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Abstract The transcription of contaminant response-

related genes was investigated in juvenile Senegalese soles

exposed to sediments from three distinct sites (a reference

plus two contaminated) of a Portuguese estuary (the Sado,

W Portugal) through simultaneous 28-day laboratory and in

situ bioassays. Transcription of cytochrome P450 1A

(CYP1A), metallothionein 1 (MT1), glutathione peroxidase

(GPx), catalase (CAT), caspase 3 (CASP3) and 90 kDa

heat-shock protein alpha (HSP90AA) was surveyed in the

liver by real-time PCR. CASP3 transcription analysis was

complemented by surveying apoptosis through the TUNEL

reaction. After 14 days of exposure, relative transcription

was either reduced or decreased in fish exposed to the

contaminated sediments, revealing a disturbance stress

phase during which animals failed to respond to insult.

After 28 days of exposure all genes’ transcription respon-

ded to contamination but laboratory and in situ assays

depicted distinct patterns of regulation. Although sedi-

ments revealed a combination of organic and inorganic

toxicants, transcription of the CYP1A gene was consis-

tently correlated to organic contaminants. Metallothionein

regulation was found correlated to metallic and organic

xenobiotic contamination in the laboratory and in situ,

respectively. The transcription of oxidative stress-related

genes can be a good indicator of general stress but caution

is mandatory when interpreting the results since regulation

may be influenced by multiple factors. As for MT1, HSP90

up-regulation has potential to be a good indicator for total

contamination, as well as the CASP3 gene, even though

hepatocyte apoptosis depicted values inconsistent with

sediment contamination, showing that programmed cell

death did not directly depend on caspase transcription

alone.

Keywords Toxicogenomics � Transcriptomics � Solea

senegalensis � Quantitative real-time RT-PCR � Apoptosis �

Ecological risk assessment

Abbreviations

18S Ribosomal subunit 18

CAT Catalase

AI Apoptotic indice

CASP3 Cysteine-aspartic acid peptidase isoform 3

CYP1A Cytochrome P450 1A

DDD Dichloro diphenyl dichloroethane

DDE Dichloro diphenyl dichloroethylene

DDT Dichloro diphenyl thichloroethane

ERA Ecological risk assessment
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FF Sediment fine fraction

GPx Glutathione peroxidase isoform 1

HSP90AA Heat shock protein 90 kDa alpha

MT1 Metallothionein isoform 1

PAH Polycyclic aromatic hydrocarbon

PCB Polychlorinated biphenyl

PCD Programmed cell death

RT Relative transcription ratio

RT-PCR Reverse transcription polymerase chain

reaction

PEL Probable effects level guideline

ROS Reactive oxygen species

SQG Sediment quality guideline

SQG-Q Sediment quality guideline quotient

TEL Threshold effects level guideline

TOM Total organic matter

Introduction

Surveying the effects and responses of aquatic organisms to

sediment-bound contaminants remains a challenge to

environmental toxicologists largely due to the complex

geochemical nature of sediments and to the presence of

multiple classes of potential toxicants. Besides all the

physical and chemical characteristics that determine con-

taminant bioavailability (therefore modulating its toxicity),

the co-exposure to multiple toxicants raises important

issues since biomarker responses often yield results that are

difficult to interpret, inconsistent with the levels of sedi-

ment contamination or even appear to contradict published

information regarding their specificity towards a given

xenobiotic (see, e.g., Atkinson et al. 2007; Chapman 2007;

Hallare et al. 2011). For such reasons, the biomarker

approach for ecological risk assessment (ERA) is nowa-

days aiming at novel methodologies, like ‘‘omics’’, whe-

ther more predictive of more mechanistic purposes are

intended. These ‘‘omics’’ approaches in environmental

toxicology comprise proteomics; metabolomics and trans-

criptomics, the latest often referred to as toxicogenomics

and resulting from the fusion between conventional toxi-

cology and functional genomics, based on advanced

molecular biology tools (Gatzidou et al. 2007).

Post-transcriptional mechanisms are influenced by

multiple endogenous and exogenous variables; however,

transcription is pivotal in the control of gene expression.

Although screening of changes in gene transcription

through cDNA microarrays is a popular technology for

providing information at genome-wide level, its application

is costly and restricted to taxa where considerable genomic

or expressed sequence tag (EST) information is available.

On the other hand, expression analysis of specific genes by

reverse transcription polymerase chain reaction (RT-PCR)-

related techniques, namely real-time RT-PCR, are sensitive

and reliable and can be applied to any species as long as it

is possible to design primers from consensus sequences to

directly survey the amount of steady-state level of mRNA

that should reflect the production and stability of transcripts

(see Snell et al. 2003). Thus, for a growing number of eco-

or environmental toxicologists, determining changes in

transcription regulation of specific genes in fish related to

contamination by chemical stressors, especially those

concerning classic biomarkers such as CYP1A (cyto-

chrome P450 1A) and MTs (metallothioneins), has been

widely employed as an alternative to traditional methods of

protein determination (Hallare et al. 2011). Many such

studies considered piscine species in a wide variety of

scenarios, from Antarctic waters (Miller et al. 1999) to

estuarine and freshwater ecosystems, with feral animals or

those subjected to laboratory and in situ (field) bioassays

(e.g. Wirgin and Waldman 1998; Brammel and Wigginton

2010). The success of this approach to study the mecha-

nisms behind exposure to complex mixtures of xenobiotics

has already been demonstrated (e.g. Filby et al. 2007,

regarding the estrogenic effects of effluents). Amongst

such research lie sediment risk assessment studies through

fish-based bioassays and, within these, assays performed

with flatfish (Teleostei: Pleuronectiformes), which are

gaining terrain due to the benthic nature of these animals,

as well as their ecological importance and economical

value. Still, many gaps persist in the knowledge of their

genomics, leading to a growing effort to enforce novel

molecular tools, among which transcriptomics earned a

particular importance (Cerdà et al. 2010).

The Senegalese sole (Solea senegalensis Kaup, 1858), is

a common species in the Iberian Peninsula, with a con-

siderable economical value, including for aquaculture. The

species occupies sandy-muddy bottoms of coastal areas and

estuaries, particularly important for breeding and nursing

(Cabral 2000). A considerable number of research reports

sprung out in the past using this species as test subject.

