Gonçalo Vale 
email: goncalovale@gmail.com
  
Kahina Mehennaoui 
email: kahina.mehennaoui@list.lu
  
Sebastien Cambier 
email: sebastien.cambier@list.lu
  
Giovanni Libralato 
email: giovanni.libralato@unive.it
  
Stéphane Jomini 
email: stephane.jomini@gmail.com
  
Rute F Domingos 
  
Sylvain Legay 
  
Tommaso Serchi 
email: tommaso.serchi@list.lu
  
François Guérold 
email: francois.guerold@univ-lorraine.fr
  
Laure Giambérini 
  
Arno C Gutleb 
email: arno.gutleb@list.lu
  
Sébastien Cambier 
  
Sébastien Cambier 
  
Johanna Ziebel 
  
Jean-Sebastien Thomann 
  
Nathalie Valle 
  
Laure Giamberini 
email: laure.giamberini@univ-lorraine.fr
  
  
  
  
  
  
  
  
  
Manufactured nanoparticles in the aquatic environment -Biochemical responses on freshwater organisms: A critical overview 1

Keywords: Gammarus sp., silver nanoparticles, gold nanoparticles, ions release, multi-biomarker approach, transcriptomic Chapter nanoparticles, transformations, freshwater organisms, nanotoxicity, reactive oxygen species (ROS), anti-oxidant enzymes Gammarus fossarum Silver nanoparticles Locomotor activity Osmoregulation Biomarkers Gammarus fossarum, Reference genes, RT-qPCR, Gene expression, Environmental toxicology

The potential toxicity of nanomaterials is of high societal and scientific interest due to the promise of groundbreaking innovations for many technical applications. However, toxicity can often not be related to the actual size, mass or surface area of the single nanoparticles (NPs) or the NP agglomerates. Therefore, it can be proposed that the toxicity is greatly influenced by other inherent and non-understood properties of the particles to which ions dissolving from the particle, surface or molecules adhering to the surface interfering with the uptake of NPs into cells, may have important contributions. The PhD project "NANOGAM", closely linked up to CORE2012 NANION project that aims to obtain knowledge to understand some of the processes and factors involved in NP uptake and toxicity as such understanding is a prerequisite for the development of nanomaterials following the safer-by-design philosophy. This PhD project aims to investigate, based on known characteristics of the key physico-chemical parameters; as size and surface functionalities, of a well-chosen list of silver and gold NPs, the uptake, and dependent biological effects of different complexity (mortality, behavioural effects, physiological effects, transcriptomic effects, etc.), on a sensitive species; Gammarus fossarum (Crustacea Amphipoda), in order to understand to which extent toxicity of nanomaterials is due to intrinsic material properties or ion leaching. Such understanding will contribute to the prediction of toxicity based on material properties rather than repetitive testing of an indefinite number of new nanomaterials. G. fossarum were exposed at low concentrations of AgNPs and AuNPs for 72h or 15 days in presence or absence of food. The obtained results showed that (i) surface coating is the main factor governing AgNPs and AuNPs uptake by G. fossarum, (ii) both released ions and NPs themselves play a role in the potency of the studied AgNPs and AuNPs and (iii) chemical composition led to different effects at the sub-individual levels (target genes expression) and different tissue distribution as AgNPs were found in G. fossarum gills while AuNPs were found in the intestinal caeca. Additionally, this work shows that Gammarus sp. are valuable models for the study of the effects of AgNPs and AuNPs.

RESUME

La toxicité potentielle des nanomatériaux présente un intérêt sociétal et scientifique élevé en raison de la promesse d'innovations pour de nombreuses applications techniques. Cependant, elle n'est pas forcément liée à la taille réelle, à la masse, à la surface des nanoparticules (NP) ou à leurs agglomérats. La toxicité des NPs pourrait être fortement influencée par d'autres propriétés inhérentes et encore incomprises telles que le relargage d'ions, de la particule elle-même, sa surface, ou des molécules adhérentes à la surface, qui interfèreraient avec l'absorption cellulaires des NPs. Le projet « NANOGAM» étroitement lié au projet « FNR CORE2012 NANION », vise à définir certains processus et facteurs impliqués dans l'absorption des NPs et leur toxicité. Une telle compréhension est une condition préalable au développement des nanomatériaux, fondement de la philosophie « safer-by-design ». Les objectifs de ce projet de thèse sont multiples. En tenant compte des caractéristiques des principaux paramètres physico-chimiques tels que la taille et l'aspect de la surface, l'étude a porté sur l'absorption de NPs d'argent et d'or, et leurs effets biologiques via une approche multi-biomarqueurs (mortalité, effets comportementaux, effets physiologiques, effets transcriptomiques, etc.) sur une espèce sensible, Gammarus fossarum (Crustacea Amphipoda). Le but de cette investigation est de comprendre si la toxicité des nanomatériaux est inhérente aux propriétés intrinsèques des NPs ou plutôt aux ions relargués, ce qui contribuera à la prédiction de la toxicité des NPs en rapport avec leurs propriétés physico-chimiques et ce afin de limiter le nombre d'essais répétitifs sur de nouveaux nanomatériaux. G. fossarum ont été exposés à de faibles concentrations d'AgNPs et AuNPs pendant 72h à jeun et 15 jours nourris. Les résultats obtenus ont montré que (i) la nature de l'enrobage de surface est le principal facteur responsable de l'absorption d'AgNPs et d'AuNPs par G. fossarum ; (ii) les ions libérés et les NPs elles-mêmes jouent un rôle dans la toxicité des AgNPs et AuNPs étudiées ; (iii) la composition chimique des NPs a conduit à des effets différents aux niveaux sub-individuels (transcriptomique), ainsi qu'à une distribution différente dans les tissues selon la nature métallique de la NP. Les AgNPs ont été localisées dans les branchies de G. fossarum tandis que les AuNPs ont été observées dans les caeca intestinaux. Cette étude a également révélé que Gammarus sp. est un excellent modèle pour l'étude de la toxicité et des effets des AgNPs et des AuNPs. Mots-clé : Gammarus sp. Nanoparticules d'argent, nanoparticules d'or, relargage d'ions, approche multibiomarquers, transcriptomiques
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GENERAL INTRODUCTION

In the recent decades, nanotechnology has emerged as a fast-growing sector impacting key economical fields and providing new engineered nano-enabled products, constituted by nanoparticles (NPs), with novel and unique functions that reach the market every day. NPs are defined as compound presenting at least one dimension less than 100 nm (Klaine et al., 2008).

The use of nanomaterials is increasingly and continuously growing as they are used in different areas such as electronics, medicine, environmental technology, etc. Silver nanoparticles (AgNPs) are among the most promising group of NPs. AgNPs are used in different kind of daily-life products such as textiles, food packaging, healthcare products, etc., mostly for their antibacterial properties. AuNPs are being investigated for their unique optical properties and are used as contrast agents in electron microscopy, optical sensors, catalysts, and for therapeutic uses. The increasing use of AgNPs and AuNPs lead to their inevitable release in the environments and may reach the aquatic ecosystems where they may represent a threat for aquatic organisms. The potential toxicity of nanomaterials is of high societal and scientific interest and can be related to many properties such as the size, the mass, surface area and characteristics, aggregation and agglomeration (Georgantzopoulou et al., 2013). Their toxicity could also be linked to less known or less understood parameters like released ions and adhering molecules which could have an influence on their toxicity by interfering with their uptake and fate on living organisms.

The PhD project "NANOGAM" is a FNR funded project closely linked up to the "CORE2012 NANION" and to "FP7 FUTURENANONEEDS (FNN)" projects that aim to obtain knowledge to understand some of the processes and factors involved in NPs uptake and toxicity. The specific objectives of NANION are:

• Leaching ions from NPs have their own spectrum of toxicity and effects can be clearly separated between free ions in the exposure media and the NPs (Georgantzopoulou, 2015).

• Within NANION, a set of AgNPs and AuNPs comprising different size classes and coated with various surfaces (citrate and polyethylene glycol) are used. Prior to any testing, these NPs were carefully characterized (zeta-potential, agglomeration, aggregation, etc.) in the relevant exposure media. The ion release from uncoated and coated NPs (Au does not release ions) were studied in dependency of exposure media and related to toxicity endpoints ranging from molecular to organism level.

• Biomolecules attach easily and quickly to the surface of NPs. This so-called corona influences uptake, kinetics, distribution within the organism and thereby finally impact endpoints such as biochemical biomarkers but also reproduction, behaviour of the organism, and other relevant whole organism endpoints. The uptake kinetics, distribution of the NPs within the organism and toxicity for a range of relevant endpoints were studied and related to physico-chemical properties of the NPs.

