in both cases, greater
enzymatic inhibition was detected for individuals from the Estuary. These similar values and tendencies
suggest that in absence of sole-specific assessment criteria, BAC and EAC developed for dab could also
be applied to sole.

The level of DNA strand breaks (SBs) and the occurrence of micronuclei (MN) are both indicators of
the effects of genotoxic compounds but at different time scales (Bolognesi and Cirillo, 2014; Costa et
al., 2008; Martins and Costa, 2015): SBs inform on reversible primary DNA lesions depending on repair
capabilities and are more representative of recent genotoxicants exposure, and MNs inform on
irreversible and integrative chromosome damage. DNA damages occur upon exposure to
contaminants that induce the production of reactive oxygen species (ROS). For instance, metals are
known to induce ROS production in fish (Lee et al., 2019; Sevcikova et al., 2011), but also organic
compounds such as glyphosate-based herbicides (Cavalcante et al., 2008). PAHs and especially their
metabolites have genotoxic effects; correlations between bile concentrations of PAH metabolites and
SBs have been reported in flatfishes (Dévier et al., 2013; Wessel et al., 2010). In the present study, no
correlation was observed between these two parameters among sole individuals (r spearman =-0.03).
In the present study, the micronuclei frequency was lower in flounder than in dab. This observation is
consistent with the background levels proposed for monitoring: the BAC for flounder (0-0.3 %) is also
lower than that for dab (0.5 %.) (Vethaak et al., 2017). There is no proposed sole-specific BAC for MN
frequency. The mean MN frequency in sole from the Basque continental shelf (southern Bay of Biscay)
was 0.19 %o in September, the same month as in the present study (Cuevas and Zorita, 2018). In the
latter study, September was the month showing the lowest frequency over the year.

The higher SBs and MN values in soles than in dabs and flounders in the present study suggests either
that the sole is more sensitive to contamination in the Bay of Seine than the other studied species, or
that it has higher baseline levels that should be considered when deriving environmental assessment
criteria. To study the differences in species sensitivity in background level derivation, species responses
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to contamination should be compared in a site impacted by chemical contamination (such as the Bay
of Seine) and a reference site, i.e. with very low contamination levels (e.g. Hylland et al. (2017). This
might be explored with experimental studies, but this might lack of realism. However, the identification
of such sites (similar environmental conditions but contrasting contamination history) in the field is
challenging.

4.2 Contaminant concentrations

While the liver Cd and Pb concentrations measured in flounder were in the same range as those
reported for individuals collected in 2010 in the Seine estuary by Kerambrun et al. (2013), the Cu and
Zn concentrations found here were lower, but the individuals considered were also larger than those
of Kerambrun et al. (2013). Furthermore, concentrations found in soles in the present study were likely
to be similar or higher for Hg and Zn than those reported in sole from polluted reservoirs from
southwest Spain, but they were lower for Cd, Pb and Cu (in muscle: 36 versus 12 to 17 ng/g ww, in
liver: Cd: 38 versus 80 to 430 ng/g ww, Pb: 26 versus 200 to 420 ng/g ww, Cu: 35 versus 51 to 129 ug/g
ww and Zn: 29 versus 15 to 27 pug/g ww in Seine (present study) and Spain, respectively; fish size were
not indicated in Usero et al. (2004). There was no effect of the fishing areas, except for met-Hg in sole,
and Ag and Zn in flounder. However, significant concentration differences among species were found
for all metals analyzed except Pb, with an order of magnitude in the range of 1 to 3 times differences
among species, and a 10 times higher concentration in sole for Ag. Sole seems to accumulate less Hg,
Cd and Zn, but more Ag and Cu than the other two species. These results are in accordance with a
previous study analyzing different fish species from another French estuary, the Gironde estuary,
which also reported higher Hg concentrations in the muscle and higher Cd and Zn concentrations in
the liver of flounder compared to sole, whereas sole had higher liver Cu concentrations (Durrieu et al.,
2005). Overall, the present study suggests that species are able to develop species-specific
mechanisms for metal bioaccumulation, regulation and/or excretion, despite probably similar
exposure to metal contamination in a same site, although potential differences in their diet and of the
contamination of their prey (not considered here) may also partly explain these observed differences
among species.

