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• Need of improved method to predict
and discriminate in situ effects of
pollutants

• Fish were caught in the wild or labora-
tory-exposed to different abiotic factors.

• Hepatic transcriptome profiles of wild
and laboratory-exposed fish were com-
pared.

• Captivity markedly altered the profiles,
especially genes involved in histone
marks.

• Genes affected by pollution were
involved in cell differentiation and
development.
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Aquatic ecosystems are subjected to a variety ofman-induced stressors but also vary spatially and temporally due
to variation in natural factors. In such complex environments, it remains difficult to detect, dissociate and evalu-
ate the effects of contaminants in wild organisms. In this context, the aim of this study was to test whether the
hepatic transcriptome profile of fish may be used to detect in situ exposure to a particular contaminant.
Transcriptomic profiles from laboratory-exposed and wild eels sampled along a contamination gradient were
compared. During laboratory experiments, fish were exposed during 45 days to different pollutants (Hg, PCBs,
OCPs or Cd) or natural factors (temperature, salinity or low food supply) at levels close to those found in the sam-
pling sites. A strong differencewas observed between the transcriptomic profiles obtained fromwild and labora-
tory-exposed animals (whatever the sites or experimental conditions), suggesting a general stress induced by
captivity in the laboratory. Among the biological functions that were up-regulated in laboratory eels in compar-
ison towild eels, histonemodificationwas themost represented. Thisfinding suggests that laboratory conditions
could affect the epigenome of fish and thusmodulate the transcriptional responses developed by fish in response
to pollutant exposure. Among experimental conditions, only the transcription profiles of laboratory animals ex-
posed to cold temperature were correlated with those obtained from wild fish, and more significantly with fish
from contaminated sites. Common regulated genes were mainly involved in cell differentiation and liver
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development, suggesting that stem/progenitor liver cells could be involved in the adaptive response developed
by fish chronically exposed to pollutant mixtures.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Human activities have dramatically increased the concentration of
metallic and organic pollutants in aquatic environments (Thrush et al.,
2009). The goal of ecotoxicology is to assess and predict the impact of
these contaminants on organisms, populations and ecosystems. To-
wards this aim, experimental approaches were developed with aquatic
model animals to understand and assess the impacts of contaminants in
natural ecosystems. However, it remains difficult to extrapolate the re-
sults obtained in the laboratory to a realistic effect in natural environ-
ments due to the presence of other natural factors (temperature,
salinity, dissolved oxygen concentration, parasitism…) as well as varia-
tions of these factors from one sampling site to another. Indeed, aquatic
ecosystems are complex and dynamic entities in structure, composition
and functioning change on a daily and seasonal basis in response to var-
iations in natural factors. A huge challenge for ecotoxicologists is thus to
distinguish the effects triggered by contaminants from those triggered
by natural factors. It is even more difficult to detect and assess the con-
tribution of individual contaminants in a multi-pollutant field context
(Denslow et al., 2007).

In this context, gene transcription profiling has received increasing
attention in recent years. By allowing the simultaneous measurement
of the transcription level of a large number of genes belonging to various
metabolic pathways, gene expression profiling analysis has been used
to identify and provide mechanistic insights into pollutant toxicity as
well as to provide chemical signatures of toxicity (Denslow et al.,
2007; Pierron et al. 2011; Bougas et al. 2013; Baillon et al. 2015a,
2015b). Such signatures are constituted by a set of genes that respond
to a particular factor andmay be used to discern the effects of chemicals
in pollutant mixtures (Poynton et al., 2008a, b). The emergence of ana-
lytical tools allowing high-throughput sequencing of mRNA molecules
has allowed ecotoxicologists to develop such approaches in wild and
non-model organisms. In a previous work, we took advantage of RNA-
Seq to discover without any a priori method statistically confident “can-
didate genes” for which transcription levels were more likely related to
contaminant exposure than to natural stressors in wild Atlantic eels, i.e.
in European (Anguilla Anguilla) and American (Anguilla rostrata) eels
(Baillon et al. 2015a). A total of 1000 candidate genes were retained
and used to construct a DNA microarray (Baillon et al. 2015b). Histori-
cally abundant and widespread in Europe and North America, popula-
tions of Atlantic eels have suffered a sharp decline since the 1980′s.
The European species (Anguilla anguilla) is currently considered as crit-
ically endangered of extinction by the International Union for Conserva-
tion of Nature. The Committee on the status of Endangered Wildlife in
Canada (COSEWIC) has revised the status of the American eel from
“special concern” in 2006, to “Threatened” in 2012. Among hypotheses
advanced to explain these declines, the possible contribution of pollu-
tion has received considerable attention in recent years. The unusual
life cycle of Atlantic eelsmakes themparticularly vulnerable to pollution
(Belpaire and Goemans 2007; Geeraerts and Belpaire 2010). Spawning
takes place in the Sargasso Sea and leptocephali larvae are transported
by ocean currents until they reach the European or American coasts.
After metamorphosis of the larvae into glass eels, the organisms reach
the juvenile growth phase stage (yellow eel) in continental habitats.
During this stage, eels adopt a more sedentary lifestyle and accumulate
substantial energy reserves in the form of lipids. This stage can last from
several years to N20 years, depending on the hydrosystem, and ends
with a second metamorphosis called silvering which prepares the
future genitors (silver eels) for their transoceanic reproductive migra-
tion without feeding (Tesch 2003; van Ginneken and Maes 2005).

Previous transcriptomic studies carried out on silver European eels
chronically exposed to pollutants in their natural environment have
reported an altered pattern of transcription of genes involved in detox-
ification and a down-regulation of genes involved in oxidative phos-
phorylation in eels inhabiting a highly polluted site (contaminated
notably by polychlorinated biphenyls (PCBs), organochlorine pesticides
(OCPs) and brominated flame retardants) in comparison to eels
inhabiting clean sites, suggesting that pollutants may have a significant
effect on energy metabolism in these fish (Pujolar et al. 2012, 2013).
However,many biotic and abiotic factors can influence the transcription
of fish in nature, leading to potential ambiguities in their interpretation.
Here, we first established specific transcriptomic profiles for different
anthropogenic (mercury (Hg), cadmium (Cd), PCBs, or OCPs) and natu-
ral (temperature, salinity or low food supply) factors under controlled
laboratory conditions. The aim was to obtain a “gene transcription sig-
nature” elicited by each stressor (Ramaswamy et al. 2001; Denslow et
al., 2007) by means of a DNA microarray. The second objective was to
test whether these gene transcription signatures could help to detect
and separate the effects of each stressor inwild fish chronically exposed
to multiple stressors.

