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This special issue of Environmental Science & Pollution
Research on ‘Molecular and cellular effects of contamination
in aquatic ecosystems’ contains a selection of 16 papers.
Starting point for this issue was the FP7 Marie Curie IRSES
action GENERA: Use of genomic and proteomic tools for the
development of contaminant specific biomarkers for the envi-
ronmental risk assessment of aquatic ecosystems (FP7-
PEOPLE-2009-IRSES—Proposal no. 247559). The
International Research Staff Exchange Scheme (IRSES) is
an EU-funded Marie Curie Action that aims to strengthen
research partnerships between organizations from inside and
outside Europe through staff exchange and networking activ-
ities. Additional contributions are made from researchers out-
side the GENERA consortium, equally motivated by the
awareness of the increasing importance of molecular and cel-
lular approaches in ecotoxicology.

Aquatic ecosystems are sinks for many chemicals and their
degradation products with diverse modes of toxic actions.
Chemicals reaching aquatic ecosystems include radioactive
elements (strontium, cesium, radon), metals (cadmium,

mercury, lead), industrial solvents and volatile organic com-
pounds (tri- and tetrachloroethylene, chlorofluorocarbons,
benzene, xylenes, formaldehyde), agrochemicals (fertilizers,
pesticides), household products (detergents, cleaners, paints),
fuel combustion (nitrogen and sulphur oxides, polycyclic ar-
omatic hydrocarbons, carbon monoxide, carbon dioxide),
nanoparticles, personal care products, microplastics, antibi-
otics as well as a huge variety of prescription and nonprescrip-
tion drugs and pharmaceuticals of human and veterinary med-
icine. Despite advances in wastewater treatment technologies,
rising global emissions of these chemicals, in particular also
the increasing use of specifically acting chemicals such as
pharmaceuticals, convert chemical contamination into an im-
portant threat to aquatic ecosystems (e.g. Schwarzenbach et al.
2006, Hughes et al. 2013, Larsson 2014, Malaj et al. 2014).
Thus, maintaining the quality of aquatic ecosystems repre-
sents one of the most formidable challenges facing global
society in the twenty-first century.

Why are molecular and cellular approaches of value in
assessing the hazards which are posed by contaminants upon
aquatic ecosystems? While in the last century, often huge
levels of contaminants lead to massive mortalities and other
alarming responses; the challenge nowadays is more the long-
term, low-dose effects of chemicals and their mixtures.
Therefore, traditionally, hazard assessment is based on toxic-
ity studies that qualify and quantify the injurious effects of
chemical agents on the basis of primarily apical effects such
as death, growth or alterations of reproductive success.
Chronic low-dose effects, however, may not cause overt tox-
icities but may cause adverse ecological outcomes through
rather subtle changes in the health and physiological traits
(e.g. behaviour) of the aquatic organisms. Thus, the former
view that only apical responses are responsible for changes
in population growth and survival has shifted towards the
understanding that also subtle toxicant effects can have
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ecological relevance (Relyea and Hoverman, 2006). This may
be particularly relevant for chemicals with specific modes of
action (e.g. Segner 2011, Shore et al. 2014). An example is
provided by the experimental lake study of Kidd et al. (2007,
2012): dosing a Canadian lake over 3 years with about
5 ng L−1 of the pharmaceutical ethinylestradiol did not cause
any mortalities among the exposed fish species but caused
specific molecular, cellular and physiological changes which
eventually inhibited successful recruitment thereby leading to
extinction of fish species such as fathead minnow.
Interestingly, not all fish species were affected, what appears
to be on one hand related to differences of physiological prop-
erties among the exposed species, but on the other hand, it
relates to indirect effects of the chemical exposure on the food
web of the lake. To be able to detect and understand such
complex effects and the involved causative processes, inves-
tigations at the cellular and molecular levels are as essential as
studies of ecological processes.

