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Abstract Given the inherent variability of aquatic sys-
tems, predicting the in situ effects of contaminants on such
ecosystems still represents a major challenge for ecotoxi-
cology. In this context, transcriptomic tools can help
identify and investigate the mechanisms of toxicity beyond
the traditional morphometric, physiological and popula-
tion-level endpoints. In this study, we used the 454
sequencing technology to examine the in situ effects of
chronic metal (Cd, Cu) exposure on the yellow perch
(Perca flavescens) transcriptome. Total hepatic mRNA
from fish sampled along a polymetallic gradient was
extracted, reverse transcribed, labeled with unique barcode
sequences and sequenced. This approach allowed us to
identify correlations between the transcription level of
single genes and the hepatic concentrations of individual
metals; 71% of the correlations established were negative.
Chronic metal exposure was thus associated with a
decrease in the transcription levels of numerous genes
involved in protein biosynthesis, in the immune system,
and in lipid and energy metabolism. Our results suggest
that this marked decrease could result from an impairment
of bile acid metabolism by Cd and energy restriction but
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also from the recruitment of several genes involved in
epigenetic modifications of histones and DNA that lead to
gene silencing.

Keywords Chronic metal pollution - Transcriptome -
Next-generation sequencing - Wild fish populations

Introduction

Human activities have greatly increased the global flux of
metals in the Earth’s surficial environment, leading to
elevated concentrations notably in aquatic ecosystems.
Although considerable progress has been achieved in
reducing metal releases to the environment, aquatic
organisms living in areas subjected to metal contamination
still show evidence of lower condition and overall health
(Couture and Kumar 2003; Couture et al. 2008; Levesque
et al. 2002; Sherwood et al. 2000). Since it is intrinsically
difficult to link observed biological effects to environ-
mental contamination in in situ investigations, past
research designed to characterize the effects of contami-
nants in aquatic environments has historically focused on
experimental investigations carried out under short term,
acute and simplified exposure conditions (Rasmussen et al.
2008; Schmitt-Jansen et al. 2008). Given that a major aim
of ecotoxicology is to measure and predict the effects of
contaminants on natural populations, communities and
ecosystems, in situ investigations employing suites of
biomarkers have received sustained interest over the last
20 years. In the case of metals, such biomarkers include
tissue metal concentrations, metallothionein concentra-
tions, in vitro activities of anti-oxidant enzymes, indicators
of metabolic capacities and as well as indicators of overall
organism health, such as condition index, growth or
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reproductive endpoints (Zhou et al. 2008). However, metal
stress may induce subtle effects at the subcellular level that
do not necessarily, or always, translate into changes in
these parameters. In addition, these biomarkers may also
respond to factors other than environmental contamination,
leading to potential ambiguities in their interpretation
(Couture et al. 2008; Coyle et al. 2002).

The emergence of the “omics” technologies (proteo-
mics, metabolomics, transcriptomics) now provides eco-
toxicologists with promising new tools to investigate the
effects of pollutants on organisms (Denslow et al. 2007,
Robbens et al. 2007). By allowing the simultaneous mea-
surement of a large number of biological endpoints
belonging to several metabolic pathways, these technolo-
gies offer a unique research opportunity to reveal and
understand new modes and mechanisms of action of toxi-
cants. Among the different technologies, transcriptomic
approaches have the potential to detect, characterize and
assess the effects of pollutants at the transcriptional level.
However, despite the growing interest of ecotoxicologists
in gene expression analysis, transcriptomic tools are cur-
rently lacking for non-model aquatic species that are per-
haps more interesting and more relevant from an ecological
and toxicological viewpoint. This has hampered the use of
gene expression analysis under field conditions (Denslow
et al. 2007).

In the present paper, we first present a method that we
developed to acquire sequence information by means of
next-generation sequencing technology, with the goal of
simultaneously identifying genes for which transcription
levels were specifically affected by metals in non-model
but environmentally relevant natural fish populations of
yellow perch (Perca flavescens). Briefly, replicate speci-
mens of yellow perch were collected in the Rouyn-Noranda
region (Canada) in four lakes that present a contamination
gradient in Cd and Cu concentrations. This region has been
subjected to emissions from metal smelters for over
80 years. Total mRNA from the liver of these individuals
was extracted, reverse transcribed into complementary
DNA (cDNA) and labeled individually with adapters fitted
with unique barcode sequences specific to each individual.
Then, cDNA samples from each individual fish were
pooled in equal amounts and submitted to high-throughput
454 pyrosequencing. In parallel, hepatic Cd and Cu con-
centrations were determined for each fish. Bioinformatics
tools were then used to assemble contigs and identify genes
for which transcription levels were significantly affected by
metal exposure.

The second goal of this study was indeed to apply this
method to obtain quantitative data of gene transcription and
carry out correlation analyses between the transcriptional
level of a given gene and the hepatic Cd or Cu concen-
tration in each individual fish. Rather than perform

comparisons among lake populations, we combined fish
from all lakes before carrying out the statistical analyses.
Since factors unique to each lake, but unrelated to metal
contamination, can also affect the gene expression level,
this approach was adopted to strengthen the link between a
variation in the transcription level of an individual gene
and the contamination level of fish for a given metal.