2. Material and methods

2.1. Wild eel sample collection

Seven sampling siteswere selected in Québec (Canada; St. Jean, Sud-
Ouest, St. François, St. Pierre) and in France (Dordogne, Garonne, Gi-
ronde) on the basis of their knowngradients of contamination bymetal-
lic and organic pollutants as previously described in Baillon et al.
(2015a). European eels (Anguilla anguilla) and American eels (Anguilla
rostrata) were collected between May 24 and June 24 of 2012, using a
trawl, a fyke net or by electrical fishing. For each sampling site, a total
of five immature and sexually undifferentiated eels (mean ocular
index 3.32± 0.1)were used for subsequent analyses. Fishwere dissect-
ed as soon as possible at the proximity of the sampling sites and organs
(liver and muscle) were divided into several samples. Samples for gene
transcription analyses were stored in RNA later at−20 °C until needed.
For both organic and metal analyses, samples were stored at −80 °C.

2.2. Experimental design

For laboratory experiments, European yellow eels were exposed to
only one factor at a time.While environmental exposures rarely contain
a single stressor, these single physicochemical studies are important be-
cause they set the stage against which responses to more complex ex-
posures can be compared (Denslow et al., 2007). During laboratory
experiments,fishwere exposed to different pollutants or natural factors
at levels close to those found in the sampling sites Table 1 and Table 2A
and B). Pollutants selected for laboratory exposureswere those found in
high concentration levels in eels sampled in St. Lawrence and Gironde
hydrosystems such as PCBs, Cd, Hg and OCPs (Baillon et al. 2015a). Fi-
nally, immature eels were exposed to natural stressors that showed
the strongest variations among thenatural sites, i.e. salinity and temper-
ature. Eels were also submitted to food restriction, a factor known to in-
fluence fishmetabolism (Dave et al. 1975). Experimental conditions are
summarized in Table 1.



Table 1
Summary of experimental conditions. Eels were exposed during 45 days.

Water physical chemistry

Exposure condition Contamination route Salinity Temperature °C Food ration (%)

Controls / / 5 23 7.5
Cd_low [Cd] 0.4 μg·L−1 water 5 23 7.5
Cd_high [Cd] 4 μg·L−1 water 5 23 7.5
Hg_lab [Hg] 5 μg·g−1 Food 5 23 7.5
OCP_lab [OCP] 13 ng·g−1 Food 5 23 7.5
PCB_low [PCBs] 50 ng·g−1 Food 5 23 7.5
PCB_high [PCBs] 300 ng·g−1 Food 5 23 7.5
Diet_low Food restriction / 5 23 2
Salinity_high High salinity / 18 23 7.5
Temperature_low Cold / 5 13 7.5
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All procedures used in this experiment were approved by the Aqui-
taine fish-birds ethic committee. Immature and sexually undifferentiat-
ed yellow eels (Anguillla anguilla), averaging 37.7 cm in length and 75 g
in weight (37.71 ± 5.05 cm and 75.00 ± 3.84 g, respectively, mean ±
SE, n = 80) were captured from a cleaner site (Certes; Baillon et al.
2015a, 2015b, 2016) in May 2012. The animals were transferred to the
laboratory (Marine Station of Arcachon) and kept in running aerated
brackish water (salinity 5‰, natural seawater dilution with aerated
tap water) thermostated at 23° over a 1-month maintenance period,
prior to experimentation. Over this period, fish were fed every day
with mussels, and no lethality was observed.

The chronic (45 days) experiment was performed by means of a
flow-through system and low fish densities (0.8 kg/m2; eight fish per
condition) to maintain water quality. In addition, PVC pipes serving as
shelter were used and experimental units (EUs) were partially covered
with opaque sheeting to respect the lucifugal and benthic behavior of
eels. Each tank was supplied with brackish water (salinity 5‰) by four
water flow-meters and contained eight organisms per tank. During
the experiment (45 days), eels were feed every two days in excess
(7.5% wet weight animal/day) with artificial food (fresh fish flesh
mixed with oil (1.3%) and agar-agar (0.8%)). The unconsumed food
was removed every morning, dried and weighed. For each EU, the dry
weight of unconsumed food was subtracted from the total dry weight
of given food to determine the percentage of food consumed, i.e. the
food intake rate. Results are expressed asmean±SE (n=22; Table 2B).

Exposure to Cd and PCBs were carried out at two contamination
levels in order to mimic the concentration range of these pollutants in
prey of eels inhabiting the two hydrosystems (Tapie et al. 2011). Then,
for PCBs condition, the foodwas enriched in pyralene to reach a nominal
concentration of 50 ng.g−1 and 300 ng.g−1 dw. Pyralene solution
consisted of a mixture of PCB 28, 52, 101, 118, 138, 153, 180, the
seven priority PCBs in assessing the standard of environmental quality
(US - EPA). The average PCBs concentration in the control food reached
25± 3.6 ng·g−1 lipid weight (lw) of PCBs and 0.7 ± 0.07 μg·g−1 dried
weight (dw; n = 3). The average PCBs concentration in enriched food
reached 36.8 ± 12.1 ng·g−1 lw and 207.2 ± 15.4 ng·g−1 lw (n = 3)
for the PCB_low and PCB_high conditions, respectively. For OCPs expo-
sure, foodwas enrichedwith amix of OCP solution to reach a concentra-
tion of 13 ng.g−1dw. OCPs solution consisted of a mixture of 2,4′ DDE,
4,4′ DDE + dieldrin, 4,4′ DDD, 2,4′ DDT, 4,4′ DDT, lindane and
transnonachlor. The amount of each component was determined from
their respective concentrations found in shrimp sampled in the Gironde
estuary (unpublished data). For Hg exposure, the food was enriched
in methyl-mercury solution to reach a nominal concentration of
5 μg·g−1 dw. The average Hg concentration in enriched food reached
3.1 ± 0.6 μg·g−1 dw (n = 3). For Cd exposure, animals were exposed
to dissolved metal at a nominal concentration of 0.4 and 4 μg·L−1.
Metal exposure was initiated by adding Cd as CdCl2 from a stock solu-
tion in water. To maintain constant Cd contamination over time, con-
taminated tanks were fitted with a peristaltic pump which added Cd
at the desired concentration. The average Cd concentrations were
0.09 ± 0.01 μg·L−1, 0.42 ± 0.04 μg·L−1 and 4.00 ± 0.18 μg·L−1