Generally, NANOGAM aims at contributing to the understanding in how far surface properties of NPs (physical parameters, ion leaching, biological molecules attached, etc.) affect and interfere with the toxicity of NPs in a very relevant freshwater model organism, the crustacean Gammarus fossarum. G. fossarum was selected as test species due to its large distribution in Europe (Barnard and Barnard, 1983), high abundance (Felten et al., 2008;Kunz et al., 2010), clear sexual dimorphism, easiness of identification to the species level, collection and handling, the high sensitivity to a large range of toxicants and their major functional role in ecosystems. Indeed, as shredders, they play a key role in the litter breakdown process and thus in freshwater food chain and nutrient cycling (Forrow and Maltby, 2000;Vellinger et al., 2012a). Consequently, Gammarus sp. could provide valuable information about the potential effects of studied contaminants on some other taxa in aquatic ecosystem communities (Vellinger et al., 2012b) To our knowledge, only few studies have been done on the ecotoxicity of AgNPs and AuNPs in these species (Andreï et al., 2016;Baudrimont et al., 2017;Bundschuh et al., 2011;Park et al., 2015).

The "NanoGAM" project aims at investigating the characteristics of the key physico-chemical parameters and surface functionalities of a well-chosen list of AgNPs and AuNPs that control uptake, and dependent biological effects of different complexity (using a battery of biomarkers) on G. fossarum. Starting from a set of commercially available NPs that will form the baseline for the studies proposed within NANOGAM.

The following questions have been raised within the present project:

• Is G. fossarum a valuable model to study the effects of nanoparticles?

• How do particle size, surface coating, synthesis method and chemical composition contribute to the toxicity and effects of AgNPs and AuNPs?

• To what extent does leaching ions play a role in the toxicity of AgNPs?

• What are the acute effects of AgNPs and AuNPs, with different sizes (20, 40 and 80 nm) and two different coatings (CIT and PEG), on G. fossarum?

• What are the sub-chronic effects of AgNPs and AuNPs on molecular, physiological and behavioural responses of G. fossarum?

These research questions are addressed in the following chapters:

• Chapter 1 is a critical overview on biochemical effects of AgNPs and AuNPs on aquatic organism (Part 1) with a focus on G. fossarum, the model organism used in the present PhD project (Part 2)

• In Chapter 2, the effects of a well-characterized and well-studied set of AgNPs are used in order to evaluate their effects on G. fossarum through a multi-biomarker approach. This study allows also the assessment of the contribution of leaching ions on the toxicity and effects of AgNPs. Furthermore, the internal distribution of AgNPs in G. fossarum is discussed.

• As G. fossarum is to our best knowledge a non-sequenced species, it was necessary to identify target stress-related genes for RT-qPCR experiments. For accurate analyses, it was necessary to identify a set of reference genes for RT-qPCR normalization and results are presented in Chapter 3.

• Chapter 4 provides evidence of the influence of AgNPs and AuNPs size and surface-coating on their uptake and internal tissue distribution in G. fossarum. Furthermore, the acute effects on the molecular responses are investigated.

• Chapter 5 deals with the sub-chronic effects of AgNPs and AuNPs on G. fossarum. A multi-biomarker approach including molecular, physiological and behavioural responses was applied to assess the effects of AgNPs and AuNPs. Additionally, tissues distribution of NPs is evaluated

• Finally, Chapter 6 discuss the knowledge acquired in the present work and the relevance of the current findings. Conclusions and future perspectives are also addressed. The published review is presented in Annexe 1

INTRODUCTION

Nanotechnology has emerged as a fast growing sector impacting key economical fields and providing new engineered nano-enabled products, constituted by nanoparticles (NPs), with novel and unique functions that reach the market every day (Bour et al., 2015). NPs are defined as materials with a size between 1 and 100 nm on at least one dimension, having unique physico-chemical properties differing from their bulk forms due to their greater surface area to volume ratio (Hood, 2004;The European Commision, 2011). The size relatedproperties results in larger reactivity and higher mobility, leading to numerous applications in medical diagnostics, electronics, computers, cosmetics and environmental remediation (Rauscher et al., 2015). The worldwide consumption of NPs is expected to grow from 225,060 metric tons in 2014 to nearly 584,984 metric tons in 2019 representing an annual growth rate of 21.1 % (BCC RESEARCH, 2017). Although impressive, these numbers are in fact "expected" values obtained by estimation or modelling. The lack of legislation for nanotechnologies gives the manufacturers no onus to reveal the real figures, thus, indeed, these predicted values are most probably significantly higher. The absence of real numbers hinders the prediction of the NPs amount that are actually being released into the environment (Piccinno et al., 2012).

Even though several studies have been performed with the goal of modelling NPs environmental concentrations (Gottschalk et al., 2009(Gottschalk et al., , 2013;;Yang et al., 2016), they should only be considered as guidelines, since they derive from uncertain data about the NPs production (often obtained by surveys to producers)

and extrapolations used to scale up regional to worldwide amounts (Gottschalk et al., 2013;Keller et al., 2010;Piccinno et al., 2012). When released in natural media NPs will be subjected to a dynamic physical and chemical environment that consequently results in different and unknown endpoints far from their pristine or as released state.

Therefore, environments and living organisms are not facing pristine manufactured NPs but rather transformed nano-enabled products, which is factually accepted but so far neglected. In fact, the large majority of the physico-chemical and toxicity data obtained so far was focused on simple nanoscale particles and not on relevant nano-enabled products. This includes not only the NP embedded in the manufactured matrix but also the materials resulting from the interaction with biotic and abiotic (bio)molecules composing the natural systems (Nasser and Lynch, 2016). To further complicate the interpretation of the NPs studies, there are two distinct mechanisms that should be considered but are not easily differentiated:

• Chemical toxicity by the release of possible ions and/or formation of reactive oxygen species (ROS) (Fu et al., 2014) • Physical stress or stimuli caused by NPs size, shape and surface properties (Libralato, 2014;Vale et al., 2014).

These materials are generally associated with cellular perturbations such as ROS generation, gene expression and proteome profiles alterations. For these reasons, the NPs escalating production and applications has raised concerns about their environmental and human safety, which have led to large investments in nanosafety-related projects resulting in a considerable amount of data assessing their potential hazard (Savolainen et al., 2013). However, the establishment of relationships between bioavailable NP-containing species and the specific bioadverse or biocompatible endpoints is still lacking, mainly since the effects are NP-dependent and also specie-dependent (Burić et al., 2015).

This work provides an overview of the latest studies on the impact of NPs onto aquatic environment with a focus on freshwater ecosystems, considered by many as the ultimate sink of these particles, with a special focus:

• NPs transformations and characterization in the different test media,

• Toxicological effects such as generation of ROS, genotoxicity, transcriptomic and proteomic changes.

This survey is focused on metallic NPs including silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs), mostly due to the great number of studies dedicated to these particles.

NPs TRANSFORMATIONS IN AQUATIC SYSTEMS

NPs can enter in an aquatic compartment from:

• Wastewater treatment plants effluents,

• Direct use (e.g., application of NPs-containing paintings on boats),

• Deposition from the air compartment. When entering aquatic compartment, NPs will be exposed to a highly dynamic physical and chemical environment that leads to several transformations that will change their pristine or as released physicochemical properties (Figure P1. 1). These transformations, including dissolution, aggregation and sedimentation, are dependent on both physico-chemical properties of the NPs and those of the environment into which they were released (Auffan et al., 2012).

Colloidal particles, including organic and inorganic matter, are ubiquitous in the aquatic environment and can be originated from both natural and anthropic sources. These colloids can strongly interact with NPs, thereby determining their forms over space and time (dynamic speciation), and greatly affecting their bioavailability.

Thus, the NPs will have a specific speciation in each environmental compartment, and this speciation is always dynamic with reaction rates that depend upon the chemical nature and physical sizes of the engineered and natural colloids (Levard et al., 2012). Although it is clear that dynamic speciation must be considered in order to make relevant predictions of NPs fate, toxicity and risk, was mostly neglected (Domingos et al., 2015b). Dissolution, which is one of the main transformations of metallic NPs such as AgNPs, is mainly due to:

• The formation of partially soluble metal-oxide (Domingos et al., 2013;Heinlaan et al., 2008;Wang et al., 2015),

• The oxidation of the particle constituents (Dale et al., 2013;Ma et al., 2013;Wang et al., 2013),

• The complexation of the metal particle constituent by complexants present in the environmental compartment or even in the NPs embedded matrix (including the manufactured stabilizers) (Domingos et al., 2013(Domingos et al., , 2015a)).

The sulfidation of the metallic NPs can retard their oxidation and, thus, their dissolution (Dale et al., 2013;Ma et al., 2013;Wang et al., 2013). This dissolution mechanism results in the release of toxic cations, such that their persistence is reduced but the toxicity is increased. Evidently, complete dissolution of the NPs allows the prediction of their impact using already existing models for metal speciation and toxicity.