Although most of these studies relate to aquaculture, many

environmental toxicological studies focusing on more

classical biomarkers can be found, aiming at the funda-

mental mechanisms of exposure (for instance Chairi et al.

2010; Kalman et al. 2010) and at the biomonitoring of

estuarine sediments (e.g. Riba 2004; Costa et al. 2009a, b;

Oliva et al. 2010). In addition, some successful attempts

using ‘‘omic’’ approaches can already been found, although

most also relate to aquaculture, such as transcription

analysis by cDNA microarrays and PCR techniques

(Manchado et al. 2008; Osuna-Jiménez et al. 2009; Prieto-

Álamo et al. 2009 and a few others) and proteomics (Forné

et al. 2009; Salas-Leiton et al. 2009; Costa et al. 2010).
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Despite the growing focus on this species for environ-

mental monitoring in SW Europe, comparable to the

importance of flounder (Platichthys flesus) in northern

countries, few genomic resources are presently available

posing serious constraints for surveys at genome-wide

level. For such purpose, the identification and character-

ization of genes responsive to environmental toxicants can

be a valuable contribution to understand the underlying

biological mechanisms of toxicity and to develop up-to-

date strategies for ERA.

The main goals of the present work consist of: (i) to

assess changes in the transcription profiles of a set of

toxicologically-relevant genes in S. senegalensis exposed

to estuarine sediments; (ii) to seek for relationships

between these changes and the levels of sediment con-

tamination; (iii) to contribute to the understanding of the

mechanistics of exposure to contaminant mixtures through

the interpretation of gene transcription patterns and (iv) to

compare laboratory and in situ bioassays. For the purpose,

the genes coding for five (out of six) response proteins

were identified and partially characterized at the sequence

level for the first time in this species and their transcripts

analysed and integrated with sediment quality guidelines.

Methods and materials

Study area and experimental design

The study area (the Sado estuary, W Portugal) consists of a

large basin of great socio-economical importance. The

estuary is historically subjected to many sources of

anthropogenic pollution: urban (from the city of Setúbal);

industrial (from the city’s heavy-industry belt that includes

chemical plants, a thermoelectrical unit, shipyards, ore

deployment facilities and others) and from runoffs from the

upstream agriculture grounds. A large part of the estuary is

classified as a natural reserve and the area is also very

important for tourism, fisheries and maritime transport. The

conjugation of all these factors has dictated the need to

enforce environmental monitoring in order to develop

efficient environment management policies (refer to Caeiro

et al. 2009 for an ERA strategy for the estuary).

Three sites of the study area, all within 100 m from

shore, were chosen according to their geographical location

(Fig. 1) and to previous research (e.g. Caeiro et al. 2009;

Costa et al. 2009a). A reference (clean) site (R) was chosen

for being the farthest from pollution sources. Two con-

taminated sites were selected, located at the city of Setú-

bal’s important commercial harbour (site C1) and off

Setúbal’s heavy-industry area (site C2). Sediments were

collected by scuba diving from a depth of 7-9 m. Sediment

collection and bioassays were performed on May 2007.

Fresh sediment samples were divided for the laboratory

assays and chemical characterization (see below).

Juvenile hatchery-brood Solea senegalensis were

exposed to sediments from the three sites through simul-

taneous laboratory and in situ 28-day bioassays (fish

standard length = 61.0 ± 8.4 mm). The laboratory assays

were performed in duplicate with a recirculation arrange-

ment of 15-l capacity white polyvinyl tanks with blunt

edges where 2 l of fresh sediments (providing a surface of

approximately 525 cm2) plus 12 l of clean seawater were

allocated, following previous assays with the species

(Costa et al. 2009a). The photoperiod was set at 12 h

light:dark and a weekly 25% water change was applied to

ensure constancy of water quality parameters with minimal

removal of suspended particles and dissolved contami-

nants: temperature was set at 18 ± 1°C, salinity =

32.1 ± 0.3, pH 8.0 ± 0.1, oxygen saturation = 56.5 ±

0.2% (supplied by constant aeration) and total ammonia

was maintained within 1.6 ± 0.6 mg l-1 (the toxic

unionized ammonia was restrained at 0.04 ± 0.02 mg l-1).

Fish were fed daily with commercial M2 grade pellets

(from Sorgal, Portugal). Sediments were allowed to settle

for 48 h before the beginning of the assay. Twenty ran-

domly-selected animals were distributed per replica. The in

situ assays were prepared using 90 9 90 9 30 cm PVC

plastic cages lined with a 5 mm plastic mesh. Each cage

was divided into two equal-sized compartments that were

regarded as replicates. Twenty random-selection animals

were allocated in each compartment. The cages were

placed over the bottom at each site with scuba equipment

in order to ensure direct contact with the sediment. Sam-

pling was scheduled for days 0 (T0), 14 (T14) and 28 (T28),

with five individuals per replica being collected and

euthanized by cervical sectioning prior to liver excision.

Day 0 animals consisted of ten individuals retrieved from

the rearing tanks.

Sediment characterization and contamination profiles

Sediments were characterized for redox potential (Eh), fine

particle (\67 lm) fraction (FF) and total organic matter

(TOM) by electrode measurement (immediately after col-

lection), hydraulic sieving (after disaggregation with

pyrophosphate) and organic carbon combustion (at

&500°C), respectively. Sediment inorganic (element)

contaminants (arsenic, cadmium, chromium, copper, lead,

manganese, nickel and zinc) were determined by induc-

tively coupled plasma mass spectrometry after acid diges-

tion in closed Teflon vials (Caetano et al. 2007). Total

mercury was determined by atomic absorption spectrome-

try with pyrolysis and gold amalgamation according to

Costley et al. (2000). The procedures were validated by

analysis of the reference sediments MESS-2 and PACS-2

Transcriptomic analyses in a benthic fish 1751
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(National Research Council, Canada) and MAG-1 (US

Geological Survey, USA). Sediment PAHs was analysed

by gas chromatography-mass spectrometry (GC–MS) after

Soxhlet-extraction with an acetone ? hexane (1:1 v/v)

mixture as described by Martins et al. (2008). Organochl-

orines (PCBs and DDT plus its main metabolites) were

determined by GC with electron capture detection (GC-

ECD) after Soxhlet extraction with n-hexane and column

fractioning, following (Ferreira et al. 2003). The quantifi-

cation of organic contaminants was validated by analysis of

the SRM 1941b reference sediment (National Institute of

Standards and Technology, USA).