(mean ± SE, n = 18) in control and contaminated tanks, respectively.
For our experiment, control animals weremaintained in uncontaminat-
ed brackish water and fed with uncontaminated artificial food. For nat-
ural factor exposures, animals were maintained in the same conditions
as controls. However, for the cold temperature exposure, animals were
maintained in water thermostated at 13.4 ± 0.3 °C, (mean ± SE, n =
34). For the high salinity exposure, the salinity was increased to
17.7 ± 0.2‰, (mean ± SE, n = 36; natural seawater dilution with aer-
ated tap water). For the food restriction condition, animals were fed at
only 2% wet weight animal/day.

At the end of the exposure period (45 days), five eels per EU were
removed and dissected. Samples of liver were immediately fixed in
RNAlater solution and stored at −20 °C until needed for analyses. All
experimental conditions are shown in Table 1.

2.3. RNA extraction, labelling, and cDNA hybridization

All procedures were carried out as previously described in Baillon
et al. (2015b). Microarrays contained one thousand oligonucleotide
probes (60mers) in triplicates. These probes were designed from a set
of transcripts comprising both a American and European eels tran-
scriptome assembled from a previous RNA-Seq study (Illumina
Hiseq2000 technology, Baillon et al. 2015a) from hepatic transcriptome
of 48wild eels, collected in the same sites as those described in the pres-
ent manuscript. A total of 11,547 unique genes of known function were
identified. In parallel, the contamination level of fish in 8 metals and 25
organic pollutants was determined and the temperature, salinity and
dissolved oxygen concentration of each sampling sites were measured.
Then, we carried out correlation analyses between the transcriptional
level of a given gene and (i) contaminant concentrations in each indi-
vidual fish, (ii) condition and morphometric indices, (iii) physic-chem-
ical characteristics of sampling sites by means of the factor analysis for
multiple testing (FAMT) method (Friguet et al. 2009). The FAMT
model was used with a unique threshold of 0.003 in order to identify
genes for which their expression levels were more likely correlated
with a single natural or anthropogenic factor. In total, 61 geneswere sig-
nificantly correlated with Ag, 64 with As, 60 with Cd, 64 with DDT, 49
with HCB, 55 with Hg, 35 with PBDE-47, 51 with PCB-sum, 68 with
trans-nonachlor, 115 with lindane, 51 with hepatosomatic index
(HSI), 18 with the Fulton condition factor (K), 68 with spleen-somatic
index (SSI), 91 with salinity and 84 with sampling site temperature.
To reach a total of 1000 candidate genes 66 genes for which their tran-
scription level was significantly correlated with two factors were
retained. The probes were printed on Corning UltraGAPS TM Coated
Slides with the Q-array Mini (Genetix) at the “Génome et tran-
scriptome” (GeT) microarray platform (Toulouse, France). SPM3
(Telechem) Microarray Printing Pins were used to deposit 2 nl per
spot (100 μm/spot) onto the slide. The probes were then crosslinked
with UV irradiation. Total RNAwas extracted from liver of the 85 exper-
imental and wild fish (5 individuals per condition or sampling site).
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RNAs were extracted from 15 to 25 mg of tissue using the SV total RNA
isolation system (Promega) with minor modifications (more details on
sample preparation and microarray processing are available in NCBI/
Gene Expression Omnibus (GEO) under the accession number
GPL19017). Then, we used an indirect cDNA labelling method. During
the first step 15 μg of total RNA was reverse transcribed with oligo-dT
priming and amino-allyl-dUTP (Sigma). After RT reaction, cDNA purifi-
cation was made with Qiagen PCR purification kit following the
manufacturer's protocol. Purified cDNA were then labeled with CyDye
™ Post-Labelling Reactive Dye Pack (Cyanine 3 for sample and Cyanine
5 for reference). In order to normalize microarray data, we used a com-
mon reference design. The reference was composed by pooling total
RNA from 30 wild eels from a clean site; i.e. Certes (15 fishes collected
in year 2011 and 15 in year 2012). This reference was combined in
equal amounts with each sample before to be hybridized on the micro-
array slide (one night at 55 °C). A total of 85 eels and 85 microarrays
(one microarray per individual) were used, five microarrays were per-
formed for each experimental condition (see Table 1) and 5 for each
sampling site (i.e. St. Jean, Sud-Ouest, St. Pierre, St. François, Dordogne,
Gironde and Garonne). Thus, five biological replicates were performed
per experimental condition or sampling site. Data acquisition was car-
ried out by means of the Innoscan 710 microarray scanner (Innopsys)
using Mapix software.

2.4. Metal and organic concentration analyses

For wild and experimental yellow eels, analysis of the seven indica-
tor PCBs (CB50 + 28, CB52, CB101, CB118, CB138, CB153, and CB180),
14OCPs (hexachlorobenzene or HCB, lindane or γ-HCH, dieldrin, hepta-
chlor, heptaclorepoxide, cis-chlordane, trans-nonachlor, mirex, and
DDTs), were performed on muscle samples following the procedures
described in Baillon et al. 2015a. For PCBs LQs were comprised between
0.2 ng/g dw and 2 ng/g dw; for OCPs they were comprised between
0.1 ng/g dw and 0.4 ng/g dw. Metal concentrations for Cd and Hg
were measured from liver samples following the procedures described
in Baillon et al. 2015a.