Materials and methods
Fish sampling

Yellow perch were collected in one clean lake (Opasatica:
48°04'25N, 78°18'10), two moderately metal-contaminated
lakes (Adéline: 48°12'17N, 79°10'4; Dufault: 48°18'23"N,
78°59'58”"0) and one highly metal-contaminated lake
(Marlon: 48°15'54''N, 79°03'53"’0). These lakes are all
located within an area corresponding to a 20 km radius. All
fish were sampled during April 2009 using a seine net and
size-selected to minimize potential allometric bias (length =
6.22 £ 0.06 cm, weight =2.10 + 0.06 g, mean + SE,
n = 32, 1 + year old). Eight fish per lake were dissected as
soon as possible after their capture (30-60 min) and their
livers were immediately stored in liquid nitrogen until nee-
ded for analyses. Animal manipulations have been approved
by the INRS animal ethics committee.

Liver metal concentrations

Hepatic metal concentrations were determined using
inductively coupled plasma mass spectrometry (ICP-MS,
Thermo Elemental, Model X-7) according to a method
described previously (Pierron et al. 2009). In parallel,
certified reference materials from the National Research
Council of Canada (TORT?2), as well as blanks, were
submitted to the same treatment in order to monitor ana-
lytical accuracy and recovery.

cDNA preparation for 454 sequencing

Total RNAs were individually extracted from liver of fish
using the PureLink™ RNA mini kit (Invitrogen). During
this step, samples were submitted to DNAsel treatment,
according to the manufacturer’s instructions. Thereafter,
the MicroPoly(A)PuristTM Kit was used to remove, at least
in part, fRNA and tRNA. Purified mRNAs were then
reverse transcribed into cDNA using the SMART™ c¢DNA
Technology kit (Clontech) with the following modification.
The primer used for first strand synthesis was a modified
oligo-dT primer (5'-AAGCAGTGGTATCAACGCAGAG
TTTTCTTTTTTCTTTTTTV-3’). The poly-T stretch is
broken by the inclusion of an internal C since long poly(A/
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T) tails in cDNA may result in sequencing reads of low
quality with the Roche GS-FLX DNA Sequencer. Then,
cDNA samples were amplified using Advantage 2 Poly-
merase Mix (Clontech) and SMART™ primer, under the
following amplification parameters: 15 min at 37°C fol-
lowed by 5 min at 94°C and (40 s at 94°C, 1 min at 65°C
and 6 min at 72°C) x 17 cycles to not distort the original
cDNA profile. At least 2 pg of amplified cDNA were then
purified for each individual using the QIAquick PCR
Purification Kit (Qiagen). Purified cDNA was fragmented
by sonication to produce short, random fragments appro-
priate for 454 sequencing. To do this, each sample
(50 ng plI~', 50 pl) was submerged in an ice-water cup
horn sonicator and sonicated using a Virsonic 475 (Miso-
nix) for at least 1 min (with 30 s bursts followed by 30 s
rest periods) with power set at 10%. The effectiveness of
the process was checked by gel electrophoresis. When the
treatment produced a smear ranging from about 300 to
about 800 bp, fragments in this range were selected and
purified using the QIAquick Gel extraction Kit (Qiagen).
The fragmented cDNA was then polished to obtain blunt-
end cDNA molecules and phosphorylated at the 5'-termini
by treating simultaneously 100 ng of sample with 3U of T4
DNA polymerase and 3U of T4 polynucleotide kinase in
T4 DNA Ligase buffer with 10 mM dNTP and
100 pg ml~" of BSA (New England Biolabs). The mix was
incubated 15 min at 12°C immediately followed by 15 min
at 25°C and 20 min at 75°C. To remove enzymes, cDNA
fragments were then extracted by phenol/chloroform and
precipitated in ethanol. Thereafter, samples were ligated
with two unphosphorylated partially double-stranded
adaptors (10 M) containing the standard 454 B primer for
the first one and containing the standard 454 A sequence
primer with a 10 bp long barcode extension specific of
each individual at its 3’ end for the second one (see tech-
nical bulletin of Roche No. 005-2009). Adaptors were
ligated to fragmented cDNA using 400U of T4 DNA ligase
(New England biolabs) during 15 min at 25°C followed by
20 min at 65°C. Following ligation, constructs were puri-
fied using the QIAquick Gel extraction Kit (Qiagen) to
remove excess adaptors and reagents. Constructs were
amplified by PCR using primer A and 5'-biotin-labeled B
primer under the following amplification parameters: 94°C
for 5 min followed by (94°C for 40 s, 65°C 1 min, 72°C
for 3 min) x 17 cycles followed by 72°C for 4 min. Using
this protocol, correct constructs containing the A primer on
one side and B primer on the other side are preferentially
amplified. The final product was again column purified
(Qiagen) to remove unincorporated oligonucleotides and
quantified using the Quant-iT Picogreen dsDNA Assay Kit
(Invitrogen). cDNA from fish of two lakes were pooled in
equal amounts to obtain a mix containing more than 5 pg
of cDNA. The mixes were visualized on gel electrophoresis

@ Springer

and fragments ranging from 350 to 900 bp were purified
using the QIAquick Gel extraction Kit (Qiagen) to remove
small fragments. The original protocol (Margulies et al.
2005) was then followed from the step of fragment
immobilization onto streptavidin beads and mixes were
sequenced on two separate half plates on a Roche GS-FLX
DNA Sequencer.