RNA isolation and cDNA synthesis

Total RNA was isolated from &5 to 10 mg liver samples

of three randomly-selected individuals from each test and

sampling time with the spin column-based RNeasy Mini

Kit (Qiagen), following instructions from manufacturer,

and including a RNA clean-up step with the RNase-Free

DNase Set (Qiagen) to eliminate residual genomic DNA.

Total RNA was quantified and analysed for purity (asses-

sed by the 260/280 nm absorbance ratio) with a NanoDrop

1000 spectrophotometer (Thermo Scientific). RNA quality

was also verified by agarose gel electrophoresis. Aliquots

containing the same amount of total RNA were pooled per

experimental treatment and sampling time. cDNA was

synthesized by reverse transcription from 1 lg pooled

RNA using the Transcriptor High Fidelity cDNA Synthesis

Kit (Roche Applied Science) according to manufacturer

instructions.

Primer design and cDNA sequencing

Degenerate primers for S. senegalensis CYP1A (cyto-

chrome P450 1A), MT1 (metallothionein 1), CAT (cata-

lase), GPx (glutathione peroxidase 1) and CASP3 (caspase

3) cDNAs were designed based on the alignment of

available teleost and Rattus norvegicus cDNA sequences

deposited in GenBank public database using the software

MEGA4 (Tamura et al. 2007). For sequencing, target gene

amplification was done by standard PCR from pooled

cDNA aliquots. Sequencing was done with a 3730 XL

DNA analyzer (Applied Biosystems). CYP1A, MT1 and

CAT were sequenced directly from PCR products but GPx

and CASP3 required previous cloning in the M13 vector.

After homology confirmation (Table 1) with database

sequences using the software Blast (Altschul et al. 1990),

the edited and trimmed cDNA sequences for CYP1A1,

MT1, CAT, GPx and CASP3 genes were deposited in the

GenBank (National Institutes of Health of the USA) public

access data base (Table 2). Specific primers were after-

wards designed for real-time PCR. Primers for S. sen-

egalensis HSP90AA (heat shock protein 90 kDa isoform

alpha, termed inducible) and the housekeeping (reference)

18S (ribosomal subunit 18) genes were obtained from

Manchado et al. (2008) and Cerdà et al. (2008), respec-

tively. Gene selection was based on the potential function

of respective proteins in response to toxicant-induced

stress: anti-oxidative (GPx and CAT); metal-binding and

detoxification (MT1); detoxification of organic contami-

nants (CYP1A); protein unfolding and chaperone

(HSP90AA) and apoptosis (CASP3). Primer specificity,

annealing temperature and amplicon size were confirmed

by agarose gel electrophoresis (Table 2).

Quantitative real-time PCR

Quantitative real-time PCR was performed on a 96-well

LightCycler 480 II Instrument using the SYBR Green I

Master Mix for real-time PCR (all from Roche Applied

Science). Each reaction (20 ll) was prepared with 10 ll

Master Mix, 7 ll PCR grade ultra-pure water, 1 ll of each

primer’s 10 lM solution and 1 ll template cDNA sample.

Fig. 1 Map of study area (the
Sado estuary, W Portugal)
showing the relative position of
the assay and sediment
collection sites (filled circle): R
(reference) plus C1 and C2

(contaminated)

1752 P. M. Costa et al.
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All analyses were performed in triplicate in order to obtain

a n = 3 per gene, sampling time and experimental test. The

gene for the ribosomal protein 18S was considered for

normalization. The PCR efficiencies (E) and relative tran-

scription of the target genes were calculated as described

by Pfaffl (2001). Accordingly, efficiency is estimated as:

E ¼ 10
ÿ 1
slope

ð1Þ

The slope is returned from the calibration curves for

each target gene, obtained from six serial dilutions of a

pooled cDNA sample (lowest r2 = 0.98). According to

Pfaffl (2001), the E values for each target gene were used

to compute the relative transcription (RT) for exposed fish

(sample) relatively to fish collected at T0 (calibrator),

which is described as the ratio:

RT ¼
ðEtargetÞ

DCtðcalibratorÿsampleÞ

ðEreferenceÞ
DCtðcalibratorÿsampleÞ

ð2Þ

where Ct represents the threshold cycle and Ereference the

efficiency for the reference gene 18S. T0 animals were

selected as the calibrator group for statistical purposes. The

Ct estimates and primer melting curves (for confirmation of

specific amplification) were obtained using the LightCycler

480 II manufacturer software.

Estimation of apoptotic indices

As a complement to the CASP3 apoptosis-related gene

analysis, apoptotic cells in fish hepatic parenchyma were

identified through the TUNEL reaction (TdT-mediated

dUTP-X nick end labelling) using the In Situ Cell Death

Detection Kit with fluorescein as fluorochrome (Roche

Applied Science) from paraffin-embedded sections, as

indicated by the manufacturer. In brief: fresh liver portions

from three randomly-selected individuals from each test

and sampling time, including T0 animals (meaning n = 3

per experimental condition) were fixed in Bouin-

Hollande’s fixative, dehydrated in a progressive series of

ethanol and embedded in paraffin (xylene was used for

intermediate impregnation). Sections (3 lm thick) were

Table 1 Sequenced S. senegalensis target genes’ complete cDNAs or ESTs and respective match scores

Gene ID cDNA/mRNA sequence Similar to Blast results

Size (bp) Status Species GenBank accession %ID Score e-Value

CYP1A 591 Partial Paralichthys olivaceus EF451958.1 88 750 0.0

MT1 183 Complete Pleuronectes platessa X56743.1 90 254 8.0 9 10-66

GPx 385 Complete Oplegnathus fasciatus AY734530.1 86 490 1.0 9 10-136

CAT 432 Partial Oplegnathus fasciatus AY734528.1 90 523 2.0 9 10-146

CASP3 352 Partial Danio rerio NM_131877.2 92 130 4.0 9 10-11

Table 2 Primers used for quantitative real-time PCR and relevant data

Gene ID GenBank accession Primer Primer sequence (50–30) Amplicon size (bp) Tann (8C)
c