For laboratory Cd exposure, analyses were performed on liver and
water samples following the procedures described by Pierron et al.
2007. For Hg analyses in experimental yellow eels, food and muscle
samples were first dried at 45 °C for 48 h before analysis. Total Hg con-
centrations in sampleswere determined byflameless atomic absorption
spectrometry. Analyseswere carried out automatically after thermal de-
composition at 800 °C under an oxygen flow (AMA 254, LECO France).
Detection limit of the method was 0.1 ng Hg with an average analytical
variability of 5%. The analytical method was validated using reference
materials TORT2 (National Research Council of Canada, lobster hepato-
pancreas) every ten samples. Recoveries of certified reference material
were 111 ± 4%.

2.5. Data acquisition and analyses

For contaminant and morphometric data, comparisons among eel
groupswere performed by analysis of variance (ANOVA), after checking
assumptions of normality and homoscedasticity of the error terms. The
Least Square Deviation test (LSD) was used to determine whether
means between pairs of samples were significantly different from one
another. Computations were performed using the statistical software
Sigma Stat. For all statistical results, a probability of P b 0.05was consid-
ered significant. Results are given as mean ± SE.

Microarray analyses were conducted on the liver of animals from
both the laboratory and field in order to test the potential usefulness
of gene transcription signatures to predict and unravel the specific
effects of contaminants in wild organisms. For this, the “signatures” ob-
tained under laboratory conditionswere comparedwith transcriptomic
profiles obtained fromwild Atlantic eels. Details about the raw data ac-
quisition of microarrays are available on GEO (geo@ncbi.nlm.nih.gov).
Comparisons among fish groups were performed by using the class
comparison test available in the BRB software (Simon et al. 2007). A
hierarchical clustering analysis was performed on data obtained from
both experimental and wild eels to assess the similarities and dissimi-
larities among the transcription profiles. For this, an average linkage
hierarchical clustering was done with centered correlation and genes
options using all arrayswith BRB array tools software. Cluster reproduc-
ibility and the robustness were examined by the method of Mcshane
et al. 2002 based on 100 permutations. Finally, functional classification
and assessment of significant differential representation of functional
classes were performed with the Blast2go software (http://www.
blast2go.com/b2ghome) using Gene Ontology annotation.

3. Results and discussion

3.1. Contamination levels

Results of physicochemical conditions at sampling sites indicated
strong variations in temperature and salinity. Temperature ranged
from 12 °C to 22 °C. For salinity, Sud-Ouest showed the highest value,
reaching 16.5‰, compared with other French and Canadian sites that
showed salinity comprised between 0 and 7.78‰. Concerning contam-
inants, the highest levels of contamination in both metallic and organic
contaminants were observed in eels from France (Table 2A). Significant
increases in pollutant concentrations were observed along the French
gradient from Dordogne → Garonne → Gironde. For Québec, we
observed an increasing contamination gradient from Sud-Ouest → St.
Jean→ St. François→ St. Pierre. Eels from St. Pierre were the most con-
taminated eels, presenting contamination levels close to those deter-
mined in eels from Dordogne in France. Concerning metals, the
highest variationswere observed for Cd. Animals inhabiting theGironde
estuarywere themost contaminated in Cd (8.39± 0.89 μg.g−1 dw) and
were 17-fold more contaminated than eels from St. Jean, whichwas the
cleanest site. Eels from Dordogne and St. Pierre were the second and
third most contaminated sites by this metal with a mean concentration
reaching 4.52± 0.92 μg·g−1 and 4.47± 1.64 μg·g−1 (dw), respectively
(Table 2A). For mercury, animals from St. Pierre were themost contam-
inated with a concentration averaging 1.8 ± 0.23 μg·g−1 dw.
Concerning organic pollutants, eels from Gironde and Garonne were
the most contaminated compared to fish from all other sampling sites.
The highest variations among sites were observed onmuscle PCBs con-
centrations, whichwere 122-fold lower in eels from St. Jean than in fish
from Gironde. In comparison, muscle OCP concentrations in eels from
St. Jean were in mean 29-fold lower than in fish from Gironde.

Laboratory animals did not show significant differences among
conditions in length or weight at the end of experiment. Concerning
the hepato-somatic index (HSI), eels acclimated to cold temperature
(13 °C compared to 23 °C for controls) showed a significantly higher
HSI in comparison to other animals. For Hg and OCPs exposures that
were carried out through the diet route (i.e. with food contaminated
with Hg or OCPs), significantly higher bioaccumulation levels were ob-
served in the muscle of exposed fish in comparison to controls (Table
2B). Concerning the PCBs condition, only fish that were exposed to the
low PCBs condition presented significantly higher levels of contamina-
tion in comparison to controls. Indeed, even if eels exposed to PCB-con-
taminated food at 50 ng·g−1 (PCB_low) were fed with a food six times
less contaminated than eels fed with PCB-contaminated food at
300 ng·g−1 (PCB_high), the concentration of PCBs in muscle of fish
from the PCB low condition was 2.7-times higher than in eels from the
PCB high condition (Table 2B). This is most likely explained by the low
food intake rate of animals exposed to the high concentration of PCB. In-
deed, for the PCB high condition, eels ate significantly less food in com-
parison to controls or fish of the PCB low condition (Table 2B).

Finally, we must note that, with exception of Hg, concentrations of
pollutants in experimentally exposed eels were lower than those
determined in wild eels from contaminated sites. These results showed
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Table 2
Morphometricmeasures (mean± SE, n=5) and average concentrations ofmuscle organic pollutants (expressed as ng·g−1, dw) and livermetal concentrations (expressed as μg·g−1, dw) in Atlantic eels sampled in seven sites located in Canada and
France (Table 2A) and eels exposed in laboratory (Table 2B). All data are expressed as means ± SE (n = 5 per site). For field and laboratory, means designated with different letters are significantly different (LSD test, P b 0.05). LQ: limit of quan-
tification; ND: not determined.