Aggregation is another critical transformation, which, mainly is occurring by interaction with naturally bio-or geo-macromolecules, affect NPs size and surface chemistry. For example, organic matter (OM) provides both charge and steric stabilization (Domingos et al., 2009) of the NPs, although they may also result in bridging flocculation in presence of multiple charged cations and anions (Domingos et al., 2010). OM effects are complex and difficult to predict; however, it is of extremely importance to explore these interactions since OM concentrations are typically orders of magnitude higher in concentration than engineered NPs, and, thus, likely to substantially modify their properties and behaviours.

Dissolution and aggregation are dynamic processes that can decrease the NPs available surface area, thereby decreasing their reactivity. However, this decrease is dependent on the surface properties, particle number, size distribution, and the fractal dimensions of the aggregate (Hotze et al., 2010). The NP size will affect its bioavailability to the organisms; when aggregates become too large for direct transport across the cell wall and/or membrane, uptake may be prevented, whereas partial dissolution, which will lead to smaller sizes, would facilitate this cellular transport. Since these transformations are most often not in equilibrium, they require real-time kinetic measurements, limiting the methodology to be used:

• The storage of whole unfractionated samples for ion analysis may not be possible since the dissolution rate may be fast or not attaining the equilibrium during the experimental time,

• The aggregation rate can be fast or the aggregates size distribution may not reach equilibrium within the experimental time window.

Despite the large number of studies focused on nanotoxicology, most of them disregard the particles kinetic physicochemical characterization under the exposure conditions, hindering the establishment of crucial predictive structure-activity relationships that can be used afterwards in the categorization and function for
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Part1: NPs in the aquatic environment 36 risk assessment studies. In absence of these realistic studies, two less constrain conditions were used to select the literature studies that will be discussed in this critical overview:

• Studies where the NPs characterization was performed in the same media as the bioassays;

• Quantification of the NPs dissolution for studies using metallic NPs with propensity for dissolution such as AgNPs.

NANOTOXICITY TOWARD AQUATIC ORGANISMS

The increasing use of engineered NPs in consumers' products such as cosmetics, paints, food, computers, medicine, etc. lead to their increasing release in aquatic environments and raise concerns about their potential toxicity of aquatic organisms (Klaine et al., 2008;Manzo et al., 2013;Nowack et al., 2012).

Generation of ROS

Despite the large number of studies on NPs toxicity both in cell line systems and organisms, a complete understanding about the mechanisms behind is still lacking (Bour et al., 2015;Fu et al., 2014;Manke et al., 2013;Schultz et al., 2014). ROS generation, whose overproduction can lead to oxidative stress (OS) in the organism tissues, is unquestionably the most studied nanotoxicity mechanism.

Molecular oxygen is used as an oxidizing agent for the production of adenosine triphosphate (ATP) in the organism cells, being afterwards reduced to water. The non-reduced oxygen results in the formation of superoxides (O " #. ) that can be further converted to hydroxyl radicals (HO . ), which has the highest reduction potential of all the physiological relevant ROS. When under control, these species are easily scavenged by

• Antioxidant agents such as polyphenols (Fu et al., 2014;Lipinski, 2011) (e.g., elimination of HO . ),

• Enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx) (Barata et al., 2005;Regoli et al., 2002;Vasseur and Leguille, 2004).

The SOD enzymes catalyse the dismutation of O " #. into oxygen or hydrogen peroxide (H2O2), which is decomposed by CAT into water and oxygen. Even though H2O2 is less reactive than the radical species, is still a strong oxidant that needs further elimination. The GPx, also plays a role in the detoxification of H2O2 by using glutathione (GSH) as a reductant. During the process, GSH is oxidized and converted to glutathione disulfide (GSSG) being latter reduced back to GSH by glutathione S-transferase enzymes (GST), thus completing the cycle (Brigelius-Flohé and Maiorino, 2013;Deponte, 2013) When ROS is overproduced beyond the organism antioxidant response capacity, it leads to several deleterious effects on the cells components such as lipids, proteins and DNA, possibly resulting in lipid peroxidation, apoptosis and/or cancer initiation processes, respectively. The production of ROS can be enhanced by the presence of NPs, depending mainly on their size, aggregation, solubility and coating. It is commonly accepted that smaller particles can easily penetrate cell membranes, and thus induce cytotoxicity (Klaine et al., 2008). However, this correlation between size and toxicity is still controversial. For instance, a size dependent toxicity of 5-10 nm AgNPs on Tetrahymena pyriformis compared to 15-25 nm AgNPs was reported (Shi et al., 2013) while no size-dependent response on Danio rerio was obtained when exposed to 20, 50 and 110 nm (Bowman et al., 2012). Most studies show that toxicity increases with decreasing particle size. However, others reported that either the size has no role on toxicity or that smaller NPs are less toxic (Ivask et al., 2014). A consensus about the size effect is still lacking, and, most probably, will be unlikely to be attained since the effects seem to be NP-and even specie-dependent (Burić et al., 2015).

The dissolution of metallic NPs such as AgNPs and CuNPs results in the release of Cu and Ag ions, which are known to catalyse Fenton, Fenton-like and Haber-Weiss reactions, leading to the formation of ROS (Fu et al.,

O 2 O 2 ⦁ - H 2 O 2 OH ⦁ H 2 O R ⦁ R' H 2 O 2 GSH GSSG NADP+ NADPH 2 GSH GSSG NADP+ NADPH ROO ⦁ /ROOH ROH/ONOH GPx Grd G6PD GR G6PD SeGPx SOD O 2 2H + e - CAT H 2 O + ½ O 2
Me n+ Me (n+1)+ + OH - Lipinski, 2011;Wang et al., 2013). Moreover, the highly reactive surface of NPs and the presence of manufactured and/or natural coatings can lead to the adsorption/complexation of trace metals present in the environmental compartment also acting as a catalyzer platform to the above-mentioned reactions, and thus increasing the concentration of ROS in the system. Photoactive NPs such as nTiO2 and nZnO, can also induce the formation of ROS. When exposed to visible or UV light, these NPs can be photo excited resulting in the formation of electron-holes, which are powerful oxidants that can react with surface bounded molecules forming radicals (Clemente et al., 2014). All these processes are schematized in 

Omics endpoints

The omics tools, such as toxicogenomic and proteomic, are very useful on the establishment of toxic endpoints. A toxicogenomic approach allows the identification of gene and protein activities in organisms' cells induced when in the presence of a certain xenobiotic. A central assumption is that chemicals generating toxicity by the same mechanism will produce similar gene expression responses under a given set of conditions, bringing new insights about their mode of action that can be linked to their specific physicochemical properties. A metallomic and proteomic approach will allow a complete analysis on the metal and metalloid species composition within a cell or tissue and the establishment of metallo-proteins profiles leading to the identification of new biomarkers (e.g., proteins expressed by the NP itself (Shepard et Chapter 1

Part1: NPs in the aquatic environment 39 al., 2000). This will allow a better understanding and profiling of NPs toxic mechanisms discriminating them from their bulk components.

Despite the large number of nanotoxicology studies, few of them have reported the use of omics tools to evaluate NPs toxic effects at the molecular level on freshwater organisms (Kuznetsova et al., 2014;Rainville et al., 2014;Revel et al., 2017). The "omics" approach generates a huge amount of data whose interpretation is not always straightforward. The large amount of data together with unappropriated physico-chemical characterization prior to the biological assays results in an escalating number of unknown variables impeding a comprehensible understanding of the biochemical responses.

Despite the lack of genetic information needed for applying proteomic techniques to freshwater organisms (Larkin et al., 2003), these approaches are interesting in nanotoxicology as they allow a better understanding and profiling of toxic mechanisms of nanoparticles and discriminate them from their bulk components (Rainville et al., 2014). In addition, it has been proved that, to use biomarker measurements, it is better to have a deep knowledge of mode of actions of pollutants [START_REF] Vioque-Fernández | Assessment of Doñana National Park contamination in Procambarus clarkii: Integration of conventional biomarkers and proteomic approaches[END_REF] and to avoid the influence of confounding factors such as gender (Sornom et al., 2010), parasitism (Gismondi et al., 2012a(Gismondi et al., , 2012b) ) and seasonal variations (Sroda and Cossu-Leguille, 2011). Therefore, the use of proteomic approaches can allow the identification of unbiased responses for nanoparticle exposures (Shepard et al., 2000).