Bioaccumulation of lipophilic organic contaminants is strongly dependent on the fish lipid content. The
differences in lipid content found among the three fish species are consistent with previous studies on
the same species (Bodin et al., 2014; Voorspoels et al., 2003; Westernhagen et al., 1999). Sole were
leaner than dab and the least contaminated by PCBs, PBDEs and p,p’-DDE when concentrations were
expressed in wet weight. When normalized to lipids, concentrations of these contaminants were the
lowest in dab, the fattest species, while PCBs and p,p’-DDE concentrations were similar in flounder and
sole. PBDE concentrations were higher in flounder in both wet weight and lipid weight.

PCB concentrations higher in flounder than in sole was previously observed in the Gironde estuary with
ca.5and 2 ug/g lw (185 and 50 pg/g dw) in the muscle of flounder and sole, respectively, for individuals
of similar size range as in the present study (Bodin et al., 2014). Also, PBDE concentrations higher in
flounder than in sole (in both ww and Iw) as in the present study were reported in the Loire estuary by
Bragigand et al. (2006) thought no statistics were done to confirm the significance of the difference
between flounder and sole (ca. 280 and 150 pg BDE-47/g ww in sole and flounder muscle, respectively).

PFOS is a persistent contaminant that tends to accumulate in protein-rich tissues (Martin et al., 2003).
The fatty composition of the dab may not favour the accumulation of PFOS, unlike for the lipophilic
contaminants discussed above. The lower PFOS concentrations in sole from the Open bay area
suggested reduced exposure to PFOS in this area, which could also explain the lower PFOS
contamination levels in dabs (mostly originating from this area). It was indeed previously shown that
river discharge is the main source of PFOS to the marine environment (Lindim et al., 2016), which
supports the existence of a concentration gradient from the estuary to more open waters. Similar
concentrations of PFOS were found in flatfishes from the Dutch coast (0-1 ng/g ww), with a slightly
lower concentration in dab than sole (Zafeiraki et al., 2019).
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The present work focuses on inter-flatfish species variability in their response to the chemical
contamination. However, sole as one of the highest consumed fish in Europe, may represent a sanitary
issue for human health in the case of threshold exceedance. This was the case for PBDE (EQS(human
health) = 0.0085 ng/g ww, refers to the sum of 6 PBDE) which was exceeded in 44 out of 46 samples,
including 12 out of the 14 soles analysed. However, maximum permissible concentration (MPC) set by
the commission regulation 2023/915 were not exceeded in any of the samples: 1) PCB (Sum of 6 PCBs
28,52,101, 138, 153 and 180) concentrations were 1 to 2 orders of magnitude lower than 75 ng/g ww;
2) PFOS concentrations in sole muscle were in same order of magnitude but lower than newly set MPC
(2 ng/g ww) 3) Cd and Pb concentrations in liver were considered more related to the bivalve threshold
than the muscle one and were several orders of magnitude lower than bivalve MPC: 1 and 1.5 mg/kg
ww for Cd and Pb respectively. 4) Finally, concentrations in Hg in muscle were ca. one order of
magnitude lower than MPC in sole (0.5 pg/g ww). These comparisons are related to human health
assessment and related to descriptor 9 of the MSFD. The present data are also the basis for D8
indicators (environmental health assessment) proposed to the French authority for GES assessment in
2024.

