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Proteomics was used in the calanoid copepod Eurytemora affinis for screening of protein expression modifications induced by organic contaminants. The copepods were exposed in a continuous flow-through system for 86 h to environmentally relevant concentrations of contaminants representative of the Seine Estuary's pollution (Diuron: 500 ng.L-1, Alkylphenol (AP) mixture: 1000 ng.L-1). The proteome analysis of whole body copepod extracts by two-dimensional gel electrophoresis (2DE) revealed that the contaminants induced modifications in protein expression, with the highest quantitative variations occurring after diuron exposure. Specifically, a total of 88 and 41 proteins were differentially expressed after diuron and AP treatments respectively. After mass spectrometry analysis, 51 (diuron exposure) and 15 (AP exposure) proteins were identified. The identified proteins were potentially related to energy metabolism, cell growth, nervous signal conductivity, excitotoxicity, oxidative stress response and antioxidant defense. The data suggest a massive general disturbance of physiological functions of E. affinis after diuron exposure whereas APs induced an alteration of a few targeted physiological functions. The protein expression signatures identified after Environmental Toxicology and Chemistry contaminant exposure deserve to further investigate the development of novel potential biomarkers for water quality assessment.

INTRODUCTION

1 Many human activities introduce organic micro-pollutants into aquatic environments, 2 particularly in North-Atlantic estuaries which are generally under high anthropogenic pressure 3 because of their strategic geographical position and their economic importance. Thus, estuaries 4 receive large quantities of organic contaminants from various sources including industrial 5 discharges, urban and agriculture runoff and atmospheric deposition [START_REF] Pal | Impacts of emerging organic contaminants on 329 freshwater resources: review of recent occurrences, sources, fate and effects[END_REF]. These contaminants can 6 have deleterious effects on aquatic biota and have been frequently associated with biochemical 7 and physiological disorders in aquatic organisms [START_REF] Pal | Impacts of emerging organic contaminants on 329 freshwater resources: review of recent occurrences, sources, fate and effects[END_REF], representing a risk for these populations and 8 the local food web. Most ecotoxicological research is usually based on the study of biomarkers, 9 which are defined as "biochemical, cellular, physiological or behavioral variations that can be 10 measured in tissue or body fluid samples or at the level of whole organisms, that provide 11 evidence of exposure to and/or effects of, one or more chemical pollutants" [START_REF] Depledge | The conceptual basis of the biomarker approach[END_REF]. Biomarkers can 12 thus be used to assess the health status of aquatic organisms and to detect early warning [START_REF] Mouny | Environmental control of mesozooplankton community structure 361 in the Seine Estuary (English Channel)[END_REF] responses to environmental risks [START_REF] Amiard-Triquet | Ecological Biomarkers: Indicators of 336 Ecotoxicological Effects[END_REF]. However, such approaches are frequently discussed because 14 of the deficiency or the specificity of the selected biomarkers in relation to the diversity and the 15 variability of the contaminants and the abiotic factors [START_REF] Forbes | The use and misuse of biomarkers in ecotoxicology[END_REF]. The use of a battery of biomarkers of 16 contaminant exposure and effects are thus recommended in biomonitoring programs [START_REF] Jemec | Biochemical biomarkers in environmental 340 studies-lessons learnt from enzymes catalase, glutathione S-transferase and cholinesterase in two 341 crustacean species[END_REF]. In 17 addition, some of the actual biomarkers -in particular biomarkers developed in vertebrates -are [START_REF] Cailleaud | 379 Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an 380 experimental study[END_REF] not applicable to invertebrates because of their major physiological differences [START_REF] Amiard-Triquet | Aquatic Ecotoxicology, 1st dition 343 Advancing Tools for Dealing with Emerging Risks[END_REF]. [START_REF] Giacomazzi | Environmental impact of diuron transformation: a review[END_REF] Proteomic approaches may represent a relevant strategy (a) to better understand the 20 physiological and biochemical effects of organic contaminants on aquatic organisms but also (b) [START_REF] Soares | Nonylphenol in the 388 environment: a critical review on occurrence, fate, toxicity and treatment in wastewaters[END_REF] to enlarge the panel of classical biomarkers with potentially more sensitive and/or specific 22 molecular tools [START_REF] Sanchez | Review of recent proteomic 345 applications in aquatic toxicology[END_REF]. Adaptation to environmental stress -such as chemical exposure -includes [START_REF] Devreker | Effects of salinity, 394 temperature and individual variability on the reproduction of Eurytemora affinis (Copepoda; 395 Calanoida) from the Seine estuary: a laboratory study[END_REF] changes in protein expression resulting from transcriptional, posttranscriptional, translational and period using a glass pipette in order to reach the appropriate experimental concentrations. The 96 water was then gently stirred and the flow-through system was activated. 97 Two copepod groups were exposed simultaneously in separate microcosms to environmentally 98 realistic concentrations of diuron (500 ng.L -1 ) and AP mixture (4-NP, 480 ng.L -1; NP1EC, 520 99 ng.L -1 ) for 86 h in the experimental continuous flow-through system [START_REF] Barranger | Study of genetic damage in the Japanese 385 oyster induced by an environmentally-relevant exposure to diuron: evidence of vertical 386 transmission of DNA damage[END_REF][START_REF] Soares | Nonylphenol in the 388 environment: a critical review on occurrence, fate, toxicity and treatment in wastewaters[END_REF]. In parallel, a The proteome of E. affinis was investigated after exposure to environmentally relevant 191 concentrations of organic contaminants i.e. diuron (500 ng.L -1 ) and a mixture of APs (4-NP, 480 192 ng.L -1; NP1EC, 520 ng.L -1) in a continuous flow-through system for a period of 86 h [START_REF] Barranger | Study of genetic damage in the Japanese 385 oyster induced by an environmentally-relevant exposure to diuron: evidence of vertical 386 transmission of DNA damage[END_REF][START_REF] Soares | Nonylphenol in the 388 environment: a critical review on occurrence, fate, toxicity and treatment in wastewaters[END_REF] in comparison with AP exposure (95.5% for diuron vs 24.4% for APs) -was 2-fold higher than 199 after AP exposure (i.e. 41 out of 934 spots ; Table 2). Among the differentially expressed 200 proteins, 12 were detected in both exposure conditions (Figure 2; Tables 1 and2). Three of them 201 exhibited the same pattern i.e. over-expressed. On the contrary, 9 presented an opposite pattern 202 including 8 exhibiting an over-expression for diuron and an under-expression for APs. Among 1 and2). The percentage of identification was slightly better than the expected 206 yield since many proteomic studies with aquatic invertebrates have identified, on average, 15 207 proteins indicating the problem of sequence divergences across species [START_REF] Sanchez | Review of recent proteomic 345 applications in aquatic toxicology[END_REF]. The still poor 208 knowledge of copepod acid nucleic sequences explains why 21% of the identifications rested 209 only on one peptide and should be considered with caution. Moreover, shifts in molecular weight 210 and pI between experimental coordinates on 2D-gels and theoretical calculations were noticed 211 and may probably be explained by the presence of post-translational protein modifications, such 212 as phosphorylation for pI changes or proteolytic cleavage for molecular weight changes for 213 instances [START_REF] Rabilloud | Two-dimensional gel electrophoresis in proteomics: A tutorial[END_REF]. Most of the identifications were obtained from homology with arthropod species (77.3%) including 54.9% from crustacean sequences. Among crustaceans, 71.4% of 215 identifications came from copepod sequences including 40% of calanoid matches and only 15% 216 of E. affinis matches.