Even though the number of studies concerning nanoparticles-induced toxicity in aquatic organisms under laboratory conditions continues to increase, the mode of action behind NPs toxicity in freshwater organisms need further clarification (Canesi et al., 2017;Moore, 2006;Scown et al., 2010). Some studies on metallic nanoparticles reported, for instance, the effects of copper nanoparticles on the proteomes of aquatic organisms by considering the effects of CuNPs and Cu 2+ on two marine bivalves M. galloprovincialis (Gomes et al., 2014) and M. edulis (Hu et al., 2014). M. galloprovincialis were exposed for 15 days to CuNPs and Cu 2+ (10 μg. L -1 ). CuNPs showed a high tendency to up-regulate proteins in the gills tissues and down-regulate them in the digestive gland, while Cu 2+ showed the opposite tendency. The effects were metal-dependent with either common or distinctive response mechanisms induced by CuNPs and Cu 2+ . Both CuNPs and Cu 2+ affected cytoskeleton and cell structure (actin, α-tubulin, paramyosin), stress response (heat shock cognate 71, putative c1q domain containing protein), transcription regulation (zinc finger BED domain-containing protein 1, nuclear receptor subfamily 1G), and energy metabolism (ATP synthase FO subunit 6). CuNPs specific mechanisms were also identified with oxidative stress (GST), proteolysis (Cathepsin L) and apoptosis (caspase3/7-1) while Cu 2+ impacted percollagen-D, an adhesion and mobility protein associated with the detoxification mechanism of Cu 2+ . This study demonstrated that CuNPs effects are not only due to ion release but are also due to mitochondrial and nucleus stress induced cell-signalling cascade that can lead to apoptosis (Gomes et al., 2012(Gomes et al., , 2013a)). M. edulis were exposed to 100 nm CuNPs (1000 ppb) for 1h. CuNPs accumulated in gills and caused an alteration of the expression of six proteins: α and β-tubulin, actin, tropomyosin, triosephosphate isomerase and CuZnSOD. Actin and triosephosphate showed a decrease in proteins thiol levels while alpha-tubulin, tropomyosin and CuZnSOD showed an increase in carbonylation indicating protein oxidation of cytoskeleton and antioxidant enzymes in response to CuNPs. This study showed that CuNPs affect first cytoskeletal protein and disrupt lysosomal membrane stability (Hu et al., 2014). Other studies reported the effects of ZnO NPs at the transcriptomic level of D. magna (Poynton et al., 2012). Exposure of adult D. magna to very high concentration (9 mg.L -1 ) of 20 nm ZnO-NPs for 24h and to 0.52 mg.L -1 of 30 nm of ZnO-NPs for 96h led to induction of cytoskeletal transport proteins and a repression of the expression of genes linked to the reproduction and antioxidant responses (Adam et al., 2015;Poynton et al., 2012). Within metallic NPs, TiO2 NPs are among the most studied ones. Molecular effects of TiO2 NPs on zebrafish were reported. TiO2 NPs 20 nm were showed to cause a down-regulation of genes involved in ribosomal functions of D. rerio gills (Griffitt et al., 2009). Other studies reported that microinjection of TiO2 NPs (25 nm; anatase; 8.5 ng.g -1 bw; 48h at 28.5°C) in zebrafish embryo significantly modified the expression of genes involved in circadian rhythm, cell signalling, exocytosis and vesicular trafficking (Jovanović et al., 2011). However, no induction of ROS induction was detected in these two studies.

NPS TOXICITY ON FRESHWATER ORGANISMS

Silver nanoparticles (AgNPs)

AgNPs are known for their antifungal and antimicrobial properties, being extensively used in several products such as clothing, cosmetics, medical devices, paints, etc. (Fabrega et al., 2011;McGillicuddy et al., 2017;Vance et al., 2015). Several databases have been created in order to collect information of nanofunctionalised products. Two reviews compiled lists of these inventories (Hansen et al., 2016;Vance et al., 2015). According to the Woodrow Wilson database, more than 400 consumer products contain AgNPs which make them among the most used NPs in consumer products (Hansen et al., 2016;Vance et al., 2015). The global annual production of silver has been estimated around 27,000 tons (US Geological Survey, 2016) with an annual consumption of 55 tons/year to 450 tons/year as AgNPs (Zhang et al., 2016). The increasing application of AgNPs will lead to their release in the environment through different routes from synthesis, manufacturing, distribution, end product use and end of life disposal of every day consumer products containing AgNPs (Blaser et al., 2008;Mueller and Nowack, 2008). Release of AgNPs in the environment may occur via wastewater treatment plants (WWTP) even though AgNPs may be retained in sewage sludge (Kaegi et al., 2013). In wastewater, it was suggested that AgNPs are in contact with sulfides leading to the formation of an important amount of silver sulfide (Ag2S) that are kept in sewage sludge (Kaegi et al., 2013;[START_REF] Völker | Toxicity of silver nanoparticles and ionic silver: Comparison of adverse effects and potential toxicity mechanisms in the freshwater clam Sphaerium corneum[END_REF] leading to the release of about 15% of AgNPs in surface water (Keller et al., 2013). Thus, the predicted environmental concentrations in surface water are usually in the low ng. L -1 to µg. L -1 (Mueller and Nowack, 2008) and range from 0.088 to 2.16 ng. L -1 in European and North American surface waters (Gottschalk et al., 2009). Recent studies reported predicted environmental concentrations, in surface waters, in the range from 0.01 and 0.32 µg. L -1 (Tiede et al., 2009;Yang et al., 2016).

Many questions have been raised in order to determine the fate of AgNPs once they reach the environment (Klaine et al., 2008). Several factors including size, structure and environmental physico-chemical parameters may affect the behaviour of AgNPs in aquatic environment and thus influence their toxic effects. The speciation and concomitant interference is of particular note to researchers attempting to risk assess AgNPs as their toxic mechanisms towards aquatic organisms are still not fully clear (McGillicuddy et al., 2017). It was possible to identify two distinct routes that could induce biochemical responses: (Auffan et al., 2009;Lowry et al., 2012;Schultz et al., 2014):

• Presence of the NPs per se

• Presence of both AgNPs and dissolved Ag + .

The identification of responses that are uniquely due to the presence of AgNPs and do not occur in matched Ag + exposures are crucial. This is possible by:

• Using AgNPs with low dissolution rates, so, that the leached Ag + in the media is insufficient to induce toxicity to the organisms,

• Identify endpoints specific to AgNPs, such as internalization of NPs, cytotoxicity and genotoxicity.

The work performed by Kumar et al., (2014) is an example of the application of these strategies. They reported a significant increase of ROS and SOD in addition to morphological alterations on freshwater bacteria exposed to polyvinyl-pyrrolidone PVP-AgNPs. Since the NPs dissolution was very low (leached Ag + < 1 µg. L -1 ), it was concluded that the results were related to AgNPs form. Morphological changes and alteration in genes profiles, related to the presence of AgNPs itself, were also observed in carp (Cyprinus carpio) (Lee et al., 2012), zebrafish (Danio rerio) (Choi et al., 2010;Griffitt et al., 2009), D. magna (Poynton et al., 2012), medaka (Oryzias latipes) (Pham et al., 2012) and rainbow trout (Oncorhynchus mykiss) (Gagné et al., 2012). The exposure of 7 days old D. magna to citrate-coated AgNPs (size 10 nm, 30 μg L -1 ) and AgNO3 (2.5 μg L -1 ) during 24h showed that both AgNPs and Ag + increased proteins thiol content, while only particles increased proteins carbonyl levels (Gündel et al., 2007). Similarly, to D. magna, AgNPs and Ag + also impacted different proteins in the mussel M. gallopronvinciallis. Although M. galloprovincialis is a marine organism, the observed effects on this species exposed to AgNPs was highly significant. M. galloprovincialis were exposed for 15 days to AgNPs and Ag + (10 μg. L -1 ). AgNPs affected similar cellular pathways than Ag + with common responses mechanisms in cytoskeleton and cell structure (catchin, myosin heavy chain), stress responses (heat shock protein 70), oxidative stress (GST), transcriptional regulation (nuclear receptor subfamily 1G), adhesion and mobility (percollagen P), and energy metabolism (ATP synthase FO subunit 6 and NADH dehydrogenase subunit 2). Exposure to AgNPs altered the expression of protein associated with stress response (major vault protein and ras partial) and proteins involved in cytoskeleton and cell structure (paramyosin) while Ag + had a strong effect in proteins related to stress response (putative c1q domain containing protein) and proteins involved in cytoskeleton and cell structure (actin and a-tubulin). The identification of altered protein suggested that AgNPs toxicity is mediated by oxidative stress-induced cell signalling cascade (including mitochondria and nucleus) that can lead to cell death. In fact, it has been described that oxidative stress caused by AgNPs and Ag + induce cytoskeleton disorganization (Gomes et al., 2013b). Transcriptomic effects of two kinds of AgNPs (CIT-AgNPs 40 nm and PVP-AgNPs 35 nm) were investigated on 10 days old D. magna after 24 h of exposure to different concentrations corresponding to 1/10 of the LC50 of each AgNPs (CIT-AgNPs: 0.43 µg.L -1 ; PVP-Ag NPs: 1.1 µg.L -1 ) and also at the LC25 (CIT-AgNPs: 3.5 µg.L -1 ; PVP-AgNPs: 8.1 µg.L -1 ).