4.3 Metabolization capacities

PAHs are efficiently metabolized by fish (Wessel et al., 2013) so that their metabolites excreted in the
bile are used as biomarkers of recent PAH exposure (Hylland et al., 2012). PAH biotransformation and
elimination of their metabolites via the bile is a rapid process (Budzinski et al., 2004; Krahn et al., 1992;
Wessel et al., 2012). Due to the role of bile in digestion processes, with episodic release of bile into the
oesophagus, the density and volume of bile differ according to the feeding status (Collier and Varanasi,
1991). Indicators of recent PAH exposure is hence dependent on the feeding status of the fish (Hylland
et al., 2012). This biomarker is also influenced by PAH concentrations, food availability and
metabolization capacities of fish that can vary depending on the species (Krahn et al., 1992; Luthe et
al., 2002; Solbakken and Palmork, 1981). In the present study, PAH concentrations were higher at the
Estuary than in the North and South areas. These results are in line with previous studies in the same
area, where higher OH-pyrene concentrations were up to threefold higher in the Estuary than in the
Open bay (dab in 2005 and 2006: ca. 20 to 100 ng.g™* bile in the Open Bay and ca. 80 to 435 ng.g™* bile
in the Estuary area, (Dévier et al., 2013); dab and flounder in 2008 and 2009: 534 and 290 ng.g* bile
in dab from the Estuary and Open Bay, respectively and 348 and 225 ng/g bile in dab from the Estuary
and Open Bay, respectively, (Burgeot et al., 2017)). The most significant interspecific difference in the
present study for OH-pyrene levels was observed in the Open bay area, where OH-pyrene
concentrations in sole were twice higher in sole than in dab. This might be related to 1) heterogeneity
in exposure between populations of both species in the Open bay, the largest area among the 4
investigated in the present study and/or to 2) higher metabolization capacity in sole, as suggested by
PBDEs ratio in the present study. In the present study, flounder also presented higher concentration
in OH-pyrene than dab, regardless of the area. In contrast, in 2008/2009, OH-pyrene concentrations in
both species from the Bay of Seine in 2008/2009 were statistically similar (348 +183 and
534 * 305 ng/g bile for OH-pyrene in flounder and dab from the Seine estuary, respectively, (Burgeot
et al., 2017)). This last study also reported inter-annual variation by a factor up to 10 (e.g. mean OH-
pyrene concentration in dab from the Open bay: 29 and 290 ng/g in 2008 and 2009 respectively) which
the authors linked to a weaker Seine flow in 2009 when the lowest PAH concentrations were observed.

Ratios between PBDE congeners were used to assess metabolization capacities among species,
assuming similar environmental contaminants profiles between the living areas of the different
species. Although BDE-99 and BDE-100 are both pentabrominated PBDEs, it has been observed that
BDE-99 could be metabolized in fish but not BDE-100 (Roberts et al., 2011; Stapleton et al., 2004). The
results of the present study suggest that BDE-99 was metabolized in all three species and more
efficiently in sole and dab than in flounder. Ratios measured in the present study were within the range
of those previously reported in sole on the French Atlantic coast (median: 0.18, Munschy et al., 2011).
Voorspoels et al. (2003) showed that the BDE-99:BDE-100 ratio had comparable values in sole and dab,
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which is consistent with the present study. The highest proportion of BDE-154 in sole is in favour of a
greater metabolic capacity of sole (Stapleton et al., 2004). High contribution of BDE-154 has also been
reported in marine fish species especially in sole (Munschy et al., 2011; Voorspoels et al., 2004).
Although it is difficult to infer metabolic capacity solely from congener profiles determined in samples
collected in the wild, the sole may have a higher ability to metabolize PBDEs than the dab and the
flounder.

4.4 Relationship to phylogenic distances

In the present study, flatfish from different phylogenetic families were studied. The sole belongs to a
different family of flatfish (Soleidae) than the dab and the flounder (Pleuronectidae). Phylogenetic
distances between species may explain physiological differences, particularly in the processes involved
in the uptake, distribution and biotransformation of contaminants and their biological effects (e.g.
Dallas et al. (2013). This was recently shown in bivalves with differences in chemical bioaccumulation
between species and their hybrids (Sussarellu et al., 2022). However, only a few biomarker responses
and bioaccumulation levels appeared more similar between dab and flounder (Pleuronectidae) than
with sole (Soleidae): DNA strand breaks and Ag concentrations which were lower in dab and flounder
than in sole, while Hg, Cd and Zn concentrations were higher in dab and flounder than in sole.