217

Differentially expressed proteins were also more diversified after diuron exposure than after 218 AP exposure (Figure 3). Indeed, even if they can be classified into the same KEGG (Kyoto 1). Morever, 229 for almost half of the over-expressed spots, the increase was more than 2, suggesting that diuron 230 led to a massive disturbance of the copepod physiology. [START_REF] Figeac | ErbB3 binding protein-1 (Ebp1) 413 controls proliferation and myogenic differentiation of muscle stem cells[END_REF]. This protein is also a transcriptional corepressor of androgen receptor-regulated 250 genes and other cell cycle regulatory genes through its interactions with histone deacetylases. The 251 14-3-3 zeta is an adapter protein which plays an important role in the regulation of a large 252 spectrum of both general and specialized signaling pathways implicated in ovarian maturation 253 and antiviral response in crustaceans [START_REF] Talakhun | Proteomic analysis of ovarian proteins and characterization of thymosin-β and RAC-416 GTPase activating protein 1 of the giant tiger shrimp Penaeus monodon[END_REF][START_REF] Chongsatja | Proteomic 419 analysis of differentially expressed proteins in Penaeus vannamei hemocytes upon Taura 420 syndrome virus infection[END_REF]. The down-regulation of 14-3-3 may thus contribute 254 to inhibiting oocyte development and/or modifying the immune response in accordance with 255 literature data highlighting reproductive and immunotoxic effects of diuron in aquatic organisms 256 [START_REF] Akcha | Genotoxicity of diuron and glyphosate in oyster 422 spermatozoa and embryos[END_REF][START_REF] Manzo | Toxic effects of irgarol and diuron on sea urchin 424 Paracentrotus lividus early development, fertilization, and offspring quality[END_REF][START_REF] Bouilly | Impact of diuron on 427 aneuploidy and hemocyte parameters in Pacific oyster, Crassostrea gigas[END_REF].
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In accordance with previous studies which have reported the induction of oxidative stress 258 response and antioxidant defense in marine organisms following diuron exposure [START_REF] Slaninova | A review: oxidative stress in fish 430 induced by pesticides[END_REF], we 259 observed an over-expression of two components of the anti-oxidative and detoxification systems, 260 a superoxide dismutase precursor and a glutathione S-transferase enzyme, suggesting an 261 oxidative effect of diuron on the copepod. This hypothesis is supported by the increased 262 abundance of proteins belong to the folding, sorting and degradation pathways, namely the heat 263 shock proteins HSP 70, GRP78, HSC5, DnaK, HSP 60, cyclophilin and components of the 264 proteasome i.e. the 20S proteasome regulatory subunit alpha type PSMA5 and the proteasome 265 subunit beta type-7. We also identified the induction of a potential leucyl aminopeptidase 266 (hypothetical protein ZHAS_00009025) presumably involved in the processing and regular 267 turnover of intracellular proteins. Furthermore, the over-expression of the aconitase protein may 268 be attributed to a functional property independent of its catalytic activity. This protein is also 269 involved in the mitochondrial DNA (mtDNA) maintenance and inheritance. Aconitase is able to 270 switch between an enzymatic form to a RNA binding form depending on whether the assembly or 271 disassembly of the 4Fe-4S cluster is occurring. Aconitase activity -known to be reduced by 272 oxidants in vertebrates and invertebrates -is commonly used as a biomarker for oxidative stress 273 and has been suggested for use as an intramitochondrial sensor of redox status [START_REF] Cherkasov | Temperature-dependent 432 effects of cadmium and purine nucleotides on mitochondrial aconitase from a marine ectotherm, 433 Crassostrea virginica: a role of temperature in oxidative stress and allosteric enzyme regulation[END_REF]. Based on 274 these results, oxidative stress generated by the diuron exposure might induce a rise of the level of 275 mitochondrial aconitase to counterbalance the concomitant decrease in activity, and consequently 276 there may be no increase in the capacities of energy production in mitochondria. This result 277 constitutes an interesting perspective in the identification of new biomarkers of oxidative stress in 278 E. affinis which could be easily applied to an environmental biomonitoring program. 283 2). Most of the identified proteins belonged to the "genetic information processing" functional 284 category of the KEGG classification since they were actors of folding, sorting and degradation 285 processes (Figure 3). More clearly, an induction of the HSC5 and DnaK chaperones and of the ubiquitin-conjugating enzyme E2 was particularly highlighted. In contrast, an under-expression 287 of the proteasome subunit alpha type-2 and the molecular chaperones cyclophilin and calreticulin 288 was observed. These data suggest changes in the processes of protein sorting and degradation in 289 order to cope with the effect of the contaminant. AP exposure may also induce an inhibition of 290 protein synthesis since the elongation factor 1-alpha was also shown to be under-expressed.
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Moreover, the down-regulation of proteins of the "metabolism" functional category of the KEGG 292 classification (i.e. the enolase, the glyceraldehyde-3-phosphate dehydrogenase, the ATP synthase 293 and the alpha esterase) may be an obstacle to face the increase in the ATP demand required for 294 defense processes e.g. xenobiotic detoxification. These data are in accordance with previous 295 studies which demonstrated the AP capability of interfering with physiological functions such as 296 immunity [START_REF] Hébert | Effects of 4-nonylphenol 436 on the immune system of rainbow trout (Oncorhynchus mykiss)[END_REF]. However, the copepod E. affinis was shown to be able to accumulate and 297 eliminate nonylphenol-ethoxy-acetic-acid and 4-nonylphenol [START_REF] Cailleaud | 379 Uptake and elimination, and effect of estrogen-like contaminants in estuarine copepods: an 380 experimental study[END_REF]. In addition, two cytoskeleton 298 proteins i.e. a myosin subunit which exhibits an over-expression, and a tropomyosin which is, in 299 contrast, under-expressed could be related to behavioural changes. The glutamate receptor -300 involved in nervous conduction and excitotoxicity and identified in the "environmental 301 information processing" KEGG functional category -was also shown to be under-expressed, in 302 accordance with the neurotoxic effects of APs [START_REF] Jie | Neurotoxic effects of nonylphenol: a 439 review[END_REF]. These results are consistent with previous 303 studies which demonstrated that nonylphenol-ethoxy-acetic-acid and 4-nonylphenol are able to 304 alter the E. affinis swimming behaviour with possible disruption of chemosensory 305 communication [START_REF] Cailleaud | Changes in the swimming behaviour of Eurytemora affinis (Copepoda, Calanoida) in 369 response to a sublethal exposure to nonylphenols[END_REF]. 306 Finally, it should be noted that the expression of 12 differentially expressed proteins after AP 307 exposure was also affected by diuron. Three of these proteins presented the same pattern. They 
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  Figure 1B).