CYP1A GU946412 Forward

Reverse

TGGGCAGCAAACCTTACCTG

CTGTGCTGAAGGCCAGACTC

213 60

MT1 GU946410 Forward

Reverse

TTGCGAATGCTCCAAGACTG

GTCGCATGTCTTCCCTTTAC

157 52

GPx HM068301 Forward

Reverse

ATGAACGAGCTGCACTGTCG

AGATAGACAAACAAGGGGTGTG

212 55

CAT GU946411 Forward

Reverse

TGAGCAGGCTGAAAAGTTCC

GGCATGTTACTTGGGTCAAAG

162 52

CASP3 HQ115741 Forward

Reverse

CATCATCAACAACAAGAACTTTGACG

ATGGTCTTCCTCCGAGGCTT

181 59

HSP90AAa AB367526 Forward

Reverse

GACCAAGCCTATCTGGACCCGCAAC

TTGACAGCCAGGTGGTCCTCCCAGT

105 52

18Sb AM882675 Forward

Reverse

GAATTGACGGAAGGGCACCACCAG

ACTAAGAACGGCCATGCACCACCAC

148 55

a From Manchado et al. (2008)
b From Cerdà et al. (2008)
c Primer annealing temperature set for real-time PCR
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dehydrated, permeabilized with a proteinase K (Invitrogen)

solution (20 lg ml-1 for 30 min at 60°C) and stained

through the TUNEL reaction for 1 h at 37°C. Analyses

were performed with a DMLB model microscope adapted

for epifluorescence with an EL6000 light source for mer-

cury short-arc reflector lamps and fitted with an I3 filter for

fluorescein (Leica Microsystems). Observations were made

from at least eight sequential sections on each slide. The

apoptotic indice (AI) was estimated as the number of

apoptotic (TUNEL-positive) cells per section mm2. The

identification of apoptotic cells was based on the intensity

of fluorescence and morphological criteria (after Häcker

2000).

Statistics and integration of data

The sediment contaminants’ potential to cause adverse

effects to organisms was determined by comparison of the

measured concentrations with the Threshold Effects Level

(TEL) and the Probable Effects Level (PEL) Sediment

Quality Guidelines (MacDonald et al. 1996). The overall

potential impact of each class of contaminants was inferred

from the Sediment Quality Guideline Quotient (SQG-Q),

which was calculated as defined by Long and MacDonald

(1998) through the formula:

SQG-Q ¼

Pn
i¼1

Ci

PELi

n
ð3Þ

where Ci is the measured concentration of the ith con-

taminant, PELi the available PEL guideline for the con-

taminant i and n the number of contaminants in the

considered class or group. Each tested sediment was given

an overall rating according to the SQG-Q combining all

contaminant classes as proposed by MacDonald et al.

(2004): SQG-Q\ 0.1—unimpacted; 0.1\ SQG-Q\ 1—

moderately impacted; SQG-Q[ 1—highly impacted.

By failing to comply with the parametric ANOVA

assumptions of homocedascity and normality of data, the

non-parametric Mann–Whitney U-test was employed to

assess significant differences in gene expression and

apoptotic indices between fish exposed to the contaminated

sediment C1 and C2 and fish exposed to the reference

sediment (R). The non-parametric Kruskall-Wallis

ANOVA by ranks H statistic was computed to verify

overall differences between laboratory and field-exposed

fish. The non-parametric Spearman’s rank-order correla-

tion q statistic was employed to find correlations between

gene expression data and the sediments’ potential to cause

adverse effects, given by the SQG-Q values. A significance

level of a = 0.05 was considered for all analyses. Statistics

were performed according to Zar (1998), using the soft-

ware Statistica (Statsoft). Cluster analyses on gene

expression data were performed with the software DAnTE

(Polpitiya et al. 2008).

Results

Sediment characterization

The reference sediment (R) was confirmed to be overall

unimpacted by xenobiotics, being the least anoxic and also

the sediment with the lesser proportion of TOM and FF

(Table 3). Sediment from site C1 was found to be the most

impacted, being the most contaminated by inorganic sub-

stances (metals and metalloids). Sediment C2 was found

the most contaminated by PAHs and organochlorines.

However, both sediments C1 and C2 could be globally

considered as moderately impacted. Arsenic (As) copper

(Cu), total mercury (Hg), nickel, lead (Pb) and zinc (Zn)

were the main elements of concern in the contaminated

sediments whereas 4- and 5-ring PAHs were the most

important organic xenobiotics. Organochlorine concentra-

tions were higher in sediment C2, with especial relevance

for DDTs (with pp0DDT presenting a concentration above

the TEL threshold).

Gene transcription analyses

Different levels of gene transcription relative to R-tested

fish were observed, not only between laboratory and in situ

assays but also between animals collected at T14 and T28

(Fig. 2). Only the transcription patterns for CAT failed to

reveal significant differences between laboratory and fish

exposed in situ at both T14 and T28. The relative expression

for CASP3 was significantly different between the two

types of assays at both sampling times (Kruskall–Wallis H,

p\ 0.05). The transcription of all other genes revealed

significant differences only at T28 (Kruskall–Wallis H,

p\ 0.05). In addition, differences were observed between

fish exposed to sediments C1 (contaminated by inorganic

and organic xenobiotics) and C2 (the most contaminated by

organic substances). The highest levels of relative tran-

scription for the laboratory assays were observed to occur

in fish exposed to sediment C2 for 28 days, namely for

CAT and CYP1A (approximately 37- and 18-fold,

respectively). Regarding the in situ assays, exposure to the

two contaminated sediments caused down-regulation of

MT1, GPx and HSP90AA at T14 and of CAT and CASP3

only for test C1. Only CYP1A transcription depicted a

similar pattern at both sampling times in field tested fish

but only the exposure to C2 elicited significant up-regula-

tion (&3–4 fold comparatively to R-tested fish). The

highest relative transcription during the in situ assays was

observed for the HSP90AA gene, in fish tested at site C2

1754 P. M. Costa et al.
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after 28 days of exposure (&6 fold). Cluster analyses

(Fig. 3) confirmed the differences between sampling times,

assay types and exposure to the contaminated sediments,

revealing distinct patterns of gene transcription, however

with common trends, such as the consistent allocation of

CAT and CYP1A within the same clusters.