2A

Field

St. Jean Sud-Ouest St. François St. Pierre Dordogne Garonne Gironde
Length (mm) 473 ± 19.63c 302.8 ± 15.39e 878.4 ± 2.26a 900.6 ± 8.76a 363.8 ± 31d,e 417.6 ± 6.34c,d 602.2 ± 28.94b
Weight (g) 190.6 ± 24.85c 36 ± 5.88e 1335 ± 19.62a 1271.4 ± 76.1a 87.4 ± 29.02d 118.6 ± 0.55d 403.8 ± 63.52b

Natural
factor

Fulton 0.17 ± 0.01b,c 0.13 ± 0.01a,c 0.2 ± 0.01c 0.18 ± 0.01b,c 0.16 ± 0.01a,b 0.16 ± 0.01a,b 0.18 ± 0.01b,c
HSI 2,40 ± 0,28a 1,64 ± 0,11a 0,93 ± 0,12 c 1,11 ± 0,10 b 1,04 ± 0,05b,c 1,08 ± 0,04b 0,90 ± 0,06c
Temperature (°C) 17 19.1 22 12 22.2 21.4 21.3
Salinity (‰) 1.9 16.5 0 0.11 0.32 0.13 7.78

Metals Cd 0.48 ± 0.18d,e 2.1 ± 0.51a,c,d 0.33 ± 0.07e 4.47 ± 1.64b,c 4.52 ± 0.92a,b 1.55 ± 0.46c,d,e 8.39 ± 0.89a
Hg bLQ bLQ 1.8 ± 0.23a bLQ 0.57 ± 0.06b 0.69 ± 0.08b 1.42 ± 0.4a,b

Organic pollutants hcb 0.6 ± 0.05c bLQ 2.23 ± 0.30b 2.08 ± 0.24b 2.26 ± 0.32b 3.27 ± 0.64b 5.78 ± 1.06a
Lindane bLQ bLQ ND bLQ 4.78 ± 1.08a,b 6.2 ± 0.75b 0.87 ± 0.05a
2,4′dde bLQ bLQ 2.23 ± 0.53b 2.69 ± 1.34b 1.85 ± 0.54b 9.18 ± 6.48a 5.75 ± 1.18a
4,4′dde + dieldrin 6.09 ± 0.62d bLQ 22.34 ± 2.6c 70.9 ± 17.99b 32.85 ± 7.61b,c 134.02 ± 4.77a 168.44 ± 4.03a
4,4′DDD 0.28 ± 0.03d bLQ 1.5 ± 0.3c 9.12 ± 5.0b 3.3 ± 0.83b,c 18.76 ± 3.93a 27.48 ± 6.43a
2,4′DDT bLQ bLQ bLQ bLQ bLQ bLQ bLQ
4,4′DDT 0.61 ± 0.08c bLQ 0.37 ± 0.02c 2.58 ± 1.14b 2.38 ± 0.37b 4.83 ± 0.08a,b 5.96 ± 1.03a
OCP_sum 7.41 ± 0.91d bLQ 28.14 ± 3.44c 86.42 ± 21.81b 46.21 ± 9.45b,c 176.27 ± 24.0a 213.93 ± 28.7a
pcb_sum 14.0 ± 4.5d bLQ 67.6 ± 5.5c 99.2 ± 33.3c 278.6 ± 70.8b,c 1587 ± 953.7a,b 1712.5 ± 220.2a

2B

Laboratory

Controls Cd_low Cd_high Hg OCP PCB_low PCB_high Diet_low Salinity_high Temperature_low

Length (mm) 364 ± 6.12a 368.8 ± 10.25a 368 ± 6.57a 397. 8 ± 21.54a 402.6 ± 19.86a 363.8 ± 5.40a 376.25 ± 5.85a 376 ± 9.85a 358 ± 4.45a 395.8 ± 14.23a

Weight (g) 68.66 ± 5.25a 69.2 ± 7.76a 65.8 ± 4.75a 85.4 ± 14.53a 97 ± 18.4a 83 ± 8.04a 64.5 ± 5.17a 81 ± 5.61a 56.2 ± 5.07a 79.2 ± 8.70a

Natural
Factor

Fulton 0.14 ± 0.01a,b,c 0.14 ± 0.01a,b,c 0.13 ± 0.01b,c 0.13 ± 0.01b,c 0.14 ± 0.01a,b,c 0.17 ± 0.01a 0.12 ± 0.01c 0.15 ± 0.01a,b 0.12 ± 0.01c 0.12 ± 0.01b,c

HSI 0,94 ± 0,08b,c 0,93 ± 0,15c 0,76 ± 0,07c 1,1 ± 0,19b,c 1,34 ± 0,23b,a 1,07 ± 0,12a,b,c 0,72 ± 0,02c 0,91 ± 0,09c 1,01 ± 0,08b,c 1,61 ± 0,29a

Temperature (°C) 23 23 23 23 23 23 23 23 23 13
Salinity (‰) 5 5 5 5 5 5 5 5 18 5
Food intake rate (%) 71.9 ± 3.33a 68.85 ± 3.4a 43.4 ± 1.91b 76.51 ± 3.30a 82.67 ± 3.73c 94.64 ± 1.85d 32.15 ± 1.73e 27.8 ± 1.16f 56.84 ± 4.99g 39.27 ± 2.32h

Metals Cd 0.06 ± 0.01a 0.12 ± 0.21a 0.67 ± 0.20b ND ND ND ND ND ND ND
Hg 0.51 ± 0.15a ND ND 2.94 ± 1.10b ND ND ND ND ND ND