  203 differentially expressed spots, a total of 51 diuron exposure spots and 15 AP exposure spots were 204 identified using nanoelectrospray MS/MS micro-sequencing and a MASCOT search by sequence 205 similarity (Tables
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  Encyclopedia of Genes and Genomes) functional categories i.e. metabolism, genetic information 220 processing, environmental information processing and cellular processes, their layout was quite 221 different, with approximately 50% of identified proteins implicated in either metabolism after 222 diuron exposure, or genetic information processing after AP exposure. Moreover, diuron 223 exposure affected the expression of proteins implicated in more than 15 subset functions against 224 only 7 after AP exposure. These data would suggest a general disruption of physiological 225 functions induced by diuron. 226 Diuron effects 227 Diuron exposure led to a general over-expressed pattern compared to the control animals, 228 characterized by the induction of 84 spots and only 4 under-expressed spots (Table

231

  Diuron exposure appears to induce cellular stress and damage, as suggested by the increase in 232 protein synthesis and activation of defense mechanisms. These processes increase the demand for 233 cellular energy as highlighted by the significant induction of enzymes involved in carbohydrate 234 metabolism i.e. glycolytic pathway, tricarboxylic acid cycle or interrelated aminoacid pathway. In 235 addition, a direct increase in the cell capacity to provide ATP can be suggested by the over-236 expression of energy metabolism proteins, such as ATP synthase and arginine kinase. Arginine 237 kinase -involved in the ATP buffer system -contributes to maintaining the cell ATP supply 238 when a rapid energy demand occurs, and before any activation of the glycolytic pathway. In the 239 same way, the over-expression of nucleoside diphosphate kinases could contribute to maintaining 240 the level of triphosphate nucleosides (GTP, UTP and CTP). Their induction could be related to 241 processes of DNA translation, replication and repair and protein synthesis as suggested by the 242 over-expression of several proteins involved in these processes (endonuclease RNase H, t-box 243 transcription factor TBX21, histone H4, elongation factor 1-alpha and elongation factor-2). 244 In the same way, other identified proteins -such as the proliferation-associated protein 2G4, 245 the cell division cycle protein 27, and the 14-3-3 zeta -suggest an impact of diuron on cell 246 control and growth. The proliferation-associated protein 2G4 -involved in both ribosome 247 assembly and regulation of intermediate and late steps of rRNA processing -can interact with the 248 cytoplasmic domain of the ErbB3 receptor and may contribute to transducing growth regulatory 249 signals

  to a general pattern of under-expression with 31 spots exhibiting a lower 282 level in exposed copepod compared to the control animals, and only 10 over-expressions (Table
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 3 Figure 3: Pie diagrams illustrating the distribution of differentially expressed proteins after diuron

  

  

  

  . A 193 typical 2DE protein pattern is presented in Figure 2. Proteomic analyses revealed that both tested 194 pollutants induced modifications in protein expression. However, two distinct patterns were 195 established according to the contaminant. The diuron exposure induced the highest quantitative 196 variations in protein expression. Indeed, the number of differentially expressed proteins after 197 diuron exposure (i.e. 88 out of 1,017 spots ; Table 1) -mostly characterized by over-expressions 198

Table 1 .

 1 Protein spots differentially expressed after copepod exposure to diuron

	Code number a	Variation b
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