Studying molecular and cellular processes is also of value
for prioritization of chemicals for hazard testing as well as for
interspecies extrapolation. With over 30,000 substances pro-
duced above 1 t per year on the EU market and eventually
discharged into the environment, the traditional descriptive,
compound-by-compound approaches are coming to their
limits, from both an economic as well as a time-consuming
point of view. Molecular and cellular approaches are of value
to overcome these limitations as they explore the principal
toxicity pathways. Thus, they can alert on specific hazardous
potentials of chemicals, and they can assist in grouping
chemicals according to their modes of action (Diamond et al.
2011; Segner 2011). With the adverse outcome pathway
(AOP) concept suggested by Ankley et al. (2010)), a frame-
work is available which links data collected from lower levels
of biological organization through the use of, e.g. high-
throughput screening, toxicogenomic assays, in vitro cellular
assays or histopathological assessments to higher levels of
biological organization, although it must not be overlooked
that the effect propagation is neither deterministic nor always
linear (Ankley et al. 2010); Segner 2011). Chemicals with
specific modes of action may also target specific ecological
receptors or specific life stages of a given species and thereby
cause toxic effects that are not predicted from standard ecotox-
icological risk assessment. Here, molecular and cellular ap-
proaches can inform which ecological receptor groups, which
life stages or which functions and traits are likely to be at risk
by a given group of chemicals (Hutchinson et al. 2006; Yadetie
et al. 2012; Segner et al. 2013; Brown et al., 2014).

Finally, molecular and cellular tools are also useful in field
monitoring for diagnosing actual pollution impacts on wildlife
and for unraveling exposure-effect relationships. Molecular
and cellular tools are instrumental for the detection of suble-
thal, chronic effects and their relation to ecological alterations
(Relyea and Hoverman 2006). As formulated by Boxall et al.

(2003)) for the case of veterinary medicines, ‘despite concen-
tration and effects data indicate that acute environmental im-
pacts are unlikely…, some researchers have raised concerns
over …the potential longer -term and subtle effects of these
medicines’. Molecular and cellular tools are particularly rele-
vant in the (early) detection of such subtle toxicant effects.
The example of biomarkers witnesses the utility of molecular
and cellular tools in environmental assessment. Overall, the
new mechanism-based assessment approaches support
evidence-based risk assessment where uncertainty is explicit
and to improve our ability to diagnose and predict adverse
effects of chemical pollution.

The increasing application of molecular and cellular ap-
proaches in ecotoxicology is also related to the huge technical
progress of the relevant methodologies over the last decades.
The development of cDNA microarrays and oligo arrays for
global transcriptome analysis, or advances in mass spectrom-
etry for proteomic and metabolomic studies have allowed
scanning the array of products/molecules generated under a
certain (environmental) condition. However, in many cases in
ecotoxicology, their implementation is still hampered by the
lack of sequencing and annotation of the genomes of nontar-
get organisms. Moreover and despite all enthusiasm on the
new possibilities, it is not the use of a particular technique
per se but it still needs a sound study design and interpretation.
As put byMiracle et al. (2003):‘If a well thought-out approach
is neglected during experimental design and data interpreta-
tion (of molecular technologies), then we are simply left with
standard toxicology in Technicolor’. Likewise, we must un-
derstand the molecular and cellular tools and give emphasis to
their technical quality (Harris et al. 2014; Wolf et al. 2015); in
particular, as ecotoxicologist are not necessarily trained as
molecular biologists, bioinformaticians or histopathologists,
but still are using and applying these techniques.