Quantitative PCR analyses

For each gene, specific primers were determined
(Table S1). First-strand cDNA was synthesized from
500 ng of purified RNA (see above) using the High
Capacity RNA-to-cDNA Kit (Applied Biosystems). Real
time PCR reactions were performed in duplicate using
Sybrgreen in a 7500 Fast Real Time PCR System (Applied
Biosystems) following the manufacturer’s instructions. The
reaction specificity was determined for each reaction from
the dissociation curve of the PCR product and electro-
phoresis. The relative quantification of each gene expres-
sion level was normalized according to the f-actin gene
expression as previously described (Pierron et al. 2009).
Total RNAs were quantified and 500 ng used for reverse-
transcription. During the subsequent qPCR amplifications,
the output cycle corresponding to the f-actin gene was
investigated. This output was always obtained around the
same cycle for control and contaminated individuals,
demonstrating the relevance of f-actin as a reference gene
under our conditions.

Data treatment

For metal analyses, comparisons among fish groups were
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 STATISTICA version
6.1 software (StatSoft, USA). For sequencing data, next-
generation sequencing of the prepared cDNA libraries with
454 Life Sciences technology provided us with raw data
files in .sff format. Base quality was then extracted from
the sff files using PyroBayes beta v0.9 to generate fasta and
fasta.qual files containing the sequence and sequence
quality information, respectively. The sequences in these
files were scanned in order to find and remove the ampli-
fication primers and individual tags using an in-house
customized Python program (all the code used for the
analysis of this article is available upon request). Sequen-
ces containing the individual tags were then renamed
according to the individual fish from which they originated.
Using CLC Genomic Workbench version 3.7 (assembly
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parameters: de novo assembly, similarity = 0.95, length
fraction = 0.5), all the sequences were used in order to
create a set of simple contigs, resulting in consensus
sequences for 9,996 contigs. The same sequences where
then re-assembled using the consensus sequences as a
reference set (de novo assembly, similarity = 0.95, length
fraction = 0.5).

To annotate these contigs based on similarity with
known proteins, they were blasted on both the swissprot
and nr protein databases using BLAST 2.2.234-. A suite of
Python programs was developed in order to parse these
BLAST results and keep only the single most meaningful
blast hit for each contig. The meaningfulness of each blast
was assessed by using the e-value of the hit and multi-
plying it by 1 x 10p where p is a penalty based on the
presence of certain keywords in the blast hit name. The
keywords and associated penalties used are the following:
unnamed: 200; unknown: 30; uncharacterized: 30; hypo-
thetical: 20; predicted: 10; similar to: 5; novel protein: 5.
This procedure ensured that hits with uninformative con-
tent were discarded in favor of more informative and sig-
nificant hits. Only contigs with an e-value of le > or lower
were kept for further analysis.

Gene transcription was normalized by using RPKM
(Reads Per Kilobase per Million mapped reads; Mortazavi
et al. 2008). Spearman’s rank correlation coefficient (p), as
implemented in R’s ‘cor.test’” function (with method =
“spearman”) was then used to test for correlation between
absolute normalized transcript counts and Cd and Cu
contamination levels. In order to increase the power of the
analyses, only contigs that were sequenced in at least 20
individuals were analyzed, i.e., 1,582 contigs. The p values
were then corrected for multiple testing using the False
Discovery Rate (FDR) in the qvalue R package.

Results and discussion

For both Cd and Cu, a significant increase in hepatic
metal concentrations was observed along the lake gradient
from Opasatica — Adéline — Dufault - Marlon (Fig. 1).
Note however that the two metal contamination gradients
presented differing intensities: whereas Cd concentrations
increased 33-fold from fish sampled in Lake Opasatica
compared to those collected in Lake Marlon, this factor
only reached 2.9 in the case of Cu concentrations. As in
other environmental studies (see Couture et al. 2008 for a
review), no significant relationship between metal con-
tamination and fish condition factor was observed
(Fig. S1). Fish inhabiting the two moderately metal-con-
taminated lakes (Ad and Du) displayed a significantly
lower condition factor than those inhabiting the clean lake
(Op). However, fish inhabiting the highly metal-

80 1

Ocu C

Metal concentration
pg.g?l, dw

Fig. 1 Hepatic Cd and Cu concentrations (mean + SE, n = 8/lake)
of fish sampled in the Rouyn-Noranda region (Lakes Opasatica, Op;
Adéline, Ad; Dufault, Du and Marlon, Ma). Means designated with
different letters (a, b, c¢) are significantly different (LSD test,
P < 0.05)