5 Conclusion

In the Bay of Seine, a human-impacted habitat, comparison of contaminant levels and biological
responses between sole, dab and flounder did not lead to a clear species differentiation (e.g. one
species far above the two others in terms of contaminant levels or effects). Among the three studied
flatfish, sole was the most abundant species in the prospected areas of the Bay of Seine, whereas dab
and flounder were mainly found in half of the surveyed areas. Sole showed higher levels of genotoxic
alteration (SBs, MN) than dab and flounder, and they showed among the highest levels of neurotoxic
alteration (AChE inhibition) and PAH exposure (OH-pyrene). Regarding the interspecific differences in
contamination, sole concentrations in Hg, met-Hg, Cd Zn were lower than in dab and flounder, sole
concentrations in PBDEs (lw) were intermediate between dab and flounder, while concentrations in
other lipophilic organic contaminants (PCBs and DDT, in Iw) and PFOS were amongst the highest
together with flounder. PBDE profiles in sole suggested that sole may have a higher ability to
metabolize PBDEs compared to flounder and dab. This metabolization ability usually enables
individuals to excrete contaminants and reduce the contaminant loads but also requires the organism
to allocate energy for metabolization.

In brief, the present study highlighted that sole is widely distributed in the Bay of Seine, and sensitive
to the chemical contamination even if it does not always show the highest contamination levels. Sole
is therefore recommended as a sentinel species for the integrated study and monitoring of biological
effects of contaminants. The use of sole as sentinel species might require the derivation of species-
specific thresholds for biomarkers unless a pragmatic level of biological complexity is found for
biological effect thresholds.
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SM 1: Supplementary material 1: Methods used for the determination of trace metal concentrations
in flatfish

Total mercury (Hg) concentrations were determined in fish muscle according to the standard operating
procedure described in the US-EPA method N°7473 (US EPA, 1998) on aliquots of homogenized
powder (~40£10 mg), by atomic absorption spectrophotometry using an Advanced Mercury Analyzer
(ALTEC AMA-254, Altec Ltd). Limits of detection (LOD) and quantification (LOQ) were 0.005 and 0.015
mg kg™ dry weight (dw), respectively. In addition to total Hg concentrations, methyl-mercury (met-Hg)
determination was performed in fish muscle according to a method adapted from Azemard and
Vassileva (2015), which uses liquid-liquid extractions of met-Hg in samples before analysis by AMA-
254, Briefly with this method, aliquots of powder (10-200 mg, depending on total Hg concentrations)
were acidified with 5 mL of HCI (25% v/v, prepared with ultrapure HCL) to solubilize Hg, 10 mL volume
of toluene were then added and both phases were homogenized. After centrifugation, a fraction (5
mL) of the upper organic phase (i.e. toluene containing extracted met-Hg) was transferred to a second
tube containing the same volume of a 0.002 M sodium thiosulfate solution. This tube was vigorously
shaken, centrifuged, and an aliquot of a known volume (50-500 pL) of the lower phase (containing the
back-extracted methyl-Hg) was finally directly analyzed with AMA-254.

Total silver (Ag), cadmium (Cd), lead (Pb), copper (Cu) and zinc (Zn) concentrations were determined
in fish liver, according to an in-laboratory approved method and using a Quadrupole Inductively
Coupled Plasma Mass Spectrometer (Q-ICP-MS, ICAP-Qc model from ThermoFisher). Briefly with this
method, aliquots of homogenized powder (~200 mg) were placed in Teflon bombs and mineralized
with a mixture of ultrapure HNOs acid and milli-Q water using a microwave (ETHOS-UP model from
Milestone). Then, the digests were diluted to 50 mL with ultrapure water before analyses with Q-ICP-
MS. The LODs and LOQs were respectively 0.02 and 0.07 mg kg dw for Ag, Cd and Pb, 0.3 and 0.9 mg
kg dw for Cu, 2.8 and 9.3 mg kg dw for Zn.