Despite the important scientific efforts made and the infor-
mation gathered on molecular and cellular effects of environ-
mental toxicants in a broad range of species, the development
of mechanism-oriented molecular and cellular approaches in
environmental risk assessment remains a challenging task and
requires the joint effort of the scientific community. Here, this
special issue gathers a critical mass of molecular and cellular
effect data to advance in the understanding of the toxic mode
of action of selected model contaminants including existing
(the synthetic organofluorine PFOSA, the surfactant linear
alkylbenzene (LAB), the endocrine-active compound estradi-
ol and metals such as cadmium and mercury) and emerging
(the nonsteroidal anti-inflammatory drug or analgesic ibupro-
fen and different metallic nanoparticles) as well as radiation
(gamma), apart from three field or in situ exposure studies.
The contributions cover a variety of field and laboratory ap-
proaches aiming to identify contaminant-specific responses in
order to rationalize the environmental risk assessment process.
With this issue, we want to provide a broad forum of
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discussion and knowledge-sharing to the reader interested in
the use of molecular and cellular tools in ecotoxicology.

One topic covered in this issue is the evaluation of
transcriptomic responses by quantitative reverse transcription
PCR, often in combination with other enzymatic and/or cellu-
lar biomarkers. The use of transcriptomic approaches is still
limited in ecotoxicology, probably due to the combination of
economical and technical aspects, the latter referring to the
lack of genomic resources in poorly or not annotated non-
target organisms. Studies that involved the evaluation of ef-
fects on proteome level are even less frequent. An example of
the use of proteomics is provided in this issue by the study of
Flores-Nunes et al. 2015a, b. Hook et al. (2015) exemplifies
how to utilize contaminant-specific gene expression patterns
for the purpose of a toxicity identification evaluation (TIE)-
like approach. The evaluation of stressor-specific gene re-
sponse patterns was also addressed in the study of Karray
et al. (2015a, b, c) in the marine bivalve Cerastoderma
glaucum exposed to cadmium or industrial effluents contain-
ing high concentrations of metals. These genes showed to
provide a rapid and synchronic mechanism to prevent cellular
damage by handling and exporting metal ions through the
upregulation of ATP-binding cassette xenobiotic transporter
(ABCB1) and metallothionein (MT), antioxidant enzymes,
heat shock protein 70 and cytochrome c oxidase 1. These
authors also carried out an evaluation of the reproductive cy-
cle, condition index and glycogen reserves of the cockle,
Cerastoderma glaucum from the Gulf of Gabès (Tunisia),
providing information for the sustainable management of
stocks (Karray et al. 2015c).

A further study on metal toxicity was carried out with yel-
low perch, Perca flavescens, from mercury-contaminated
lakes in Canada (Müller et al. 2015). The study showed a clear
relation between a specific cellular reaction in the liver—the
formation of macrophage aggregates—and the level of mer-
cury burdens in the fish.

One of two in vitro studies included in this issue used
cadmium as model contaminant to study effects on the viabil-
ity and phagocytic activity of primary cultures of haemocytes
from the gastropod mollusc Haliotis tuberculata (Ladhar-
Chaabouni et al. 2015) In the second in vitro study, primary
salmon hepathocyte cultures were exposed to the synthetic
organofluorine PFOSA either in the presence or absence of
chemically induced hypoxia and transcriptomic responses
were measured. The findings from this investigation highlight
the utility of in vitro systems for analysing the combination
effects of stressors (Olufsen and Arukwe 2014). Another com-
bination study examining the impact of chemical mixtures on
Nile tilapia in vivo is presented by Ferreira-Rodrigues et al.
(2015) These authors exposed tilapia to combinations of 17β-
estradiol (E2) and benzo(a)pyrene (BaP) and found that the
endocrine-active compound altered the BaP-induced activa-
tion of the biotransformation pathways.