Table 3 General
characterization and risk
assessment (by comparison with
available guidelines for the
analysed contaminants) for the
sediments collected from the
three surveyed sites: R
(reference) and C1 plus C2

(contaminated)

The sediment quality guidelines

TEL and PEL were obtained from

Macdonald et al. (1996). Only the

contaminant concentrations for

which guidelines are available are

shown

PEL probable effects level

sediment quality guideline, TEL

threshold effects level sediment

quality guideline, SQG-Q sediment

quality guideline quotients (refer to

formula 3)

* Values above TEL, ** Values

above PEL,   The provided

mercury concentrations relate to

total Hg (inorganic plus organic

species)

Overall ratings: a Unimpacted,
b Moderately impacted

Site

R C1 C2

TOM (%) 2.3 10.2 7.2

FF (%) 22.5 95.6 75.8

Eh (mV) -140 -300 -312

Contaminant concentration SQGs

TEL PEL

Inorganic (lg g-1 sediment dw)

Metalloid

As 5.20 ± 0.10 23.98 ± 0.48* 20.69 ± 0.41* 7.24 41.6

Metal

Cd 0.06 ± 0.00 0.26 ± 0.01 0.29 ± 0.01 0.68 4.21

Cr 18.14 ± 0.36 80.73 ± 1.61* 51.70 ± 1.03 52.3 160

Cu 28.20 ± 0.56* 172.72 ± 3.45** 95.31 ± 1.91* 18.7 108

Hg  0.11 ± 0.00 0.69 ± 0.01* 0.71 ± 0.01** 0.13 0.7

Ni 7.31 ± 0.15 33.30 ± 0.67* 20.49 ± 0.41* 15.9 42.8

Pb 18.57 ± 0.37 55.19 ± 1.10* 43.76 ± 0.88* 30.2 112

Zn 72.29 ± 1.45 364.83 ± 7.30** 269.31 ± 5.39* 124 271

SQG-Qinorganic 0.16 0.79 0.58

Organic (ng g-1 sediment dw)

PAH

3-ring

Acenaphthylene 0.79 ± 0.13 2.38 ± 0.40 2.18 ± 0.37 5.87 128

Acenaphthene 0.73 ± 0.12 12.25 ± 2.08* 7.83 ± 1.33* 6.71 88.9

Fluorene 1.19 ± 0.20 15.33 ± 2.61 9.95 ± 1.69 21.2 144

Phenanthrene 10.28 ± 1.75 63.87 ± 10.86 59.91 ± 10.18 86.7 544

Anthracene 2.30 ± 0.39 21.00 ± 3.57 20.84 ± 3.54 46.9 245

4-ring

Fluoranthene 23.34 ± 3.97 315.71 ± 53.67* 345.24 ± 58.69* 113 1494

Pyrene 21.51 ± 3.66 263.18 ± 44.74* 286.33 ± 48.68* 153 1398

Benzo(a)anthracene 3.70 ± 0.63 81.25 ± 13.81* 93.99 ± 15.98* 74.8 693

Chrysene 2.35 ± 0.40 41.06 ± 6.98 46.68 ± 7.94 108 846

5-ring

Benzo(a)pyrene 5.42 ± 0.92 101.86 ± 17.32* 126.76 ± 21.55* 88.8 763

Dibenzo(a,h)anthracene 0.66 ± 0.11 13.32 ± 2.26* 13.93 ± 2.37* 6.22 135

SQG-QPAH 0.01 0.11 0.12

PCB

Total PCBs 0.80 ± 0.14 7.91 ± 1.34 11.97 ± 2.04 21.6 189

SQG-QPCB 0 0.04 0.06

DDT

pp0DDD \d.l. 0.37 ± 0.06 0.71 ± 0.12 1.22 7.81

pp0DDE \d.l. \d.l. 0.59 ± 0.10 2.07 374

pp0DDT \d.l. \d.l. 1.22 ± 0.21* 1.19 4.77

SQG-QDDT 0 0.02 0.12

SQG-QOrganic 0.01 0.09 0.11

SQG-QTotal 0.06
a

0.33
b

0.28
b
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Hepatocyte apoptosis

A different pattern of hepatocyte apoptosis (Fig. 4a) was

observed between laboratory and in situ tested fish. With

the exception of a decrease in the apoptotic indice in fish

exposed to sediment C1 for 14 days, the field assays did

not reveal any significant change in the apoptotic indice

of animals exposed to the contaminated sediments rela-

tively to the reference test at either time point (Fig. 4b).

However, laboratory exposure to the sediment C2

increased liver cell apoptosis in animals exposed for 14

and 28 days, whereas apoptosis was found to be reduced

in comparison to R-tested fish after 28 days of exposure

to sediment C1.

Correlating gene transcription to sediment risk

Correlation analysis between the potential to cause adverse

effects of each surveyed class of sediment contaminants

(organic, inorganic and total) and the gene transcription

plus AI data retrieved from the exposed fish revealed, after

14 days of exposure, that only CYP1A in field-tested fish

was positively correlated to organic xenobiotics (Table 4).

Also, the apoptotic indice estimated for the same assay and

sampling time was positively correlated to the relative

transcription of MT1, GPx and CASP3. Conversely, at T28,

CYP1A regulation was found to be correlated to the

organic contaminants’ SQG-Q for both types of assays, as

well as CAT in laboratory-tested animals. Interestingly, the

Fig. 2 Average relative gene
transcription ± standard
deviation (in arbitrary units) in
the livers of S. senegalensis
exposed to the reference (R) and
contaminated (C1 and C2)
sediments for CYP1A1, MT1,
GPx, CAT, CASP3 and
HSP90AA genes. [*] indicate
significant differences from fish
exposed to the reference
sediment at the same assay type
and sampling time (n = 3;
Mann–Whitney U, p\ 0.05).
Fish collected at T0 are the
calibrator group
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MT1 gene transcription was observed to be very signifi-

cantly correlated to contamination by metals in laboratory-

exposed fish (as well as GPx) and to organic contamination

in field-tested animals, with the opposite trend being

observed for CASP3. Also after 28 days of exposure, no

significant correlations were found involving the AI in

laboratory-tested animals but a significant negative corre-

lation was found between the AI and GPx transcription in

Fig. 3 Cluster analyses on the
relative transcription of all
surveyed genes for laboratory—
and in situ—tested fish collected
at T14 and T28. Complete
linkage was employed as
amalgamation rule and
Euclidean distances as metrics