contaminated lake (Ma) had a Fulton condition factor
similar to that of fish from the clean lake (Op).
Concerning sequencing data, more than 778,000 frag-
ments averaging 286 bases in length were sequenced.
Individual tags were found in 94.3% of sequenced frag-
ments. After assembly, a total of 9,856 contigs averaging
530 bases were obtained, among which 6,092 could be
annotated. For correlation analyses, only contigs sequenced
in at least 20 individuals were analyzed; i.e., 1,582 contigs.
From these 1,582 contigs, the transcription level of 196
single genes of known function was significantly correlated
with hepatic Cd and/or Cu concentrations at P < 0.05
(Table 1 and Tables S2, S3, S4). Examples of such corre-
lations are given in Fig. 2a. Half of these genes were sig-
nificantly correlated with both metals analyzed. The
transcription level of 66 genes was specifically correlated
with Cd concentrations and 34 with Cu concentrations.
Effects detected in yellow perch were thus mainly associ-
ated with Cd, a result consistent with its status as a non-
essential metal and with its marked concentration gradient.
Interestingly, 71% of these correlations were negative, i.e.,
the transcription level decreased with increasing metal
concentrations. This observation contrasts with laboratory
investigations carried out by means of transcriptomic
approaches on various fish species experimentally exposed
to Cd or Cu and which typically report that the number of
up-regulated genes in these fish is either higher or similar
to down-regulated genes (Reynders et al. 2006; Santos
et al. 2010; Williams et al. 2006). The difference between
these laboratory studies and this field investigation pre-
sumably reflects the fact that fish in the former are exposed
to the metals for short periods at high concentrations,
whereas wild fish are chronically exposed. Indeed, whereas
short term exposure triggers a common adaptive response
that induces genes protecting organisms from toxicity,
longer exposure periods bring into play an additional set of
genes, the regulation of which allows compensation for the
loss of essential pathways specifically caused by the
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Table 1 Spearman coefficient (p) of the most significant correlations (P < 0.01; g-value = 0.10) established between gene transcription levels
and hepatic Cd and Cu concentrations (n = 20-32)

p
Acession no.  Cd Cu Gene name Biological process

HQ206639 —-0.76  —0.75 Mt 16S ribosomal RNA Translational elongation

HQ206599 —-0.72  —0.67  60S ribosomal protein L18a Translational elongation

HQ206551 —0.68 —0.49  Elongation factor 2 Protein biosynthesis

HQ206585 —0.66 —0.56 Complement component C3 Innate immunity

HQ206572 —0.64 —0.63  Epidermal retinol dehydrogenase 2 Retinol metabolic process

HQ206586 —0.64 —0.57 Complement regulatory plasma protein Innate immunity

HQ206538 —0.64 —0.62  Bile salt export pump Transmembrane transport

HQ206481 0.62 0.47 Cytochrome P450 2G1 Oxidation reduction

HQ206589 —0.63 —0.49  Complement component C3-2 Innate immunity

HQ206505 0.61 0.57 VHSV-induced protein-10 NAD + ADP-ribosyltransferase activity
HQ206588 —0.61 —0.66  Ubiquitin carboxyl-terminal hydrolase isozyme L5 Proteasome inhibitor activity
HQ206500 —0.60 —0.48 Kinesin-like protein Microtubule-based movement
HQ206471 —0.60 —0.54  Acetyl-coenzyme A synthetase, cytoplasmic Lipid biosynthetic process

HQ206535 0.60 0.56 Saxitoxin and tetrodotoxin-binding protein 1 Response to toxin

HQ206533 —0.58 —0.68  Eukaryotic translation initiation factor 3 subunit A Protein biosynthesis

HQ206575 —-0.59 —0.63  Vesicle-trafficking protein SEC22b-B Protein transport

HQ206621 -0.59 / Betaine homocysteine S-methyltansferase Methyltransferase

HQ206607 —0.57 —0.55  40S ribosomal protein S2 Translational elongation

HQ206468 —0.57 —0.49  Ribosome-binding protein 1 Protein transport

HQ206584 0.57 0.49 Succinyl-CoA ligase [GDP-forming] subunit alpha, mt  Tricarboxylic acid cycle

HQ206555 -0.56 / Calumenin-B Vitamin K

HQ206624 —0.56 —0.60  Fetuin-B Cysteine-type endopeptidase inhibitor activity
HQ206477 —0.56  —0.50  Signal recognition particle 72 kDa protein Protein targeting to membrane
HQ206595 0.56 / Inter-alpha-trypsin inhibitor heavy chain H2 Hyaluronan metabolic process
HQ206564 0.55 / Protein AMBP Transport

HQ206579 —-0.54 / Transcription elongation factor A protein 3 Transcription

HQ206498 —0.53 —0.52  Clp protease ATP-binding subunit clpX-like, mt Proteolysis

HQ206561 0.53 / Coagulation factor X Blood coagulation

HQ206608 0.54 0.63 Biotinidase Nitrogen compound metabolic process
HQ206497 —0.53 —0.54  Septin 6 Cell cycle

HQ206571 -052  / Zinc finger CCCH domain-containing protein 15 DNA binding

HQ206604 —0.52  —0.52  Hyperosmotic glycine rich protein mRNA stabilization

HQ206619 —-0.52 —050 Lysozyme C Cell wall macromolecule catabolic process
HQ206475 0.51 / Poly (ADP-ribose) polymerase family, member 14 NAD + ADP-ribosyltransferase activity
HQ206602 —0.51 / Skeletal muscle fast troponin T embryonic isoform Filament sliding

HQ206565 -0.51  / Transmembrane emp24 domain-containing protein 2 Protein transport