Organic pollutants hcb 0.89 ± 0.11a ND ND ND 0.99 ± 0.20a ND ND ND ND ND
Lindane bLQ ND ND ND bLQ ND ND ND ND ND
2,4′dde 1.47 ± 0.11 ND ND ND bLQ ND ND ND ND ND
4,4′dde + dieldrin 2.7 ± 0.32a ND ND ND 6.63 ± 2.10b ND ND ND ND ND
4,4′DDD 1.44 ± 0.13a ND ND ND 2.05 ± 0.51a ND ND ND ND ND
2,4′DDT bLQ ND ND ND 0.42 ± 0.07 ND ND ND ND ND
4,4′DDT 0.37 ± 0.03a ND ND ND 1.53 ± 0.30b ND ND ND ND ND
OCP_sum 5.67 ± 0.82a ND ND ND 12.26 ± 4.23b ND ND ND ND ND
pcb_sum 89.4 ± 3.83a ND ND ND ND 187.6 ± 22.7b 68.8 ± 7.6a ND ND ND
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Fig. 1.Hierarchical clustering of hepatic transcriptomic profiles of experimental andwild eels (see Table 1 formore details). In order to test an effect of the species, the Fig. 1A includes only wild eels from France (Dordogne, Garonne, Gironde) and all
experimental eels. The Fig. 1B includes wild eels from France and Canada (St. Jean, Sud-Ouest, St. François, St. Pierre, Dordogne, Garonne and Gironde) and all experimental eels.
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that a 45-day period of experimental exposure was not sufficient, in
term of bioaccumulation levels, tomimic several years of in situ chronic
exposure.

3.2. Microarray analyses

To test the potential usefulness of gene transcription signatures to
predict and discriminate the specific effects of contaminants in wild or-
ganisms, the transcriptome profiles of wild and experimental eels were
analyzed. As many biotic and abiotic factors can influence the transcrip-
tion of fish in nature, rather than to perform comparisons among sam-
pling sites and experimental conditions (Table S1), a hierarchical
clustering analysis was performed on data obtained from both experi-
mental and wild eels. In addition, in order to test a potential effect of
the eel species, as both American and European eel species were used
in the present study, two analyseswere performed. The first analysis in-
cluded all laboratory exposure conditions and only European wild eels
(i.e. the species used for experimental investigations (Fig. 1A)). The sec-
ond one included all laboratory and field conditions from both Canada
and France (Fig. 1B). For both analyses, a separation was observed be-
tween the gene transcription profiles obtained from laboratory and
wild animals. In addition, wild eels from the two species were clustered
together suggesting that the “laboratory” effect was more important
than the species effect (Fig. 1B). Thus, and as the second analysis allows
to cover a larger panel of abiotic conditions including eels with low con-
tamination levels (i.e. eels from Sud-Ouest and St. Jean), only the results
from the analysis that was carried out on thewhole set of arrays will be
further discussed (i.e. Fig. 1B).

Between the two main clusters identified in the second analysis
(Fig. 1B), one grouped the majority of experimental eels (with only
one wild eel from Dordogne) while the other one regrouped the great
majority of wild animals and only few experimental eels. These two
clusters showed high reproducibility indices reaching 0.862 and 0.976,
respectively (R-index = 0.937 and D-index = 3.19), which indicates
reasonably robust clusters (Mcshane et al., 2002). A total of 11 experi-
mental animals (out of 50), including all five animals of the low temper-
ature condition, clustered with wild animals. Among them, 4 animals of
the PCB low condition and 4 animals of the OCP condition clustered
with wild animals. However, these experimental animals were mostly
associated with wild fish from clean sites (Fig. 1B). Such a discrepancy
between wild and laboratory tends to show that results obtained from
laboratory experiments do not follow the results found in the field. As
wild and laboratory animals of the different species were both exposed
to different pollutants and natural stressors and presented different
sizes andweights, the present resultsmay best be explained by an effect
of captivity. For example, while eels from Dordogne (moderately con-
taminated French site,mean length=363.8mm),Garonne (highly con-
taminated French site, mean length = 417.6 mm) or Sud-Ouest (lowly
contaminated Canadian site, mean length = 302.8 mm) presented a
length comparable to those of experimental eels (European eels, mean
size = 375.0 mm), the transcriptome profile of wild eels and experi-
mental eels were separated in two different clusters. In addition, while
strong variations in temperature were observed among Canadian (12
to 22 °C) and French sites (21.3 to 22.2 °C) and despite the fact that
the temperature used during the experimental investigations (23 °C)
was close to the temperature measured in the French sites, the tran-
scriptome profiles of wild European eels were more closely associated
to the transcriptome profiles of wild Canadian eels, rather than with
the transcriptome profiles of experimental European eels. These results
could suggest that the effect of laboratory captivity on fish liver tran-
scriptome was more important than an effect of size or temperature
or even, species. As such an effect is rarely taken into account or often
underrated, we then investigated the effect of laboratory captivity. Sta-
tistical analyses were carried out to identify the genes that were differ-
entially regulated between laboratory (including cold-acclimated fish)
and wild fish. A total of 190 genes (P b 0.01; Table S2) were identified,
88 geneswere up-regulated and102 geneswere down-regulated in lab-
oratory-exposed compared to wild eels. An enrichment analysis with
Fisher's exact test was performed on the 190 differentially expressed
genes to highlight themost significant biological processes that differed
between wild and experimental animals. The three diagrams in Fig. 2
show the most specific biological functions that were significantly
enriched between wild and laboratory eels. The first diagram (Fig. 2A)
summarizes the principal functions represented among the 190 differ-
entially transcribed genes. Among the down-regulated functions in lab-
oratory eels (Fig. 2B), phagocytosis engulfment, protein targeting to
membrane (N-terminal protein myristoylation) and regulation of the
cell cycle (regulation of Cdc42 protein signal transduction and regula-
tion of G2/M transition of mitotic cell cycle) were themost represented.
Such results are in agreementwith previous studies carried out on other
fishes where captivity and confinement were associated with lower
growth rate, lower phagocytic activity and significant changes in the
transcription level of genes involved in protein targeting and phospho-
lipid metabolism (Pickering 1993; Ortuno et al. 2001; Calduch-Giner
et al. 2010). Among the up-regulated functions in laboratory eels,
macromolecule modification and cell differentiation were the most
represented. In link with the first diagram (Fig. 2A), genes included in
the functional class called histone modification were the same as
those included in the functional classes calledmacromoleculemodifica-
tion, leukocyte differentiation, megakaryocyte differentiation and lung
epithelial cell differentiation in Fig. 2C. This may suggest that themajor-
ity of up-regulated genes in laboratory animalswere involved in histone
modification, i.e. in epigenetic mechanisms. Epigenetics is the study of
changes in gene function that are mitotically and/or meiotically herita-
ble and that do not entail a change in DNA code (Feil and Fraga 2012). In
eukaryotic cells, DNA is packaged into chromatin. Covalent modifica-
tions upon histones, the primary protein component of chromatin, can
influence the condensation level of chromatin and the accessibility of
transcription factors to their binding sites, leading to changes in the
transcription level of genes. Such an up-regulation of genes encoding
for proteins involved in epigenetic mechanisms in response to laborato-
ry conditions could explain the discrepancy observed betweenwild and
laboratory animals. As such, even if a particular effort was made to en-
sure the welfare of animals (by using a flow-through system, low fish
densities and shelters, see material and methods), our results raise the
hypothesis that laboratory/captivity conditions could affect the epige-
nome of fish and thus modulate the responses developed by fish ex-
posed to pollutants or natural stressors under experimental conditions.