Fig. 4 Determination of hepatic apoptosis. a Apoptotic (TUNEL-
positive) cells in the hepatic parenchyma of a fish exposed in the
laboratory to contaminated sediment C2 (arrow), compared to normal
hepatocytes (h) and a necrotic area (arrowheads). Erythrocytes inside
sinusoid vessels can also be observed (e). b Apoptotic indice (given
by the number of apoptotic cells per section mm2) variation during

laboratory and in situ exposure to sediments R (reference), C1 and C2

(contaminated). The dotted line stands for the levels of apoptosis in T0

fish and is provided for comparison purposes. [*] indicate significant
differences from fish exposed to the reference sediment at the same
assay type and sampling time (n = 3; Mann–Whitney U, p\ 0.05)
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field-tested fish. Again after 28 days of exposure, in the

laboratory assays, transcription of HSP90AA was found to

be positively correlated to both classes of contaminants’

SQG-Qs and also to the global SQG-Q, whereas no sig-

nificant correlations were for observed for in situ-tested

fish.

Discussion

The results revealed that the transcription of toxicity-rela-

ted genes’ transcription can be highly dependant on the

time of exposure and assay type. However, even in face of

a complex combination of toxicants, the relative regulation

of the surveyed genes could be positively correlated to the

levels of generalist classes of sediment-bound contami-

nants, showing that animals responded to chemical insult,

although at a later stage of exposure. On the other hand, the

observed differences between the gene transcription pro-

files of laboratory and in situ bioassays probably derived

from two main factors: (i) differences in bioavailability and

(ii) confounding factors that affected the experimental

procedure, especially in the field bioassays.

Past research already reported differences between labo-

ratory and in situ assays and the resulting difficulties to

determine cause-effect relationships but the causes of such

differences are not easy to pin-point (see for instance Hatch

and Burton 1999). The bioavailability of inorganic and

organic xenobiotics is known to be favoured by disturbance

events, combined with high TOM and FF (that act as a trap

for contaminants) and changes in sediment pH and redox

status when they are re-exposed to an oxygenated medium

(Eggleton and Thomas 2004; Atkinson et al. 2007). It is

therefore highly probable that disturbance caused by sedi-

ment collection, handling and the animals’ own scavenging

activity in the test tanks, combined with constantly aerated

water, favoured the release of contaminants to the water

column. No noticeable sediment disturbance events were

observed at the two most contaminated sites (C1 and C2) but

field exposure at the reference site probably introduced some

degree of experimental noise related to feed. In fact, whereas

small molluscs were often found in the digestive tracts of

animals caged in sites C1 and C2 (of low hydrodynamics),

animals allocated at the reference area and collected at T28

contained few food items, which is likely due to the observed

partial sediment washing-off from beneath the cages. Pasc-

ual et al. (2003) found that food deprivation in fish increase

hepatic oxidative stress and increase the activity of GPx (but

not catalase), precisely the gene whose up-regulation was

stronger, in field reference-tested fish.

Different stages of stress are reflected in distinct

patterns of gene transcription

When subjected to continuous stress, organisms develop

their biological responses through a series of steps, or

Table 4 Spearman rank-order correlation q statistics between the relative transcription ratio of the surveyed genes, the hepatic apoptotic indice
(AI) and the sediment quality guideline quotients (SQG-Qs) for the surveyed classes of sediment contaminants

Laboratory assays In situ assays

AI SQG-QTotal SQG-QInorganic SQG-QOrganic AI SQG-QTotal SQG-QInorganic SQG-QOrganic

Sampling time

T14

CYP1A – – – -0.84 – – – 0.90

MT1 -0.95 – – – 0.69 -0.69 -0.69 -0.74

CAT -0.95 – – – – – – –

GPx -0.71 – – -0.71 0.95 -0.95 -0.95 –

CASP3 – – – -0.95 0.69 -0.69 -0.69 –

HSP90AA -0.95 – – – – – – -0.95

AI – – – -0.84 -0.84 –

T28

CYP1A – – – 0.95 – – – 0.90

MT1 – 0.95 0.95 – – – – 0.95

CAT – – – 0.95 – – – –

GPx – 0.95 0.95 – -0.95 – – –

CASP3 – – – 0.81 – 0.79 0.79 –

HSP90AA – 0.69 0.69 0.74 -0.95 – – –

AI – – – – – –

– Non-significant correlation (p[ 0.05)
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phases, starting from disturbance, to restitution and

response and ending in an adjustment phase that should

either lead to adaptation or ultimately to chronic disease.

This stress phase model applies also to gene expression

responses, each phase presenting a unique up- or down-

regulation pattern of the same genes (Steinberg et al. 2008).

Fish exposed to either contaminated sediment (C1 or C2)

revealed very distinct patterns of transcription after 14 and

28 days of exposure, often resulting in down-regulation at

T14 followed by very significant up-regulation at T28,

which can be even further enhanced when converting the

relative transcription ratios (RTs) to fold variation rela-

tively to animals exposed to the reference sediment

(Fig. 5). It appears possible that during the first half of the

assays the animals’ ability to respond to environmental

stress was somehow impaired. Conversely, from the

assays’ mid-term onwards, fish were able to recover some

hepatic metabolic balance and increase the RTs of impor-

tant detoxification or xenobiotic response-related genes.