HQ206562 —0.51 / Dimethyladenosine transferase 2, mt Transcription

HQ206513 —0.51 —0.49  Calreticulin 2 Protein folding

HQ206626 051 / 26S proteasome non-ATPase regulatory subunit 7 Proteasome

HQ206493 051 / Complement component C9 Innate immunity

HQ206466 —-0.50 / Mt 2-oxoglutarate/malate carrier protein Transmembrane transport

HQ206549 —0.50 —0.52  Aflatoxin B1 aldehyde reductase member 2 Carbohydrate metabolic process
HQ206467 / —0.50  Amine sulfotransferase Amine sulfotransferase activity
HQ206601 —0.50 —0.56  Alcohol dehydrogenase 8a Oxidation reduction

HQ206525 0.49 0.51 Mt ATP synthase subunit c ATP synthesis

HQ206615 / —0.50  Histone H2A.x Nucleosome assembly
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Table 1 continued

p
Acession no.  Cd Cu Gene name Biological process

HQ206494 —049 —048  Ribosomal RNA processing protein 1 homolog B rRNA processing

HQ206553 -049 / Alpha-2-macroglobulin-1 Endopeptidase inhibitor activity
HQ206490 —0.49 —0.50  Vigilin Lipid transport

HQ206526 —-048 / Acyl-Coenzyme A dehydrogenase family, member 9 Oxidation reduction

HQ206600 —048  —0.47  40S ribosomal protein S8 Translational elongation
HQ206539 —-048 / Complement control protein factor I-B Proteolysis

HQ206622 0.48 / Secreted phosphoprotein 24 Bone remodeling

HQ206504 —047 —0.50  Cytochrome b-cl complex subunit Rieske, mt Electron transport chain
HQ206517 -047 / Elongation of very long chain fatty acids protein 5 Fatty acid biosynthetic process
HQ206476 0.47 0.51 Flavin containing monooxygenase 5 Oxidation reduction

HQ206582 —047 —0.48  Hepatocyte nuclear factor 6 Transcription

HQ206484 —0.47 —0.47  Ribonuclease P/MRP protein subunit POP5 tRNA processing

HQ206452 —047 —0.52  AP-2 complex subunit mu-1-A Protein transport

HQ206483 / —0.48  Low-density lipoprotein receptor-related protein 1 Lipid homeostasis

HQ206543 —-046 / Rho GDP-dissociation inhibitor 1 Rho protein signal transduction
HQ206581 —-046 / Glycine N-methyltransferase S-adenosylmethionine metabolic process
HQ206609 —-046 / SBCFR-1 protein Innate immunity

HQ206449 —046 / C-type lectin domain family 4 member M Immunity

HQ206473 —046 / Eukaryotic translation initiation factor 3 subunit C Translational initiation

/, not significant; mt mitochondrial

exposure. As the time of exposure increases further,
organisms can no longer adapt or compensate and serious
adverse effects may occur. In these circumstances, the
transcription level of genes involved in growth or repro-
duction is also affected (Denslow et al. 2007). Moreover, in
fish experimentally exposed to increasing Cd or Cu con-
centrations, Reynerds et al. (2006) and Santos et al. (2010)
showed by means of a DNA microarray that the number of
up-regulated genes increased with increasing metal con-
centrations. In contrast to the mostly negative correlations
of gene transcription levels with tissue metal concentra-
tions, correlations of transcription levels with fish length
and weight were mostly positive (68 and 74% positive
correlations, respectively).

To validate the RNA (cDNA) sequencing data, the
transcription level of five genes was measured by quanti-
tative PCR. For all genes tested, expression data obtained
by means of 454 sequencing were significantly correlated
to those obtained by qPCR (Fig. 2b).

Among genes that showed the most significant correla-
tions with hepatic metal concentrations (Table 1), the three
most affected genes encode for rRNA and proteins
involved in protein biosynthesis (mitochondrial 16S ribo-
somal RNA, 60S ribosomal protein L18a, elongation factor
2). The transcription level of these genes was down-regu-
lated in response to chronic metal exposure. The fourth and

sixth most strongly down-regulated genes encode for pro-
teins involved in the innate immune system (complement
component C3, complement regulatory plasma protein).
Finally, among the seven most significant correlations, two
genes encoding for enzymes involved in the metabolism of
retinol (epidermal retinol dehydrogenase 2) and biliary
acids (BAs; bile salt export pump (bsep); Fig. 2a) were also
down-regulated. The implications of these variations in
gene transcription level with tissue metal concentrations in
wild yellow perch sampled along a metal gradient are
discussed below.

Retinol and biliary acid metabolism

Retinol, or vitamin A, is a fat-soluble essential nutrient
whose dietary absorption requires the presence of BAs
(Fig. 3; Noy 2006). BSP is the main protein responsible for
the transport of BAs from hepatocytes, i.e., their site of
production, to biliary canaliculi (Thomas et al. 2008). In
contrast to the negative relationship of bsep transcription
level with liver Cd concentration, another gene involved in
BA transport, the organic solute transporter alpha (osta),
was positively correlated with hepatic Cd concentrations
(P = 0.014; Table S3). This enzyme provides an alterna-
tive excretion route for BAs into the systemic circulation
during abnormal accumulation of BAs into hepatocytes,
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Fig. 2 Relationships between the transcription level (a.u.) of com-
plement component C3 (c3), bile salt export pump (bsep), acetyl-
coenzyme A synthetase (acs), phosphoenolpyruvate carboxykinase
(pepck) and biotinidase (btd) determined from sequencing data and
a hepatic metal concentrations (left panel) and b the transcription
level of the same genes determined by rt-qPCR (right panel).
Spearman coefficient (p) and level of significance (P) of correlations
are reported on the plots (n = 25-31)