This work revealed common effects of these two types of AgNPs with an induction of the ubiquitination and proteolysis pathways and a repression of ribosomal genes suggesting a general effect on the protein metabolism. This work also revealed an effect of the PVP coated AgNPs on the expression of immune and circadian genes of D. magna (Poynton et al., 2012). Other studies reported a significant decrease in lysosomal membrane stability and the presence of vacuolization and necrosis in D. rerio exposed through the diet to 100 µg.L -1 of PVP/PEI-AgNPs 5 nm was reported (Lacave et al., 2017). Additionally, DNA damage, total degeneration of hepatocytes and down regulation of stress related genes in L. rohita exposed to PVP-AgNPs 20 and 30 nm were observed. These studies suggested that the observed effects were caused by the AgNP itself.

It is well known that Ag + has a great propensity to bioaccumulate in tissues leading to ROS generation, genotoxicity and inhibition of Na + / K + -ATPase activity by blocking the Na + uptake by the cells (Arce Funck et al., 2013;Luoma et al., 2014;Morgan et al., 1997). For instance, toxic effects were observed in juvenile

Oncorhynchus mykiss exposed to CIT-AgNPs, with claimed low propensity for dissolution (Schultz et al., 2012). However, it was not possible to confidently establish if the observed effects were caused by the AgNPs per se or by dissolved Ag + . In fact, it is very difficult to distinguish between the toxic effects induced by particulate or ionic Ag, and, thus, is crucial not only to evaluate the size distribution but also to quantify the AgNPs dissolution in the medium.

Both forms, NPs and ionic Ag, can induce OS and genotoxicity being the distinction between these effects a truly challenge. For example, in the algae Chlorella vulgaris a positive correlation between ROS production and LPO on the tissues after 24h of exposure to uncoated AgNPs (1 and 10 mg L -1 ) (Oukarroum et al., 2012) was found, but with no possibility to establish a positive correlation with solely the particulate or ionic Ag.

Similar difficulties were also observed in the snail Lymnaea luteola (Ali et al., 2014), as exposure to AgNPs resulted in DNA damage and induction of OS but without the possibility to identify which Ag forms has the dominant role on the observed effects. In these situations, a complete physicochemical characterization of the NP in the exposure media, localisation within biological tissues along with the use of controls containing ionic Ag are crucial to understand which Ag form (or both) is responsible for the observed biochemical responses. Ions release form AgNPs can directly bind to cell structure or interact with sulfhydryl groups of proteins (such as Ca 2+ -ATPase) and disrupt calcium homeostasis through ROS formation (AshaRani et al., 2009;AshaRani et al., 2009;Gomes et al., 2013b). Mechanical injury caused by AgNPs in mitochondria may be another reason of important changes in membrane permeability, disruption of the respiratory chain and contributes to oxidative stress (Asharani et al., 2009b). The up-regulation on the nuclear receptor sub-family 1G in the gills were reported after exposure to Ag + indicates the ability of silver ions (released from AgNPs)

to interfere with signal transduction in DNA-related functions and induce genotoxicity (Gomes et al., 2013b).

Localisation of NPs in biological tissues is a step forward in understanding uptake route and internal distribution. For instance, PVP-AgNPs 50 nm were observed in the brain of the fish Piaractus mesopotamicus (Bacchetta et al., 2017) and poly-N-vynil-2-pirrolidone/polyethylenimine (PVP/PEI) AgNPs 5 nm were found in liver and intestine of D. rerio (Lacave et al., 2017) as CIT-AgNPs 20 nm were observed in liver and gills of rainbow trout (Bruneau et al., 2016). Other studies reported a dose and time-dependent uptake of PVP-AgNPs 20 and 30 nm in the fish L. rohita exposed to up to 800 µg.L -1 for 168h (Sharma et al., 2016). Usually, localisation of NPs is performed using transmission electron microscopy (Heinlaan et al., 2011;Lovern et al., 2008). This method allows the detection of NPs without identifying the chemical nature of the observed element. Thus, more sensitive techniques have been used in order to better define AgNPs internal distribution in aquatic organisms. For example, a secondary ion mass spectrometry instruments, NanoSIMS 50, was used to define AgNPs internal distribution in D. magna exposed for 48h to up to 10 mg.L -1 of chemically synthesised AgNPs 20 and 200 nm and biologically synthesised from plant leaf extract AgNPs 23 and 27nm (Georgantzopoulou et al., 2013). AgNPs were observed as big aggregates in the gut lumen of D.

magna with AgNPs 20 nm being able to cross the gastrointestinal tract (GIT), AgNPs 200 nm passing the peritrophic membrane and possibly being present within the epithelial layer of the cells and AgNPs 23 nm being observed around developing oocytes. However, AgNPs 27 nm were not found to have cross D. magna's GIT (Georgantzopoulou et al., 2013). These results were linked to surface properties of the studied AgNPs as the biological AgNPs 23 and 27 nm were synthesised from to different plants, Ocinum sanctum and Azadirachta indica, respectively. AgNPs 23 nm appeared as the one to release the highest amount of Ag ions.

Thus, although NanoSIMS 50 allowed the internal distribution of AgNPs in D. magna it did not allow distinction between the AgNPs per se and the released ions. 

Gold nanoparticles (AuNPs)

Compared to AgNPs, AuNPs are considered as chemically stable NPs as they are not expected to release ions (Auffan et al., 2012). AuNPs are being investigated for their unique optical properties and are used as contrast agents in electron microscopy, optical sensors, catalysts, and for therapeutic uses. AuNPs have one of the broadest range of synthetic strategies (Thompson et al., 2017) resulting in cubes, spheres, pyramids, stars octopods and other variants (Xia et al., 2008). Au metal is extremely resistant to oxidation and essentially insoluble under ambient conditions. Thus, using AgNPs and AuNPs as model NPs in the present work allowed us to integrate the effects of ions and NPs on one hand and effects of NPs only on the other hand.

A major challenge in nano-ecotoxicology is finding suitable methods to determine the uptake and localisation of NPs on a whole organism level (Skjolding et al., 2017). For nanoparticles in order to cause toxicity, it is assumed that they are taken up and distributed within an organism, therefore a better understanding of how they behave in an in vivo system and what factors influence their uptake by living organisms is necessary [START_REF] Wepener | An assessment of the influence of multiple stressors on the Vaal River, South Africa[END_REF]. Some studies reported a size and coating dependent bioaccumulation of AuNPs. CIT-AuNPs and mercaptoundecanoic acid (MUDA)-AuNPs 10 and 30 nm were reported to accumulate in Daphnia magna with CIT-AgNPs being more taken up then MUDA-AuNPs and MUDA-AuNPs 10 nm being more bioconcentrated than MUDA-AuNPs 30 nm (Skjolding et al., 2014). One aspect on NPs structure that may influence toxicity is the identity and charge of ligand molecules used for functionalization of NPs surface.

Thus, three different types of capping agent of 4-5 nm AuNPs were tested on D. magna. Animals were exposed to CIT-AuNPs, MPA-AuNPs and PAH-AuNPs, and acute and chronic toxicity tests were performed.

The negatively charged AuNPs appeared to be less toxic while after chronic exposure, both positively and negatively charged AuNPs affected reproduction (Bozich et al., 2014). However, the mechanisms underlying the observed effects could not be clearly determined even though the surface chemistry appeared as a critical factor influencing NPs toxicity on D. magna (Bozich et al., 2014). Uptake of different sizes and surface-coated AuNPs was modelled using D. magna as model organism (Wray and Klaine, 2015). Size and surface charges resulted as the main influencing factors controlling AuNPs uptake by D. magna and elimination, whereas shape had no significant effects (Wray and Klaine, 2015). Examination of intestinal microvilli indicate no assimilation of AuNPs by D. magna as AuNPs remained in the gut lumen and the carapace (Wray and Klaine, 2015). One study used an innovative technique that allows the localisation of NPs but not of ions to localise and determine the internal distribution of AuNPs in D. magna. Animals were exposed for 14 days to up to 20 mg. L -1 of AuNPs. Cytoviva darkfield imaging microscope was used to localise AuNPs in D. magna. AuNP aggregates were observed in the gut of D. magna when animals were fed as no AuNPs were observed in the body cavity. However, a direct exposure to AuNPs led to the adsorption of AuNPs on the carapace of D.

magna and led also to their ingestion and uptake into the gut. This significant uptake had no significant effect on reproduction and moulting pattern of D. magna (Botha et al., 2016).