The quality assurance of all metal analyses relied on blank and internal standard controls and on the
accuracy and reproducibility of data relative to certified reference materials (CRMs) analyzed in each
analytical run. The CRMs used were i) for total Hg: IAEA-142 (mussel homogenate, International Atomic
Energy Agency/IAEA) and IAEA-407 (whole-fish homogenate, IAEA); ii) for met-Hg: IAEA-407; iii) for Ag,
Cd, Pb, Cu and Zn: DORM-4 (fish protein, National Research Council Canada/NRCC), DOLT-5 (dogfish
liver, NRCC) and CE-278k (mussel tissue, Joint Research Centre-European Commission). Blank values



were systematically below the LODs and CRM results concurred with certified concentrations, with
average recovery rates ranging between 88 and 109% for the different metals and CRMs.

Supplementary material 2: Methods used for the determination of organic contaminant
concentrations in flatfish

Organic contaminant analyses in sole and flounder were carried out in IFREMER, Nantes, France and
have been fully described elsewhere (Munschy et al.,, 2020). PCB, OCP and PBDE analyses were
performed on 4-5 g dw of the freeze-dried muscle samples extracted by dichloromethane using
pressurized liquid extraction (PLE) with a Dionex ASE 300 (ASE, Dionex Corp., USA), followed by several
purification steps including gel permeation chromatography, a silica and alumina column, and a two-
dimensional HPLC system with two columns coupled in series: a nitrophenylpropylsilica column
(Nucleosil, 5 um particles, 250x4.6 mm, Interchim, France) in series with a 2-(1-
pyrenyl)ethyldimethylsilylated silica (PYE) column (Cosmosil, 5 um particles, 150x4.6 mm, Promochem,
France). The concentrations of the 7 ICES priority PCB congeners (CB-28,-52,-101, -118, -138, -153 and
-180) and 8 PBDE congeners (BDE-28, -47, -49, -99, -100, -153, -154, -183) were determined using gas
chromatography coupled to high resolution mass spectrometry (GC-HRMS, Hewlett-Packard 6890 GC
coupled to a Micromass AutoSpec Ultima MS) by isotopic dilution with each congener’s 3Cy,-labelled
isomer.

Among per- and polyfluoroalkyl substances, only the most abundant substance perfluorooctane
sulfonate (PFOS) was investigated. PFOS analyses were conducted on 1 g dw of freeze-dried muscle
samples extracted using liquid-solid extraction with MeOH/KOH (0.01 M of KOH), purified onto two
consecutive SPE cartridges (an OASIS WAX weak anion exchange stationary phase, Waters, and an
ENVI-Carb graphite stationary phase, Sigma-Aldrich), evaporated to dryness and reconstituted in 200
uL of a mixture of MeOH:H,0 (50:50, v/v). Quantification was achieved by isotopic dilution against **Cs-
PFOS using an Acquity ultra-performance liquid chromatograph (UPLC®, Waters Corp.) coupled to a
triple quadrupole mass spectrometer (Xevo® TQ-S micro, Waters Corp.) interfaced with a Z-spray
(Waters Corp.) electrospray ionization source operated in negative mode.

Organic contaminant analyses in dabs were carried out in LABERCA (Laboratoire d'étude des Résidus
et Contaminants dans les Aliments), ONIRIS, France and have been fully described elsewhere (Vaccher
et al., 2020). Briefly, PCBs and PBDEs were extracted from freeze-dried sample using PLE with a mix of
toluene and acetone (70/30; v/v) and purified using three successive purification columns: a multi-
layer acidified (22% and 44% sulfuric acid) silica column eluted with hexane, a florisil column eluted
with hexane and toluene and a carbon column eluted with toluene. All analyses were done by GC-
HRMS. OCP concentrations were determined after extraction using DCM/hexane followed by
purification on a florisil column eluted with hexane, DCM and ethyl acetate, and injection into a GC-
MS/MS system. PFOS was analyzed by liquid-solid extraction followed by purifications onto two
consecutive SPE cartridges (WAX and ENVI-Carb) and injected into a LC-ESI(-)-MS/MS system.
Analytical performances were validated according to accredited methods.