Regarding laboratory assays, the first phase (0–14 days

of exposure) resulted in either absence of a clear up-reg-

ulation of the surveyed genes (in animals exposed to sed-

iment C1) relatively to the reference-tested organisms or a

marked down-regulation, as for the CYP1A and CAT

genes in animals exposed to sediment C2. Interestingly,

these are two oxidative stress-related genes related to

phases I and II of detoxification, respectively, that were

observed to be very significantly up-regulated in the livers

of C2-exposed fish for 28 days in the laboratory. In addi-

tion, the relative transcription of both genes was found to

be consistently correlated in the laboratory assays. These

findings are in accordance with the positive correlations

found between the SQG-Qs for organic contamination for

CYP1A (in both field and laboratory) after 28 days of

exposure, since these contaminants, especially PAHs (best

represented in sediment C2) are detoxified by the CYP1A

monooxygenases complex, which converts these liposolu-

ble compounds into more hydrophilic ones (more easily

excreted) with the production of ROS (e.g. Lemaire and

Livingstone 1997). In the field assays, the cleavage

between the ‘‘disturbance’’ and ‘‘recovery/response’’ pha-

ses is more evident for MT1 and CAT genes in test C1 and

for HSP90AA and, especially, MT1 in the tests with sed-

iment C2.

Transcription of GPx and CAT oxidative stress-related

genes is linked to different classes of contaminants

The present study showed that the relative transcription of

GPx and CAT genes after 28 days of exposure correlated to

different classes of contaminants in the laboratory assays

(metallic and inorganic, respectively), while in the field

assays no significant correlations with the SQG-Qs could

be retrieved. Overall, the findings from the laboratory

experiments are in accordance with previous research

that revealed the transcription of the two genes to be

Fig. 5 Fold change in hepatic
gene transcription relatively to
fish exposed to the reference
sediment (R) for laboratory and
in situ tested S. senegalensis,
exposed to sediment C1 (the
most contaminated by metals)
and sediment C2 (the most
contaminated by PAHs and
organochlorines), and its
relation to the disturbance and
recovery/response phases of
stress
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non-specifically modulated by exposure to both metallic

and organic contaminants in teleosts (Hansen et al. 2007;

Nahrgang et al. 2009). It is possible that CAT induction in

the laboratory-exposed animals reflected, in part, the direct

or indirect formation of ROS during PAH catabolism, as

suggested elsewhere (Bilbao et al. 2010). Although few

studies focused on CAT gene transcription as a potential

biomarker, Nahrgang et al. (2009) found CAT mRNA level

to be a much more consistent biomarker than the enzyme’s

activity in cods injected with B[a]P. The present results

suggest that CAT transcription may detain potential as an

indicator of exposure to sediment-bound organic contami-

nants even when metal ? organic xenobiotic mixtures are

involved. The lack of any significant correlation with the

SQG-Qs for the field assays (although significant up-reg-

ulation was observed in C1 and C2-tested fish) suggests

caution is needed to interpret these results when multiple

confounding factors are at stake. The transcription of GPx,

on the other hand, was found to be correlated to metals

(Table 4) and to MT transcription in laboratory-exposed

fish for 28 days (refer to Fig. 3).

Increased transcription of CYP1A gene as an indicator

of exposure to organic contaminants

Although one of the most consistent responses, especially

in the field assays, with respect to global organic contam-

ination, CYP1A transcription is clearly not entirely

dependent on the presence of known inducers, such as

PAHs, since exposure to sediment C1, almost as contami-

nated by these substances as C2, failed to promote a marked

transcription up-regulation. Besides the differences in the

sediments’ geochemistry and their influence on contami-

nant remobilization (which differs for organic and inor-

ganic contaminants), it is likely that the combination of

metallic and organic xenobiotics had a considerable effect.

In fact, in the past few years, a considerable literature

sprung reporting that inhibitory or antagonistic effects

between contaminants or classes of contaminants modulate

the expression of CYP1A. The induction of CYP1A mRNA

in vertebrate livers (including fish) has already been

reported to be inhibited by metals and metalloids even in

the presence of strong inducers like the aryl hydrocarbon

receptor (Ahr) agonist B[a]P, without, however, affecting

the basal level of expression (Spink et al. 2002; Sorrentino

et al. 2005). This information is in accordance with the

present results considering that sediment C1 is more con-

taminated by metals and arsenic than C2 (although both

have proximate levels of PAHs) and that exposure to

sediment C2 elicited the most significant up-regulation of

this gene’s transcription. Flatfish have been reported to

rapidly catabolize PAHs (Varanasi and Gmur 1981), which

is consistent with the overall strong correlations found

between the transcription of the S. senegalensis CYP1A

gene and the potential risk of the surveyed levels of sedi-

ment PAHs, confirming that, in spite the presence of

multiple-class contaminants, measuring CYP1A transcripts

produces results that can be better related to sediment CYP

inducers than measuring CYP protein content (see for

instance Costa et al. 2009a).

MT1 and HSP90AA as stress proteins

Although MT induction has been surveyed as a potential

biomarker of metal exposure (see for instance Romero-

Isart and Vašak 2002 for a review), much research dis-

closes difficulties to correlate MT biosynthesis with envi-

ronmental metals present in low to moderate

concentrations (e.g. Jessen-Eller and Crivello 1998; Mou-

neyrac et al. 2002; Gonzalez et al. 2006) or in fact reports

its up-regulation by organic contaminants (Costa et al.

2009a). Still, the majority of research performed on MT

induction in aquatic organisms for the purpose of ecolog-

ical risk assessment focus on MT-like protein content and

not its gene transcription. In accordance, the present results

indicate that MT mRNA levels can very significantly cor-

relate to either sediment metal ? total contamination or

organic contamination after 28 days of exposure, depend-

ing on assay type. This difference between laboratory and

field assays is most likely caused by two main factors:

(i) the differential bioavailability of metals and (ii)

increased induction of MT by oxidative stress originated by

organic contaminant detoxification processes. In fact, MT

mRNA up-regulation has been found to change as conse-

quence of different types of stressors in fish liver, from

thermal (van Cleef-Toedt et al. 2001) to oxidative stress,

with MTs being nowadays recognized scavengers for ROS

(Tamai et al. 1993; Andrews 2000; Laity and Andrews

2007). Oxidative radicals produced as a consequence of

CYP activity on organic toxicants may have triggered MT1

up-regulation, thus explaining the higher transcription in

the livers of fish exposed to sediment C2 (most contami-

nated by organic contaminants) in the field for 28 days

when compared to animals exposed to sediment C1 (most

metal-contaminated). In fish exposed in situ for 28 days,

MT1, CYP1A and the anti-oxidant phase II enzyme CAT

were found to be correlated (Fig. 3), which is in accor-

dance with this hypothesis. Conversely, in the laboratory

assays MT1 transcription was correlated to the metal SQG-

Q and clustered with GPx. This information appears to

confirm that MT induction might be, rather than a specific

biomarker for metal exposure, a general indicator of stress,

as proposed by other authors (e.g. Viarengo et al. 1999).