Few other studies investigated the effects of AuNPs on freshwater invertebrates. For instance, asiatic clams Corbicula fulminea were exposed to algae contaminated with 10 nm of amino-acid AuNPs for 7 days. A concentration-dependent mortality of algae was observed after 24h of exposure. Trophic exposure led to a significant bioaccumulation with amino-acid AuNPs were observed in the gills and digestive gland. AuNPs were also observed in the lysosome and led to an oxidative stress in C. fulminea (Renault et al., 2008). Very few studies have investigated the effects of AuNPs on Gammarus sp. G. pulex were exposed to differently functionalized AuNPs, namely CIT-AuNPs, MUDA-AuNPs, NH2-AuNPs and PEG-AuNPs. A surface-coatingdependent uptake of AuNPs was observed in G. pulex with CIT-AuNPs and MUDA-AuNPs being the most bioaccumulated by G. pulex while no size effects were observed (Park et al., 2015). To our best knowledge there is only one study investigating effects of AuNPs on G. fossarum. Individuals were exposed through a contaminated biofilm to up to 45 mg.L -1 of 10 nm amino-acid AuNPs (Baudrimont et al., 2017). Cellular damage linked to an oxidative stress and significant effect on mitochondrial respiration was observed after 7 days of exposure with a daily renewal of contaminated food. Additionally, modulation of digestive enzymes was also observed suggestion a modification of digestive functions (Baudrimont et al., 2017).

Within freshwater vertebrates, the model organism zebrafish is one of the most studied species. Zebrafish embryo were exposed to different metal-based nanoparticles (Ag, Au, CuO and ZnO). AuNPs appeared as the most bioconcentrated ones in the eggs followed by Ag, ZnO and CuO. However, when the whole organism was assessed, Ag appeared as the highest bioaccumulated NPs followed by Zn (Böhme et al., 2017). A previous study also reported presence of AuNPs in ovaries of female zebrafish exposed to AuNPs 15 nm and 47 nm (Dayal et al., 2016). Zebrafish was exposed to fluorescent AuNPs via aqueous or dietary route (Skjolding et al., 2017). Internal distribution was assessed using light sheet microscopy (LSM) at different time point (1, 3 and 7 days). AuNPs were observed within the gut of zebrafish after trophic exposure. AuNPs were not observed in the gut epithelia indicating the absence or limited uptake of AuNPs through the intestinal villi.

Direct exposure of zebrafish to AuNPs led an increase in relative swimming distance. This study showed the importence of exposure routes and subsequent localisation of AuNPs in zebrafish (Skjolding et al., 2017).

Deleterious effects were reported as AuNPs caused modulation of genes linked to oxidative stress, mitochondrial metabolism, detoxification and DNA repair in zebrafish exposed to AuNPs 14 nm (Dedeh et al., 2015). Other studies using estuarine and marine organisms reported further toxic effects of AuNPs. Estuarine copepod Eurytemora affinis were exposed for 30 min to 11.4 µg. L -1 of AuNPs and a decrease in swimming behaviour and a lower velocity and acceleration were observed in females whereas males appeared to be less sensitive. However, the mechanisms underlying these effects were not clearly determined as neither Chapter 1

Part1: NPs in the aquatic environment 46 adsorbed nor ingested AuNPs could be localised in E. affinis (Michalec et al., 2017). AuNPs showed a higher uptake in the digestive gland than in the gills of the clam R. philippinarum. Changes in oxidative stress and inflammatory response markers as phase II antioxidant enzymes and qPCR changes were observed (Volland et al., 2015). However, no strong oxidative damage was reported and a significant depuration from digestive tract after 7 days in cleans medium was observed (Volland et al., 2015). The oligochaetes Tubifex tubifex were exposed for 5 days to 10 and 60 µg. g -1 dry weight of sediments of 5 nm AuNPs. A concentration dependent uptake of Au was observed but the internal concentration did not cause significant mortality of T. tubifex [START_REF] Zhang | Bioaccumulation and effects of sediment-associated gold-and graphene oxide nanoparticles on Tubifex tubifex[END_REF]. Marine blue mussels Mytillus edulis were exposed to 750 ppb of 5 nm AuNPs for 24h which mainly accumulated in the digestive gland. A significant decrease in lysosomal membrane stability in addition to a significant increase in lipid peroxidation was observed together with a decrease in thiolcontaining proteins. All these results suggest that the observed effects are linked to an increase in ROS leading to oxidative stress (Tedesco et al., 2010).

GENERAL REMARKS AND CONCLUSIONS

Most of the biochemical responses reported are related to the organism's ROS defence mechanisms, mainly through gene expression or changes on anti-oxidant enzyme activities. As mentioned before (section 3.2), data related with changes in freshwater organism genome and proteome due to the presence of NPs is very scarce. This is indeed surprisingly since -omic techniques have already proved a great potential on the recognition of signatures related to specific stress, eventually leading to the discover of new biomarkers (Revel et al., 2017). The few data available suggest that the interaction with the organisms is NP-specific regarding the diversity of effects of AgNPs and AuNPs on aquatic organisms and raise questions about clear and defined mechanism of action.

NPs composition can play an important role on ROS generation, since some metals constituting the NP can instigate Fenton and Weiss-type reactions releasing ROS in the intra or extracellular media. Evidently, and as usually performed, the bioassays should contain a control group exposed to the salt form of the metal constituting the NP, allowing the distinction between the effects provoked by the NP per se and/or by the NP dissolution products.

Despite the large number of studies dealing with ecotoxicology of NPs, it is evident that is still not possible to establish crucial predictive structure-activity relationships. This is mainly due to the fact that the majority of the available studies have critical deficiencies on their experimental designs; a comprehensive physicochemical characterization of the particles under the exposure conditions is mostly miscarried or restricted to a secondary task. Despite the scientific community is already aware about the importance of the NPs physicochemical characterization prior and during the bioassay, this is still frequently neglected in the most recent studies giving rise to more confusing and contradictory data. Clearly, this pushes back the possibility to establish a proper environmental risk assessment plan for these current early generations on ENPs (1 st and 2 nd generation passive and active nanostructures, respectively), while advanced generations of ENPs (3 rd and 4 th generation nano-systems and molecular nano-systems) may not be far away, bringing additional challenges that require further novel approaches.

The dynamic speciation of the NPs should be assessed in the same exposure media of the bioassay by following key NPs transformations:

• Dissolution,

• Homo-and hetero-aggregation,

• Sedimentation.

Several analytical tools are nowadays available for the quantification of these physicochemical transformations, each of them having their specific advantages and limitations being able to provide different information on ENPs properties (see reviews (Domingos et al., 2009;Tiede et al., 2009). Several analytical tools are nowadays available for the quantification of these physicochemical transformations, each of them having their specific advantages and limitations being able to provide different information on ENPs properties (see reviews Domingos et al., 2009;Tiede et al., 2009). This physicochemical characterization approach allows:

• To assess the bioavailable NP-containing species to which the organisms will be exposed,

• To relate the biocompatible or bioadverse effects with the NP-containing species permitting a NP categorization and function.

Nanotoxicology is indeed a multidisciplinary field where the study of the NPs physic, chemistry and biological impacts is crucial for a complete toxicological assessment. Unfortunately, there is a lack of legislation controlling the production, use and release of these materials to the environment, and new NPs are commercialized every day without an appropriate assessment about their impacts in environment and human health. The establishment of national and international laws regulating the production of these materials is mandatory. Furthermore, it is also urgent to increase the number of comprehensive nano(eco)toxicology studies under natural more environmentally-realistic conditions implying the copresence of ENPs (at low and environmentally-realistic doses) and environmental constituents such as natural organic and inorganic dissolved and colloidal matter. Only with these approaches a comprehensive risk assessment will be possible with production of environmentally safe-by-design ENPs.

SYSTEMATIC AND IDENTIFICATION OF Gammarus fossarum

1.1.