i.e., cholestasis (Boyer et al. 2006; Thomas et al. 2008). A
down-regulation of bsep and an up-regulation of osta are
typically observed during chronic cholestasis or after bile
duct ligation in mammals (Boyer et al. 2006; Lee et al.
2000). Thus, we hypothesize that chronic exposure to Cd
in fish may disturb BA transport, triggering an accumula-
tion of BAs in the hepatocytes. In support of this
hypothesis, it has been shown that Cd causes a rapid
decrease in bile flow and complete cholestasis in isolated
perfused rat livers (Soto et al. 2002). Moreover, cholesta-
sis, by reducing bile flow, triggers malabsorption of dietary
retinoids (de Vriese et al. 2001; Weiss et al. 2010). Several
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studies in rats have shown that dietary retinol associated
with chylomicrons is, under normal conditions, taken up
by hepatocytes, metabolized into retinaldehyde and reti-
noic acid by cytosolic alcohol dehydrogenases, retinol
dehydrogenases and several aldehyde dehydrogenases
before being accumulated, mainly in hepatic stellate cells
(Parés et al. 2008). In contrast, in retinol-deficient animals,
retinol is directly transferred from hepatocytes to extra-
hepatic tissues (Blomhoff et al. 1982). Here, whereas the
transcription levels of genes encoding for enzymes
involved in retinol metabolism were negatively correlated
with hepatic metal concentrations, the transcription levels
of genes encoding for retinol transport proteins such as
transthyretin and sex hormone-binding globulin increased
significantly with increasing Cd concentrations (Table S3).
These observations support the hypothesis that Cd-con-
taminated perch could suffer from cholestasis and conse-
quently from retinol depletion. To our knowledge, this is
the first study that identifies an impairment in retinol
metabolism as a mechanism of Cd toxicity in wild fish.
Further studies are required to confirm experimentally this
hypothesis. The relationships of retinol metabolism with,
and implications for, lipid and energy metabolism are
discussed below.

Energy metabolism

In addition to functions listed above, genes encoding for
proteins involved in different processes of energy metab-
olism were down-regulated in response to metal exposure:

e lipid metabolism (acetyl-coenzyme A synthetase
(Fig. 2a), elongation of very long chain fatty acids
protein 5, low-density lipoprotein receptor-related pro-
tein 1);

e lipid transport (viglin, apoliporotein B, apolipoprotein
A-IV4, long-chain fatty acid transport protein 6);

e gluconeogenesis (phosphoenolpyruvate carboxykinase
[GTP], mitochondrial; Fig. 2a);

e glycogenesis (UTP-glucose-1-phosphate uridylyltrans-
ferase);

e carbohydrate metabolism and transport (aflatoxin Bl
aldehyde reductase member 2, sugar kinase FLJ10986
homolog, solute carrier family 35 member B1).

Such a pattern is consistent with previous studies which
showed that yellow perch inhabiting metal-contaminated
lakes exhibit lower hepatic triglyceride and glycogen
reserves (Levesque et al. 2002). The decrease in the tran-
scription level of genes involved in lipid metabolism and
transport is also in agreement with investigations carried
out on fish experimentally exposed to Cu (Santos et al.
2010) and with a recent study on Wilson’s disease carried
out on mice (Huster et al. 2007). In this disease, the lack of
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text for more details

a functional ATP7B (ATPase, Ccu’t transporting, beta
polypeptide) leads to Cu accumulation in the liver. Con-
sistent with these studies, genes involved in lipid transport
in our study were more consistently down-regulated in
response to Cu rather than to Cd contamination (Table 1,
Tables S2, S3, S4).

The mechanism by which Cu exerts its toxicity on lipid
metabolism is still unclear. In the case of wild yellow perch
chronically exposed to metals, down-regulation of genes
involved in energy metabolism could also be linked, as
evoked earlier, to disturbances in the transport of BAs.
Indeed, absorption of dietary lipids requires the presence of
BAs. Reduction in bile flow during cholestasis or after bile
duct ligation triggers malabsorption of dietary fatty acids
(de Vriese et al. 2001). Moreover, it is well established that
dietary fatty acids regulate the transcription levels of var-
ious genes involved in energy metabolism by activating
several families of ligand-activated transcription factors
such as the peroxysome proliferator-activated receptor
(PPAR; Desvergne and Gerald 2007; Jump et al. 2005;
Schoonjans et al. 1995). For example, this could explain
why increasing Cd concentrations were associated with a
decrease in the transcription level of the gene encoding for
acetyl-coenzyme A synthetase, a gene that is known to be
up-regulated in response to PPAR activation by dietary
fatty acids (Schoonjans et al. 1995). In addition, previous

studies have reported that in situ metal exposure impairs
aerobic capacities of metal-contaminated yellow perch
(Couture and Kumar 2003; Garceau et al. 2010; Pierron
et al. 2009). Since lipids are the main fuel of aerobic ATP
production, a Cd-induced impairment in lipid metabolism
may be involved in the lower aerobic capacities reported in
contaminated wild fish.

