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A 2D-DIGE/MS approach was used to assess protein abundance differences in the red swamp crayfish
Procambarus clarkii from polluted aquatic ecosystems of Dofiana National Park and surrounding areas with differ-
ent pollution loads. Procambarus clarkii accumulated metals in the digestive glands and gills reflecting sediment
concentrations. We first stated that, probably related to elements accumulation, pollution increased oxidative
damage in P. clarkii tissues, as shown by the thiol oxidation status of proteins and MDA levels. In these animals,
the altered redox status might be responsible for the deregulated abundance of proteins involved in cellular re-
sponses to oxidative stress including protein folding, mitochondrial imbalance and inflammatory processes. In-
terestingly, polluted P. clarkii crayfish also displayed a metabolic shift to enhanced aerobic glycolysis, most
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likely aimed at generating ATP and reduction equivalents in an oxidative stress situation that alters mitochondrial
integrity. The deregulated proteins define the physiological processes affected by pollutants in DNP and its sur-
rounding areas and may help us to unravel the molecular mechanisms underlying the toxicity of environmental
pollutants. In addition, these proteins might be used as exposure biomarkers in environmental risk assessment.
The results obtained might be extrapolated to many other locations all over the world and have the added value
of providing information about the molecular responses of this environmentally and economically interesting an-
imal.

Significance: Metal content in digestive gland and gills of P. clarkii crayfish reflects their contents in sediments at
sites of Dofiana National Park and its surroundings. Accumulation of essential and toxic transition metals is
paralleled by clear signs of oxidative stress to lipids and proteins and by significant deregulation of many proteins
involved in protein folding, mitochondrial respiratory imbalance and inflammatory response. These results indi-
cate that P. clarkii is an excellent bioindicator to be used in aquatic ecosystems quality monitoring. Additionally,
results evidence that the anthropogenic activities carried out around Dofiana National Park represent an ex-
tremely serious threat to this unique Biosphere Reserve and pose a risk to the environment and their inhabitants
health.

The identified deregulated proteins provide information about the metabolic pathways and/or physiological pro-
cesses affected by pollutant-elicited oxidative stress, may also be useful as biomarkers of environmental pollution
and have the added value of providing information about the molecular responses of this environmentally and

economically interesting animal.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Thousands of chemicals released into the environment stress both
organisms and ecosystems, and many governmental efforts have been
made to evaluate the associated risks. This is a challenging task due to
diversities in the chemical nature and toxicity mechanisms of the pol-
lutants and due to the different sensitivities of the exposed organisms.
Environmental risk assessment is usually based on toxicity tests, from
which a presumed safe concentration is established. However, substan-
tial difficulties are involved in extrapolating results from short laborato-
ry experiments to long-term environmental effects because even low
(possibly harmless) concentrations of pollutants often produce deleteri-
ous effects on organisms that are expressed only after prolonged expo-
sure. Thus, it is crucial to develop early warning signals (biomarkers) to
expose the adverse biological effects of environmental toxins even at
small concentrations.

Proteomic analysis provides global information on protein abun-
dance, thus allowing for better insight into the molecular responses to
pollutant-induced toxicity. As with all omics, Environmental Proteomics
(EP) provides a holistic assessment of toxic and defensive mechanisms
triggered by pollutants without any previous knowledge of their toxic
pathways. This makes it possible to identify proteins that are signifi-
cantly altered in an organism after pollution exposure, helping to reveal
toxic mechanisms and leading to the identification of new biomarkers
useful in biomonitoring. During the last decade, EP gained popularity
in environmental risk assessment, mostly relying on two-dimensional
gel electrophoresis (2-DE). An advanced version of 2-DE is two-dimen-
sional difference gel electrophoresis (2D-DIGE), which advanced this
field by allowing the accurate and reproducible quantification of multi-
ple samples. While LC-MS has recently become more popular for prote-
ome quantification, 2D-DIGE remains relevant, as it can be used to
directly visualize hundreds to thousands of protein species, providing
key information of pI/MW changes caused by truncation, degradation,
genetic code variation, alternative splicing, post-translational process-
ing, and PTMs (Arentz et al., 2015). 2-DE followed by protein identifica-
tion by mass spectrometry has been used extensively in ecotoxicology
(ie., Lopez-Barea and Gomez-Ariza, 2006)

We have used 2D-DIGE/MS to quantify protein abundance differ-
ences in the red swamp crayfish Procambarus clarkii, which dwell in pol-
luted aquatic ecosystems, to identify these proteins for use as
biomarkers in environmental risk assessment. We compared sites at
Dofiana National Park (DNP, SW Spain) and surrounding areas with dif-
ferent pollution loads. DNP is an area of marshes, shallow streams and
sand dunes located at the mouth of the Guadalquivir River. DNP was

declared a World Heritage Site in 1981, sheltering millions of migratory
birds and endangered species. Its marshes are fed by the Rocina, Partido,
and Guadiamar streams and the Guadalquivir River, which carry pollut-
ants from areas of intense urbanization, industry and agriculture located
nearby. Therefore, the presence of contaminants at the DNP core is of
great concern (Bonilla-Valverde et al., 2004; Fernandez-Cisnal et al.,
2014; Gago-Tinoco et al, 2014; Ruiz-Laguna et al, 2001;
Vioque-Fernandez et al., 2009a; Zorrilla-Miras et al., 2014). We used P.
clarkii as a bioindicator. This highly abundant decapod, native to south-
eastern USA, was introduced to the Doflana marshes in 1973, becoming
an invasive species because of its high adaptability, tolerance, and fe-
cundity. It is a crustacean model organism used in many research fields,
including animal behavior, viral infection, and environmental stress and
toxicity, particularly those focused on the effects of metals and pesti-
cides near DNP (Dorr et al, 2008; Gago-Tinoco et al, 2014;
Martin-Diaz et al., 2006; Osuna-Jiménez et al., 2014; Pueyo et al.,
2011; Suarez-Serrano et al., 2010; Vioque-Fernandez et al., 2009a;
Vioque-Fernandez et al., 2009b).

2. Material and methods
2.1. Sampling areas and animals

Samples were collected in April/June 2009 at three sites of DNP and
the surrounding areas, shown in Fig. 1, including the UTM coordinates
and site codes. Lucio del Palacio (LDP), located at the DNP core (Dofiana
Biological Reserve-CSIC, DBR), is a reference site as shown in previous
studies (Ruiz-Laguna et al., 2006; Ruiz-Laguna et al, 2001;
Vioque-Fernandez et al., 2007a; Vioque-Fernandez et al., 2009b). The
other two sites are close to areas of intensive agricultural use. Partido
(PAR), located upstream of the El Partido stream, is under the influence
of citrus fruit and grape fields and “El Matochal” (MAT), next to the
Guadiamar stream, is affected by rice-growing fields and suffered the
input of metals transported by the Guadiamar river during the rupture
of the Aznalcollar mine tailing pond in 1998 (Grimalt et al., 1999).

Crayfish were collected with tubular plastic mesh traps, baited with
raw chicken parts, that were placed in the evenings and checked the
next morning (Vioque-Fernandez et al., 2009a; Vioque-Fernandez et
al,, 2007a). Adults were taken alive to DBR and dissected after recording
the site of capture, date of capture, sex and weight. The digestive glands
and gills from fourteen healthy male crayfish per site (weight/length
25.8 +2.6g/9.3 + 0.18 cm, respectively) were individually frozen in lig-
uid N,. The organs were taken to the laboratory at Cérdoba University
(UCO), individually homogenized in a SPEX SamplePrep cryogenic
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