Heat shock proteins (HSPs) are multi-function cytosolic

chaperones mainly involved in protein folding and their

expression in fish as a potential biomarker for toxicological
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stress has already been proposed (Triebskorn et al. 1997;

Basu et al. 2002; van der Oost et al. 2003), without,

however, many clear outcomes. Eder et al. (2009), for

instance, found HSP90 gene expression to be significantly

elevated in the livers of salmons exposed to pesticides

whereas Letcher et al. (2010) describe no alterations in

HSP content or transcription in the livers of charrs exposed

to organochlorines, although HSP70 and 90 contents could

be elevated in the brain. Osborne et al. (2007) have

inclusively found a correlation between HSP90 induction

and exposure to the endocrine disruptor 17a-ethynylestra-

diol in trout hepatocytes. In general, there is a great deal of

information missing regarding the mechanisms of HSP

action and induction in the cells. Still, the present results

indicate that there is some potential of these proteins and

respective mRNA quantities as an indicator of general

xenobiotic-induced stress since the relative transcription of

the HSP90AA gene was found to be positively correlated

to all surveyed SQG-Qs (for total, metallic and organic

sediment contamination) in laboratory-exposed fish for

28 days, i.e., after the disturbance phase of stress (Table 4).

It is possible though, that HSP90AA transcription responds

more clearly to prolonged exposure and to higher con-

centrations of bioavailable contaminants, as it is likely to

have occurred in the laboratory-assays. It should also be

noticed that, among their multiple (and not yet fully

understood) functions, mammalian and fish HSP90 proteins

are also known to take part in CYP1A transcription by

being one of the chaperones (as dimers) of the Ahr-HSP90-

immunophilin-like X-associated protein 2 (XAP-2) het-

erodimer (Petrulis and Perdew 2002; Wiseman and Vijayan

2007). Although only in laboratory-tested fish for 28 days a

correlation was found between CYP1A and HSP90AA was

observed (Fig. 3), the relative expression of both genes was

higher at T28 for fish exposed to sediment C2 (the most

contaminated by organic substances), regardless of assay

type. It is likely that the increased transcription of the

HSP90AA gene was modulated, in part, to respond to the

need to detoxify organic xenobiotics.

Apoptosis and the transcription of caspase 3

Although caspase 3 is a key effector caspase in the apop-

totic process, either through the intrinsic (mitochondria-

dependant) or external (cytosolic) pathways (see Wyllie

2010), transcription of the CASP3 gene was found to be

little related to the induction of apoptosis, except in field-

assayed fish after 14 days of exposure. Still, CASP3 tran-

scription could be correlated to SQG-Qs after 28 days of

exposure for both types of assays, although to different

classes of contaminants (Table 4). Apoptosis (a pro-

grammed cell death pathway, PCD, in animals) may be a

response mechanism to injury to avoid the dissemination of

mutations, hazardous cellular debris and the inflammatory

response that typically follows necrosis and that may

trigger neoplasic disease itself (Hoffmann et al. 2007;

Mantovani et al. 2008). It has long been suspected ROS

generated by PAH activation or even metal toxicity may

trigger apoptosis (Risso-de Faverney et al. 2001; Holme

et al. 2007). However, it has been discussed, inclusively in

flatfish, that certain contaminant interactions can actually

impair the process, with prejudice to tissue recovery (e.g.

Costa et al. 2010) and potentially leading to necrosis

(Piechotta et al. 1999). In fact, many necrotic foci of var-

iable extension were found in the hepatic parenchyma of

animals exposed to contaminated sediments. Interestingly,

heat-shock proteins, including HSP90, are also known to

counterbalance apoptosis (Takayama et al. 2003 for a

review). This function for HSP90 is supported by the

negative correlation found between this gene’s relative

expression and the apoptotic indices in fish exposed in the

laboratory for 14 days and in the field for 28 days (see

Table 4). In fact, fish field-exposed for 28 days to sediment

C2 revealed both the highest relative transcription of the

CASP3 and HSP90AA genes, without any significant

change in hepatocyte apoptosis comparatively to the ref-

erence treatment (Fig. 4b). Anti-oxidant defences are also

known to counterbalance PCD, including MTs (Kondo

et al. 1997), which could also contribute to explain the link

between CASP3 relative expression and those of MT1,

GPx and CAT (Fig. 3).

Concluding remarks

The present results revealed changes in S. senegalensis

gene transcription was modulated by exposure and could

be correlated to the sediments’ levels of contamination

even in face of a complex combination of toxicants, an

issue that often results in responses difficult to interpret and

to relate with environmental pollutants when more classical

approaches are enforced. It has also been shown that

complex transcriptomic patterns can arise; revealing intri-

cate pathways of response to chemical insult that likely

need further development, as for instance the role and

mechanistics of apoptosis. The present findings have also

shown that time-of-exposure is a crucial factor when

retrieving data from bioassays, due to the clear existence of

distinct phases of stress that are reflected in very different

gene expression patterns. Longer exposures (28-days in the

present case) produced more clear-cut responses. Finally,

the choice of the adequate type of assay falls on the balance

between the advantages and disadvantages of laboratory

and in situ assays even though both proved adequate for

surveying risk of even moderately contaminated sediment

by multiple classes of substances by allowing a distinction

between the reference and the contaminated sediments.
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Laboratory assays are likely to enhance bioavailability,

therefore unleashing the full risk potential of a sediment

and ameliorate the effects of noise variables. However, in

situ assays provide a more realistic ecological risk assess-

ment of environmental contamination (although possessing

other disadvantages such as cost, response variation driven

by environmental factors and even feed); therefore gaining

for true predictive ecotoxicology whatever information

might be lost for more mechanistic studies.
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Romero-Isart N, Vašak M (2002) Advances in the structure and
chemistry of metallothioneins. J Inorg Biochem 88:386–396

Salas-Leiton E, Cánovas-Conesa B, Zerolo R, López-Barea J,
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