In contrast to the other experimental conditions, all fish that were
experimentally exposed to low temperature clustered with wild ani-
mals, and more significantly so with fish from the most contaminated
sites (Fig. 1B). Indeed most of cold-acclimated fish were more closely
associated with fish from Dordogne, Garonne, Gironde and St Pierre
sites (Fig. 1B). Moreover, whereas the temperature applied during
cold-acclimation (13 °C) was closed to the temperature of the St Pierre
site (12 °C), the temperature in Dordogne, Garonne and Gironde sites
reached inmean 21.6 °C (Table 2A). In order to further explore such un-
expected results, statistical analyses were carried out to identify firstly
the genes and biological functions that were affected by cold tempera-
ture. A total of 112 genes (P b 0.05; Table S3)were differentially regulat-
ed between cold-acclimated fish and controls, 63 genes were found up-
regulated and 49 genes down-regulated. Then, an enrichment analysis
with Fisher's exact test was performed on the 112 differentially tran-
scribed genes (Fig. 3). The first diagram (Fig. 3A) summarizes the prin-
cipal biological functions represented among the 112 differentially
expressed genes. Generally, the majority of the functions that were
up-regulated in response to cold acclimation were involved in the
response to growth factor stimulus, regulation of mitosis and mRNA
processing (Fig. 3C). This is quite surprising as the acclimation of fish
to low temperature leads to a decrease in their general metabolic
activity in order to compensate the effect of cold temperature
(Johnston and Dunn 1987; Vergauwen et al. 2013). However, despite
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Fig. 2. Enriched biological processes and functional categories in laboratory versuswild fish (Fisher's exact test, significance threshold: P b 0.05). Diagram 2 Awas built with the 190 genes
differentially expressed between conditions, diagram 2B describes the down-regulated genes in laboratory fish and diagram 2C describes the up-regulated genes.
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a lowermetabolic activity in cold-acclimated fish,many studies have re-
ported an increase inmitochondrial density in liver andmuscle in order
to compensate for the lower activities of aerobic enzymes (Johnston and
Dunn 1987, Sidell 1998, Gracey et al. 2004). In addition, an increase in
the hepato-somatic index (HSI) have been reported in European eels
acclimated to cold temperature at 10 °C compared to fish acclimated
at 20 °C. This increase was associated with an increase in cell numbers
(Johnston and Dunn 1987). Accordingly, eels exposed to cold water
(13 °C) presented a significantly higher HSI than control eels (23 °C)
in our study (Table 2B). Then the induction of growth factor signaling
pathways, mitosis and mRNA processing agrees with previous studies
carried out on liver of cold-acclimated eels and reflects a basic paradigm
of cold acclimation: fish frequently compensate for the rate-depressing
effects of cold temperature by synthesizing more enzymes (and by in-
creasing the number of hepatic cells in the case of eels) to maintain bio-
chemical performance (Gracey et al. 2004). Down-regulated functions
(Fig. 3B) were vitamin A metabolism, regulation of kinase and cytokine
activities and biosynthesis of monocarboxylic acids. First, our results
showed a decrease in the biosynthetic process of monocarboxylic
acids, i.e. fatty acids. This could suggest a decrease in energy storage in
liver. This contrasts with a previous study where European eels accli-
mated to cold temperature at 10 °C (compared 13 °C in our study) did
not show differences in liver triacylglycerol content compared to fish
acclimated to 20 °C (23 °C in our study; Jankowsky et al. 1984). In
contrast, a decrease of angiogenesis, i.e. a decrease in blood vessel
growth, agrees with the reported decrease in the oxygen consumption
rate of eels acclimated to cold (Jankowsky et al. 1984). Vitamin A (or
retinol) is involved in several biological processes such as cell differen-
tiation, immune system, hematopoiesis and lipid metabolism (Pierron
et al. 2011). The down-regulation of vitamin Ametabolism is consistent
with the down-regulation of genes involved in lipidmetabolismand an-
giogenesis, since hematopoiesis and angiogenesis are closely linked
(Suda et al. 2000). Moreover, cytokine activity, involved in cell commu-
nication but also in the innate immune system (Calgani and Elenkov
2006), was down-regulated (Fig. 3B) in cold-acclimated animals, in
agreement with the effects of cold acclimation in ectotherms.