Table S1. PCB and PBDE congeners measured in the flatfish. For each parameter, descriptive statistics (n =number of individuals, n < LOQ = number of measurements below the quantification limit) and
significant differences among fishing areas and species are indicated (F =flounder, D =dab and S =sole).

Fishing
. . area

Parameter Tissue Unit n Median Minimum Maximum n<LOQ effect? Species effect

F D S F D S F D S F D S F D S D S signif? Ranking
Congeners expressed in wet weight

CB-28 muscle  ng/g ww 17 15 14 0.18 0.13 0.06 0.08 0.05 002 033 032 016 0 0 O * Hokok F=D>S

CB-52 muscle  ng/gww 17 15 14 125 092 046 045 0.25 016 223 211 122 0 O O * *k F>S3

CB-101 muscle  ng/g ww 17 15 14 286 251 154 112 080 060 587 665 339 0 0 O * ok F>s3
CB-118 muscle  ng/gww 17 15 14 278 228 132 116 0.79 058 428 590 251 0O O O *k F=D>S
CB-138 muscle  ng/g ww 17 15 14 403 417 211 179 142 095 743 1086 445 0 O O * *x D=F>S
CB-153 muscle  ng/gww 17 15 14 7.43 693 3.62 3.00 257 164 1278 2060 777 O O O * *k F=D>S
CB-180 muscle  ng/g ww 17 15 14 135 133 030 0.27 040 011 1261 397 179 0 0O O * Hokok F=D>S
BDE-28 muscle  pg/g ww 17 15 14 339 131 050 0.88 0.22 0.16 9.06 234 158 0 0 O * *kE F>D>S
BDE-47 muscle  pg/g ww 17 15 14 59.53 27.88 6.39 27.25 11.44 2.08 189.34 61.52 2284 0 0 O * Hrk F>D>S
BDE-49 muscle  pg/g ww 17 15 14 1231 534 286 7.83 1.77 0.77 22.02 1135 1155 0 O O * *kE F>D=S
BDE-99 muscle  pg/g ww 17 15 14 6.40 174 060 1.18 0.31 0.17 1598 1297 274 0O 0 3 - Hrk F>D=S
BDE-100 muscle  pg/g ww 17 15 14 18.49 10.08 5.55 10.34 4.32 215 3790 2483 1453 0 O O * *kE F>D>S
BDE-153 muscle  pg/g ww 17 15 14 358 176 038 085 043 018 632 591 157 0 0O 6 - Hokok F=D>S
BDE-154 muscle  pg/g ww 17 15 14 1511 7.73 6.10 6.84 294 256 24.06 2055 1696 0O O O *kE F>D=S

BDE-183 muscle  pg/g ww 17 15 14 0.67 058 0.17 0.19 0.23 010 178 1336 078 0 2 6 - - - 2F=D;F>S
Congeners expressed in lipid weight
CB-153 muscle ng/g lw 17 15 14 1081 458 956 171 118 438 4667 974 2224 O * Hokok F=S>D
BDE-47 muscle pg/ g lw 17 15 14 10025 2054 2171 1392 658 850 32414 3531 4530 0 O O * ook F>S=D
1 Spatial effect per species, when there are no censored data: Kruskall-Wallis test and Wilcoxon with Bonferroni correction as post hoc test: , ¥ p<0.05

2 Species effect at the scale of the Bay of Seine: when there are < 6/46 censored data, when censored data are substituted by the LOQ: Kruskall-Wallis test and Wilcoxon with
Bonferroni correction as post hoc test:

, * p<0.05, ** p<0.01, *** p<0.001; when there are > 6/46 censored data: Median exact test of Fischer (p < 0.05)
3 When only 2 species are indicated, the third one has a value intermediate and similar to both other species.

-: not applicable (when there are censored data for the spatial effect and >8/46 censored data for the species effect).
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