In the present study, most of the genes encoding for
mitochondrial proteins or mitochondrial rRNAs were
down-regulated in response to metal exposure (14 genes
down-regulated versus 4 genes up-regulated). Interestingly,
the up-regulated genes encode for proteins embedded in the
inner membrane and for a stress response matrix protein
(10 kDa heat shock protein, HSP10). With the exception of
hspl0, all genes encoding for proteins located in the
mitochondrial matrix were down-regulated. For example,
for ATP synthase, genes encoding for membrane subunits
(c and f) were up-regulated while genes encoding for
subunits located in the matrix (ff and y) were down-regu-
lated (Table 1, Tables S2, S3). As previously described in
yellow perch liver (Pierron et al. 2009), such an increase in
the transcription levels of genes encoding for membrane
subunits could reflect a compensatory mechanism to
counteract the toxic effects of Cd and Cu on the mito-
chondrial inner membrane (Garceau et al. 2010; Pierron
et al. 2009). Furthermore, the mitochondrial inner
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membrane is also known to be a primary target of BA
toxicity during cholestasis (Rolo et al. 2000). Such mech-
anisms of metal toxicity support the observation that yel-
low perch inhabiting metal-contaminated lakes exhibit a
lower growth efficiency (growth increment relative to food
consumption rate) compared to fish from clean lakes
(Sherwood et al. 2000). Whatever the mechanisms impli-
cated in the down-regulation of genes involved in energy
metabolism, our results coupled with previous studies of
yellow perch at physiological and biochemical levels
strongly support the conclusion that in situ exposure to Cd
and Cu leads to a reduction in the energy status of fish,
probably at least in part by impairing oxidative phosphor-
ylation and nutrient absorption.

Immune system

Among the most significant correlations established
(Table 1), all genes encoding for proteins involved in
immunity (n = 6, complement component C3, comple-
ment regulatory plasma protein, complement component
C3-2, complement component C9, SBCFR-1 protein and
C-type lectin domain family 4 member M) were negatively
correlated to liver metal concentrations, especially Cd.
While Cd was negatively correlated to the transcription
level of these six genes, liver Cu concentration was only
negatively correlated with three genes. These observations
are consistent with the known immunotoxicological effects
of Cd and with previous laboratory studies on fish exper-
imentally exposed to Cd (Reynders et al. 2006; Williams
et al. 2006). Indeed, these experimental investigations
carried out by means of DNA microarrays and suppression
subtractive hybridization-PCR also reported a down-regu-
lation of immune-function related genes in response to Cd
exposure, notably a down-regulation of complement C3.
However, in our case, an alternative hypothesis could be
that chronic in situ metal exposure decreases the preva-
lence of infectious diseases and this, whether directly, by
eliminating pathogens or indirectly, by eliminating inter-
mediary hosts that are needed to complete the parasite’s
biological cycle. For example, Blanar et al. (2010) have
shown that the parasite Discocotyle sagitta is more sus-
ceptible to Cu toxicity than is its host fish, Salmo salar,
leading to lower infection rates. In highly metal-contami-
nated lakes of the Rouyn-Noranda region, previous studies
have shown that chronic metal pollution leads to the
elimination of large metal-sensitive benthic invertebrates,
which are possible intermediary hosts of parasites (Ras-
mussen et al. 2008). In addition, since Scantlebury et al.
(2001) have shown that retinoic acid is a potent inducer of
complement C3 expression (Fig. 2a), a plasma protein that
plays the primary role in the activation of the complement
system, disturbances described earlier for genes involved in
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retinol metabolism and transport could also contribute to
the decrease in the transcription level of genes involved in
the innate immune system, notably complement C3.

Epigenetics

In contrast to down-regulated genes involved in retinol and
energy metabolism, the transcription level of several genes
involved in the epigenetic modifications of histones were
positively correlated to liver metal concentrations, and
these were among the most significant correlations
(Table 1). Such genes included VHSV-induced protein-10,
poly (ADP-ribose) polymerase (parp) and biotinidase (btd;
Fig. 2a). These genes are involved in epigenetic mecha-
nisms that lead to gene silencing through chromatin con-
densation (Liu et al. 2008). VHSV-induced protein-10 and
PARP catalyze the attachment of ADP-ribose units onto
target proteins, including histones (Liu et al. 2008). Con-
cerning BTD, several authors have recently proposed an
enzymatic mechanism in which BTD acts as biotinyl
transferase, leading to histone biotinylation (Peters et al.
2002). Interestingly, glycine N-methyltransferase (gnmit),
another gene indirectly involved in histone and DNA
modifications but in this case by methylation, was nega-
tively correlated with Cd concentrations (Table 1). GNMT
is the key cytosolic enzyme that regulates S-adenosylme-
thionine (SAM), the common substrate of numerous
methyltransferases, including histone and DNA methyl-
transferases. GNMT disposes of SAM by forming the
essentially inactive metabolite sarcosine (Rowling et al.
2002). Previous studies carried out in vitro have shown that
long-term low-dose Cd exposure triggers DNA methylation
in human embryo lung fibroblast cells (Jiang et al. 2008).
Again, such DNA modifications are known to be associated
with gene silencing (Liu et al. 2008). These epigenetic
phenomena could explain, at least in part, why correlations
established between metal concentrations and gene tran-
scription levels were mostly negative (71%).