Interestingly, similar results were observed in the liver of wild yel-
low perch (Perca flavescens) chronically exposed to metal pollution.
Using a transcriptome-wide approach (RNA-Seq), chronic metal expo-
sure was found to be associated with a decrease in the transcription
level of genes involved in the innate immunity and in the retinol and
lipid metabolism (Pierron et al. 2011, Defo et al. 2014, Defo et al.
2015). Our results could suggest that wild eels chronically exposed to
multi-pollutant mixture may adopt a somewhat similar strategy than
cold acclimated animals. In order to deepen these findings, statistical
analyses were carried out to identify the genes that were similarly reg-
ulated among animals exposed to low temperature and animals from
the four contaminated sites. As a first step, we identified the genes
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Fig. 3. Enriched biological processes and functional categories in Control versus eels acclimated to cold (Fisher exact test, significance threshold: P b 0.05). Diagram 3 Awas built with the
112 genes differentially expressed between conditions, diagram 3B describes the down-regulated genes in cold-acclimated fish and diagram 3C describes the up-regulated genes.
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that were differentially transcribed (P b 0.05) between controls and an-
imals from each sampling sites. These gene lists were then compared
and 32 genes that were commonly regulated between fish from the
Table 3
List of the genes that were similarly regulated between cold-acclimated fish and animals fromw
pared to controls.

Gene name Biological process

Transcription factor E2-alpha Cell differentiation
Arginine-glutamic acid dipeptide repeats protein Regulation of histone deacetylation
Krueppel-like factor 12 Positive regulation of transcription fro

II promoter
DNA damage-inducible transcript 4-like protein Negative regulation of signal transduc
ATP-binding cassette sub-family D member 4 ATP catabolic process
Sortilin-related receptor Transport
Integral membrane protein 2A /
TATA-binding protein-associated factor 2N Transcription initiation from RNA pol
Protein arginine N-methyltransferase 7 Regulation of transcription
Complement C3 Innate immunity
four contaminated sites and fish acclimated to cold were identified. In
addition, a gene list was also established comparing the low tempera-
ture exposure group and each lowly contaminated site, i.e., St. Jean,
ild sites St. Pierre, Dordogne, Garonne andGironde and their respective fold changes com-

Temperature St. Pierre Dordogne Garonne Gironde

1.56 1.51 1.45 1.45 1.45
1.89 1.84 1.7 1.77 2.09

m RNA polymerase 0.31 0.36 0.47 0.39 0.37

tion 1.33 1.66 1.47 1.65 1.56
1.75 1.64 1.8 1.8 1.86
2.27 2.4 1.82 2.27 2.13
1.64 2.09 2.11 1.95 1.62

ymerase II promoter 1.89 1.79 1.96 2.51 2.14
1.56 1.85 1.65 1.7 1.61
1.72 2.02 1.83 2.15 1.96
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Sud-Ouest and St. François and 22 common geneswere found. Compar-
ing the two lists, 10 specific geneswere identified between the low tem-
perature condition and contaminated sites (i.e. St. Pierre, Dordogne,
Garonne and Gironde; Table 3). These genes were all regulated in the
same direction and only one gene was found down-regulated among
all conditions. This down-regulated gene, Krueppel-like factor 12
(klf12) confers strong transcriptional repression to the tfap2a transcrip-
tion factor. This gene encodes for the AP-2-alpha protein that is involved
in cell differentiation, morphogenesis and development (Li et al. 2013).
Among the up-regulated genes, the gene integral membrane protein 2A
(itm2a) was found to be highly expressed in adipose tissue mesenchy-
mal stem cells (ASC) and was shown to inhibit their differentiation
into chondrogenic cells (Boeuf et al. 2009 30). The gene transcription fac-
tor E2-alpha (tcf3) encodes for a transcriptional regulator that is in-
volved in cell fate specification and differentiation (Yoon et al. 2011).
The gene arginine-glutamic acid dipeptide repeats protein (rere) encodes
for the protein RERE that acts as transcriptional co-repressor during em-
bryonic development and that plays a role in the control of cell survival
(Zoltewicz et al., 2003). The association between RERE and a histone
deacetylase alters the structure of chromatin and lead to transcriptional
repression (Ng and Bird 2000). The gene protein arginine N-methyltrans-
ferase 7 (prmt7) mediates the symmetric dimethylation of histone H4
and the recruitment of DNA methyltransferases at these sites
(Miranda et al. 2004). PRMT7 was found to be associated with gene si-
lencing. PRMT7 was notably found to negatively regulate the transcrip-
tion of genes involved in DNA repair (Karkhanis et al. 2012). Thus, most
of the genes thatwere similarly regulated between cold-acclimated and
wild contaminated animals were involved in the regulation of cell dif-
ferentiation, organism development and epigenetic mechanisms. In
adults, differentiation of hepatic stem/progenitor cells contributes to
liver development, homeostasis, repair/regeneration under pathological
conditions and reprogramming. Cellular differentiation is regulated by
epigenetic mechanisms and induces significant changes in the pheno-
type of cells, from their shape to their metabolic activity and their re-
sponsiveness to external and internal stimuli (Miyajima et al. 2014).
As these effects were observed in wild eels that presented different pat-
terns of contamination (Table 2A) and even in laboratory cold-acclimat-
ed fish, this response would not be specific to a particular contaminant
or stress but would be rather a global and long-lasting response devel-
oped by fish in response to chronic exposure tomulti-pollutantmixture.
4. Conclusions

Microarray analyses have first shown a clear separation between the
gene transcription profiles ofwild and laboratory-exposedfish, suggest-
ing an important effect of captivity on gene transcription. This effectwas
more important than the species effect. The fact that captivity could in-
duce epigenetic mechanisms could explain, at least in part, the differ-
ences observed between wild and laboratory-exposed fish. Further
investigations are needed to investigate such a hypothesis. Although
field studies are always challenging, involving numerous uncontrolled
variables and multi-pollutant mixtures which often leads to results dif-
ficult to interpret, our results highlight the importance of in situ studies.
Second, cold-acclimated animals were, among experimental animals,
the closest to wild animals, and mostly to wild eels from contaminated
sites (Gironde, Garonne, Dordogne and St. Pierre). The comparison be-
tween cold-acclimated and the most contaminated wild fish gave not
a specific response to a particular contaminant but rather a global re-
sponse to a chronic multi-pollutant exposure. The common genes
weremainly involved in cell differentiation and organismdevelopment.
Overall, our results provide a basis to explore at a higher biological level,
a range of specific mechanistic hypotheses based on the involvement of
hepatic progenitor cells in the adaptive response developed by fish in
response to long-term, life-long and chronic exposure to water
pollution.
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