Systematic position

More than 4500 species belong to the crustacean super-family Gammaridea and represent more than 85% of amphipods [START_REF] Bousfield | Effects of silver nanoparticles on zebrafish (Danio rerio) and Escherichia coli (ATCC 25922): a comparison of toxicity based on total surface area versus mass concentration of particles in a model eukaryotic and prokaryotic system[END_REF]Kunz et al., 2010). Gammarids are one of the most widespread group geographically, with more than 300 species composing the Gammaridae family [START_REF] Väinölä | Global diversity of amphipods (Amphipoda; Crustacea) in freshwater[END_REF]) (Figure P2. 1 A, B). They are found throughout a range of marine, freshwater and terrestrial habitats [START_REF] Bousfield | Effects of silver nanoparticles on zebrafish (Danio rerio) and Escherichia coli (ATCC 25922): a comparison of toxicity based on total surface area versus mass concentration of particles in a model eukaryotic and prokaryotic system[END_REF]Kunz et al., 2010) whereas the three other amphipod families (Hyperiida, Ingolfiellidea and Caprellida) are highly specialized and ecologically restricted (Kunz et al., 2010). The genus Gammarus, the most important component of the Gammaridae family, is one of the most frequent in freshwater ecosystems (Barnard and Barnard, 1983;[START_REF] Karaman | freshwater Gammarus species from europe, North Africa and adjacent regions of Asia. Gammarus pulex group and related species[END_REF]. The genus Gammarus counts more than 100 known species (MacNeil et al., 1997). Gammarus are epigean species widely distributed all over the northern hemisphere [START_REF] Karaman | freshwater Gammarus species from europe, North Africa and adjacent regions of Asia. Gammarus pulex group and related species[END_REF]Kunz et al., 2010;[START_REF] Živić | Distribution of the Species Gammarus balcanicus and Gammarus fossarum on the Territory of Serbia (Central Part of the Balkan Peninsula)[END_REF] fossarum being one with the most common and the most diverse species complex in Europe (Weiss et al., 2014). A species complex represents a group of species being morphologically close but very distinct from a molecular biology point of view [START_REF] Brown | The Sweetpotato or Silverleaf Whiteflies: Biotypes of Bemisia tabaci or a Species Complex?[END_REF]. The highest diversity of G. fossarum complex is located in the southern Carpathian and the Balkan peninsula [START_REF] Copilaş-Ciocianu | Epigean gammarids survived millions of years of severe climatic fluctuations in high latitude refugia throughout the Western Carpathians[END_REF]. G. fossarum is also the most abundant species in Luxembourg (Figure P2.2 B). [START_REF] Felten | Effets de l'acidification des ruisseaux vosgiens sur la biologie, l'écologie et l'écop[END_REF].

The identification of the Gammarus species in question is generally easy and is performed on mature adult males as they present morphological characteristics more easily discernible compared to females (Piscart and Bollache, 2012). The identification key (Figure P2. 3,[in French]) describes the species mainly found in France and Luxembourg. G. fossarum are characterised by the absence of dorsal carinae (hull) and strips. G. fossarum are described to have few spines and bristles on the antennae and the extremity of urosoma. The internal oar of the third uropod is 1/3 the size of the external one. This parameter allows morphological distinction between G. fossarum and G. pulex (Felten 2003, Figure P2. 3). However, the recent advances in molecular biology techniques allow a better identification of Gammarus species. Indeed, different cryptic species have been identified within the G. fossarum complex (Müller, 2000).

The concept of cryptic species is known for more than 300 years [START_REF] Bickford | Cryptic species as a window on diversity and conservation[END_REF]Lagrue et al., 2014). It describes species that are morphologically similar but with a significant genetic differentiation that led to their wrong classification under the same name [START_REF] Bickford | Cryptic species as a window on diversity and conservation[END_REF]. The genetic differentiation between cryptic species is linked to a reproductive isolation that occurred potentially already millions years ago (Webb and Bartlein, 1992). Three G. fossarum cryptic species were genetically identified, namely Type A, B and C (Müller, 2000). This split occurred during or before the ice age of the Pleistocene (Webb and Bartlein, 1992) leading to biological (drift in mitochondrial DNA) rather that morphological differentiation [START_REF] Feckler | Differences in the sensitivity among cryptic lineages of the Gammarus fossarum complex[END_REF]Müller, 1998;Westram et al., 2010). G. fossarum cryptic species have been reported to have different geographical distributions (Figure P2. 4). Type A and Type B have been observed in central Europe (Scheepmaker and van Dalfsen, 1989) and can coexist (Müller, 1998). Type C, in addition to Type B have been found in Luxembourg (Müller, 1998) with type B being the most abundant one (Annexe 2).

An accurate identification of the cryptic species is crucial in ecotoxicological studies (Feckler et al., 2014;Lagrue et al., 2014;Sattler et al., 2007;Westram et al., 2010). Differences in sensitivity between species have already been reported. For instance, G. fossarum were found to be more sensitive to the fungicide Tebuconazole than G. pulex [START_REF] Adam | Mixture toxicity assessment of wood preservative pesticides in the freshwater amphipod Gammarus pulex (L.)[END_REF]. Therefore, it can be assumed that different cryptic species have different sensitivities to chemicals and deviations among cryptic lineages regarding their physiological and behavioural characteristics are possible and have been reported [START_REF] Bickford | Cryptic species as a window on diversity and conservation[END_REF]. A higher sensitivity to pesticides was observed in G. fossarum Type A compared to Type B [START_REF] Feckler | Differences in the sensitivity among cryptic lineages of the Gammarus fossarum complex[END_REF].

Different sensitivities to parasitism was also highlighted as a higher infection rate by acanthocephalan parasites was observed in Type B compared to Type A (Westram et al., 2011). All this could explain the observed species differences in sensitivity to chemicals (Gismondi et al., 2012a(Gismondi et al., , 2012b)). 

MORPHOLOGY

Gammarus are Crustacea malacostraca characterized by a segmented body. They present a bilateral symmetry, a laterally flattened body, sessile eyes, a pair of antennae with homogenous size and a total length of 20 mm maximum (Tachet, 2000). Usually, females are smaller than males at the same developmental stage (Gagné et al., 2005;Tachet, 2000). Compared to shrimps, Gammarus are characterized by the absence of a carapace which is replaced by a cuticle composed of chitin. The first thoracic segment is fused to the head and their body is divided in four different parts: prosoma, mesosoma, metasoma and urosoma [START_REF] Chevreux | Amphipodes. Kraus[END_REF] 

Prosoma

Prosoma represents the cephalic region of Gammarus sp. Antennae (2 pairs of sensorial appendages), eyes, mouth (4 pairs of masticatory appendages), and cephalon compose this region. The eyes are kidney-shaped and sessile and the antennae have similar sizes and present a flagellum allowing distinction of Gammarus from Niphargidae (Tachet, 2000). The mouth present mandibles located lateral to the mouth, in conjunction with the upper and lower lips and surround the mouth opening (MacNeil et al., 1997). They consist of a strong chitinized incisor, a small accessory plate (the lacinia mobilis), a large medial molar and a spine row between the molar and the lacinia. In Gammarus, the molar is tough and ridged for crushing and grinding (Lincoln, 1979). Hence, these characteristics allow a wide variety of food to be used by Gammarus sp. (MacNeil et al., 1997).

Mesosoma

The mesosoma represents the thoracic region. Seven pereon plates compose this region on which coxal plates are sealed. Each coxal plate carry a pair of periopods. The first pair represent the gnatopods and they are used for handling and catching females and for locomotor activity. Males usually present bigger gnatopods than females. Moreover, these appendages are used for feeding, grooming, burrowing and for agonistic encounters between males [START_REF] Borowsky | The Use of the Males&apos; Gnathopods During Precopulation in Some Gammaridean Amphipods[END_REF]MacNeil et al., 1997). Gills and genital organs are also present in this region fixed under the coxal plates and are in direct contact with the external environment. 

Metasoma

The metasoma represents the abdominal region of a Gammarus body. It carries three pairs of pleopods. In addition to locomotion, these appendages are used for renewal of water flux on the gills surface. Their continuous movement is directly linked to oxygen absorption. Therefore, the pleopod beats frequency is increasingly used as a behavioural biomarker in ecotoxicology studies. This response indicates the oxygenation rate (Andreï et al., 2016;Arce Funck et al., 2013;Felten et al., 2008;Sornom et al., 2010;Vellinger et al., 2013).

Urosoma

The urosoma presents three different segments called uromeres. Each of them carries a uropod pair allowing the animal to move. Each uropod presents a peduncle, an endopod and an expopod. The shape and size of the third uropod is different from the two others. This parameter is used for the species determination and is used as a characteristic for discriminating Gammarus from Echinogammarus. The last segment of the urosoma present a telson at its extremity.

ANATOMY OF Gammarus fossarum

3.1.

Nervous system and circulatory organs

The nervous system consists of a protocerebrum or brain with a long nerval chain covering the entire body of G. fossarum (Figure P2.6). There are ganglions in the ventral part of the body all the way to the urosoma and they are all linked with intersegmental nerve connections. All appendages are connected to nervous nets [START_REF] Chevreux | Amphipodes. Kraus[END_REF][START_REF] Felten | Effets de l'acidification des ruisseaux vosgiens sur la biologie, l'écologie et l'écop[END_REF][START_REF] Charron | Biomarqueurs énergétiques chez u amphipode d'eau douce Gammarus fossarum[END_REF]. The eyes communicate directly with the ganglia in the head by large optic nerves. The antenna are sensory and large nerve run out to them as well (Shimek, 2008).

Haemolymph circulation is based on the heart located close to the head (Figure P2.6). This organ has his two extremities open allowing circulation of haemolymph in all the body. The heart is surrounded by an heamocoele located on the dorsal side of G. fossarum body and is found in the mesosoma [START_REF] Felten | Effets de l'acidification des ruisseaux vosgiens sur la biologie, l'écologie et l'écop[END_REF][START_REF] Charron | Biomarqueurs énergétiques chez u amphipode d'eau douce Gammarus fossarum[END_REF].