As epigenetics is still in its infancy, cellular signals and
consequent mechanisms activating gene silencing are
poorly known. Nevertheless, several studies have shown
that gene silencing is stimulated by various stresses, espe-
cially by DNA damage (Liu et al. 2008, Pawlak and Deckert
2007). However, in our case, no markers of DNA damage or
oxidative stress were increased by metal contamination. On
the contrary, the expression of histone H2Ax, a member of
the histone H2A family that is known to recruit repair
factors after DNA damage, was down-regulated by Cu
exposure (Paull et al. 2000, Table 1). In the case of GNMT,
previous research carried out on rats reported that retinol
up-regulates gnmt transcription levels, leading to DNA
hypomethylation (Rowling et al. 2002). The observed
decrease in gnmt transcription level with increasing Cd
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concentrations is thus consistent with an impaired retinol
metabolism. For BTD, Peters et al. (2002) proposed that
destabilization of the inner mitochondrial membrane fol-
lowing UV irradiation in Jurkat cells triggers a leak of the
breakdown product of carboxylases, which are the sub-
strates of BTD, from mitochondria to the cytoplasm, lead-
ing to biotinylation of histones. Such a pattern would be
consistent with the fact that the mitochondrial inner mem-
brane is a primary target of both metal and BA toxicity
(Garceau et al. 2010; Pierron et al. 2009; Rolo et al. 2000).

Protein biosynthesis

In our study, several genes involved in protein biosynthesis
(n = 35), including rRNA genes (n = 12), were negatively
correlated with metal exposure. In contrast, in fish exper-
imentally exposed to Cu or Cd, the transcription level of
genes involved in protein biosynthesis is normally mainly
up-regulated (Santos et al. 2010; Williams et al. 2006).
This discrepancy between our results and experimental
data could be explained, at least in part, by the reduction in
the energy status reported for metal-contaminated wild
yellow perch. In eukaryotic cells, ribosome production
indeed represents the most-energy consuming process,
which adapts to changes in intracellular energy status
(Murayama et al. 2008). Moreover, recent studies have
shown that reduction in energy status leads to deacetylation
and methylation of histones, establishing silent chromatin
in tDNA loci (Murayama et al. 2008). Epigenetic phe-
nomena impeding gene expression, evoked earlier, could
thus represent a response to energy restrictions engendered
by long-term metal exposure. During experimental inves-
tigations (Santos et al. 2010; Williams et al. 2006), fish
(European flounder, stickleback) were exposed to Cd or Cu
either by a unique intraperitoneal injection or by water-
borne exposure for 1-16 days. This short exposure time
could be insufficient to trigger energy depletion in exper-
imental fish. In direct support of this hypothesis, Takiguchi
et al. (2003) using rat liver cells showed that whereas
prolonged exposure to Cd (10 weeks) triggers DNA
hypermethylation, a short term exposure (1 week) to the
same conditions induces, on the contrary, DNA hypome-
thylation. It is therefore likely that the opposite responses
of the regulation of genes involved in protein biosynthesis
in short-term laboratory exposures compared to chronic
exposure in this in situ study are due to the different
exposure durations.

Conclusion

Our study illustrates how next-generation sequencing
technology can be used to detect, assess and characterize

the effects of stressors on the transcriptome. This approach
allowed us to reveal new mechanisms of toxicity and action
of Cd and Cu in fish populations chronically exposed to
in situ metal contamination. Moreover, this approach
allowed us to identify genes for which transcription levels
are specifically affected by a given metal. Effects detected
in yellow perch were mainly associated with Cd, a result
consistent with its status as a non-essential metal and with
its marked concentration gradient in the system studied.
Our results suggest that chronic exposure to Cd and Cu is
responsible for disturbances in the innate immune system
and in retinol, biliary acid and energy metabolism. Such
effects, coupled with effects previously reported at the
physiological and biochemical levels, indicate that chronic
in situ metal exposure triggers energy restriction. This
energy restriction coupled with the recruitment of genes
involved in epigenetic modifications of histones and DNA,
responsible for chromatin condensation and gene silencing,
could explain the numerous negative correlations estab-
lished between gene transcription levels and hepatic metal
concentrations in wild yellow perch. We should add that
the possibility of an effect of chronic metal exposure on
genetic evolution cannot be discounted (see Hoffmann and
Willi 2008 for a review). Although an earlier study carried
out on yellow perch in the Rouyn-Noranda region, using
neutral microsatellite DNA markers, reported low to
moderate differentiation among yellow perch populations
inhabiting different lakes with differing metal levels, this
study also demonstrated a negative relationship between
levels of genetic diversity within populations and the level
of metal contamination (Bourret et al., 2008). These pre-
vious results suggest that trace metals may have had an
evolutionary impact on the genetic makeup of these pop-
ulations. Thus, in addition to the processes listed above, an
effect of structural genomic changes in the expression of
genes encoding for proteins involved in resistance and
adaptation to environmental stresses cannot be excluded.
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