Two studies employed the Pacific oyster, Crassostrea
gigas, as model organism to evaluate the transcriptome
(Serrano et al. 2015) and proteome (Flores-Nunes et al.
2015a, b responses towards exposure to ibuprofen and urban
sewage, respectively. Environmentally relevant concentra-
tions of the nonsteroidal anti-inflammatory drug ibuprofen
produced increased transcription of cytochrome P450 genes,
glutathione S-transferase isoforms, as well as the
cyclooxygenase-like and the fatty acid-binding protein-like
features, and alterations on antioxidant and auxiliary enzymes,
which could, in the long term, cause damages to exposed
individuals of C. gigas. On the other hand, urban sewage
exposure resulted in expression changes of proteins related
to the cytoskeleton, ubiquitination pathway conjugation, G
protein coupled receptor and signal transduction and cell
cycle/division with different protein expression signatures at
different sites and suggest that these changes might lead to
DNA damage, apoptosis and interference with the immune
system. Ibuprofen was also employed to evaluate its chronic
effects at low and high concentrations in the euryhaline fish,
Menidia beryllina (Jeffries et al. 2015). This species exhibited
clear concentration-related differences of gene expression re-
sponses. Low exposure concentrations silenced many genes
involved in skeletal development, aerobic respiration and im-
mune function, whereas highest exposure concentrations in-
duced the expression of regulatory genes in the arachidonic
acid metabolism pathway and several immune genes involved
in an inflammatory response, what agrees with the known
mode of action of anti-inflammatory drugs.

Nanoparticles, as a contaminant group of emerging con-
cern, were in the focus of studies with marine bivalves—the
Manila clam, Ruditapes philippinarum (Volland et al. 2015)
and the mussel, Mytilus galloprovincialis (Bebianno et al.
2015)—and in a study with the bacterial model organism
Escherichia coli using a genome-wide toxicogenomic ap-
proach (Su et al. 2015). TheManila clamwas used to examine
uptake, elimination as well as oxidative stress response under
exposure to gold nanoparticles. The particles were readily
taken up into the digestive gland>gills of the clam pro-
ducing limited oxidative stress and initiating inflammato-
ry responses. M. galloprovincialis exposure to 10 μg L−1

silver nanoparticles over 2 weeks did not elicit signifi-
cant changes in gene transcription profiles of selected
genes (superoxide dismutase (SOD), catalase (CAT), glu-
tathione transferase (GST), caspase 3/7-1 (CAS), cathep-
sin L (CATH), heat-shock protein 70 (HSP 70), cyto-
chrome P450 4YA (CYP 4YA), the elongation factor
(EF1), actin and α-tubulin). Exposure of the bacterium
Escherichia coli to nano zinc oxide particles (nano-ZnO)
resulted in pronounced changes of the transcriptomic
profile, with 387 genes showing significant alterations
in translation, gene expression, RNA modification and
structural constituent of ribosome.
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The importance of radioactive material as potential marine
contaminant was recently brought to attention again by the
Fukushima accident. Release of nuclides into the ocean is
causing health risks to marine organisms and humans. Won
et al. (2015)) review the known effects of gamma-irradiation
on aquatic organisms and analyse their results attempting to
link molecular and cellular effects of exposure to physiologi-
cal adverse effects employing marine copepods, with estima-
tions for the whole ecosystem effects.

The contributions to this special issue highlight both the
progress and the still existing bottlenecks for routine employ-
ment of molecular and cellular techniques in ecotoxicology.
While quantitative real time polymerase chain reaction (qRT-
PCR) is meanwhile a routine technique in many laboratories,
other methodologies such as 2D DIGE or iTRAQ in proteo-
mics and microarray or even RNAseq in transcriptomics are
not widely used yet. The latter techniques, in contrast to mea-
suring preselected genes or proteins, like qRT-PCR, offer an
open, unbiased analysis of a broad spectrum of potential tar-
gets, what is invaluable when considering the complexity of
stressor combinations in ecosystems which are likely to induce
unexpected, diverse responses. Thus, the use and development
of molecular and cellular techniques in ecotoxicology has not
yet reached an end but has to be taken further in order to be
able to deal with the complexity of ecotoxicological effects.

This issue was only possible with the generous contribution
of the authors and the journal’s editors who handled the sub-
missions. Miriam Hampel wishes to thank the European
Commission for the financial support under the GENERA
Project (Reference: (FP7-PEOPLE-2009-IRSES—Proposal
no. 247559).
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