All the organs are in direct contact with haemolymph. Haemolymph plays an important role is transporting nutrients, hormones, excretions products, ions and oxygen (Nebeker et al., 1992). Haemolymph has an osmolality around 300 mOsmol allowing a good equilibrium of water and ions in the cells [START_REF] Charron | Biomarqueurs énergétiques chez u amphipode d'eau douce Gammarus fossarum[END_REF]. (Schmitz, 1992). aa: anterior aorta, an: anus, ap: posterior aorta, ba: arterial bulb, cc: circumoesophagial connexion, cd: digestives caeca, cda: anterior digestive caeca, chc: heart chamber, ci: intersegmental connexion, co: heart, cp: posterior caeca, cpy: pyloric chamber, gpe: pereionic ganglion gpl: pereionic ganglion 1, im: midgut, ip: intestinal tract, lds: suspended dorsal ligament, mu: urosomic mass, ms: suboesophagial mass, nan: antennule nerve, nat: antennae nerve, oe: oesophagus, pr: protocerebrum

Intestinal caeca and digestion system

In Gammarids the mouth is located near the base of the head. It leads to a short oesophagus located before the stomach where the food is grinded by chitinized plates (Shimek, 2008;Figure P2.6). Behind the stomach is the midgut located which is as long as G. fossarum body. The midgut is surrounded by two pairs of pouches or intestinal caeca. Two caeca are located on the side and the two other are located at the bottom of the midgut (Shimek, 2008). These organs are the central site of metabolism were both digestion and secretion of digestive enzymes occur. Intestinal caeca or hepatopancreatic caeca are the central organs of digestions in amphipods. The caeca play a role in nutrient uptake, excretion, moulting cycle, storage of inorganic reserves and lipid and carbohydrates metabolism [START_REF] Chevreux | Amphipodes. Kraus[END_REF][START_REF] Correia | Functional anatomy of the midgut gland of Gammarus locusta (Crustacea: Amphipoda)[END_REF]Grassé, 1961;Schmitz and Scherrey, 1983;[START_REF] Charron | Biomarqueurs énergétiques chez u amphipode d'eau douce Gammarus fossarum[END_REF]. They present a tubular structure surrounded with epithelial cells and muscles covered with connective tissues (Schmitz and Scherrey, 1983,

Figure P2. 7 B

). There are four different types of cells forming the epithelial tissues in amphipods (cells E, F, R and B). The epithelial cells form a barrier between the lumen of the gut and the haemolymph (Kutlu et al., 2002). The plant material and the fungi are digested in the midgut using cellulase [START_REF] Chamier | The role of fungi in the diet of the amphipod Gammarus pulex (L.): an enzymatic study[END_REF]MacNeil et al., 1997).

3.3.

Gammarus gills and respiration

Gammarids have 6 pairs of gills in direct contact with the external environment. They are present under the thoracic appendages (Felten and Guérold, 2006;Sutcliffe, 1984). Gills are thin flattened oval plates called lamellae formed from the epipodits of the pereopods (Sutcliffe, 1984, Figure P2. 7 A, C).

Crustacean gills are lined by a single layer of epithelial cells whose basement membrane at the serosal side is directly bathed by the haemolymph (Figure P2. 7 C). The mucosal side is covered by a chitinous cuticle and faces the external medium. The thickness of the epithelium varies depending on its physiological and biochemical function (Dunel-Erb et al., 1997;Martinez et al., 2005). Thinner regions of the epithelium (1-5 µm) are associated with gaseous exchanges and passive diffusion of ions while thicker epithelium (10-20 µm) are mainly concerned with ions transport mechanisms such as sodium potassium-adenosine triphosphate (Na + K + -ATPase) (Henry et al., 2012). It has been described that the thick hydrophobic cuticle on the surface body limit the gaseous exchanges and electrolytes. They play a crucial role in gaseous exchanges, respiration, ions absorption, osmoregulation, acid-base balance, calcium homeostasis, extraction of ammonia and intracellular pH regulation (Mantel and Farmer, 1983;Pequeux, 1995).

In addition to the gills, the pleopods present in the metasoma area are in continuous movement for the renewal of the water influx on the surface of the gills leading to the improvement of oxygen absorption (Sutcliffe, 1984). The diffusion of the oxygen is therefore dependent on the surface and thickness of the gills, the thickness of the water layer around the gills and the difference in the internal and external pressure on oxygen (Sutcliffe, 1984). Once the oxygen is taken up, it is trapped by hemocyanin which allow its transport from the haemolymph to the different organs. [START_REF] Charron | Biomarqueurs énergétiques chez u amphipode d'eau douce Gammarus fossarum[END_REF][START_REF] Felten | Effets de l'acidification des ruisseaux vosgiens sur la biologie, l'écologie et l'écop[END_REF][START_REF] Trapp | Approche protéomiques pour le développement de biomarqurs chez l'amphipode d'eau douce Gammarus fossarum: découverte et caractérisation de protéines impliquées dans la fonction reproductrice[END_REF].

Figure P2. 8. Reproduction organs of a male

Gammarus and a female [START_REF] Trapp | Approche protéomiques pour le développement de biomarqurs chez l'amphipode d'eau douce Gammarus fossarum: découverte et caractérisation de protéines impliquées dans la fonction reproductrice[END_REF]. cmu: mucus cells, GA: androgen gland, ci: incubation chamber, mt: non-differentiated mesenchymal tissue, ov1: primer vitellogenese oocyte, ov2: secondary vitellogenese oocyte, ovd: oviduct, ovd vst: vestigial oviduct, spc: spermatocyte, spg: spermatogonium, spz: spermatozoid, vd: spermiduct

Reproduction and life cycle

Gammarus sp. have a complex life cycle, which is of value in ecotoxicological studies (Kunz et al., 2010).

Generally, Gammarids reproduce throughout most of the year with a peak in spring and early summer (Pöckl et al., 2003). Females are available for mating only during brief periods directly after moulting while males are available for mating during almost the entire moult cycle (Sutcliffe, 1993). This results in a male-biased operational sex-ratio. Therefore, males are usually engaged in precopula mate guarding when meeting a female close to the moult stage (Ridely 1983). When the females are sexually mature, they release pheromones in the environment. Males detect these pheromones with the chemoreceptors present on their antennae (Sutcliffe, 1992). Males grab different females before choosing the one that is likely to produce more eggs than the others (Kunz et al., 2010). Pairing in Gammarus is size-dependent as bigger males grab bigger females (Kunz et al., 2010). Males will hold the female under and parallel to their body using the first pair of gnatopodes [START_REF] Borowsky | The Use of the Males&apos; Gnathopods During Precopulation in Some Gammaridean Amphipods[END_REF][START_REF] Chevreux | Amphipodes. Kraus[END_REF]. Hence, males present bigger gnatopodes compared to females. This characteristic is used for gender differentiation in sorting (Figure P2. 9). Female may produce 6 to 10 broods of juveniles and three generations may be reproducing at the same time in midsummer (Pöckl et al., 2003;Sutcliffe, 1992). Once the female sheds her skin, male can mate with her and release her. Female carries the developing eggs in her brooding pouch. Juveniles hatches after 1 to 3 weeks and remains in the brooding pouch until the next moulting stage. After 4 to 6 weeks juveniles swim out of the brooding pouch. They feed first by coprophagy and then their diet starts to include conditioned leaves when they reach 1 month age (McCahon and Pascoe, 1988). Gammarids can live for 1 to 2.5 years (Kunz et al., 2010). 

Development

Gammarids growing is effective through a successive moult process as the presence of the cuticle does not allow a continuous growth (Sutcliffe, 1992). A cycle of moulting and inter-moulting steps can take place for many weeks (~4 weeks) and is dependent on the water temperature (12 °C). One cycle is divided in six steps

• Two pre-moult phases (1-3 days, each) lead to a thickening of the existing cuticle

• Two inter-moult phases (9 days each) lead to a total change of the existing cuticle and they are characterised by an increase in Gammarus permeability for water (Lockwood and Inman, 1973) • Two post-moult phases (3 to 5 days each) lead to the formation of the new cuticle Whereas many crustaceans' juvenile present larvae stages during their life cycle, Gammarus juvenile are directly similar to adults. Genital papillae appear in males and osteitis appear in females after the fifth moult stage. Then, the gnatopodes are differentiated and finally the reproduction organs are well differentiated 0.5mm after 9 to 10 moult stages (Gross et al., 2001). Generally, males have a longer life time than females. Females can leave to up to 23 months while male can live for up to 30 months (Leroy et al., 2010;Pöckl et al., 2003).

Moulting is a very critical process during Gammarus lifetime. Indeed, cuticle is described to be impermeable to water and pollutants (Rainbow, 1997(Rainbow, , 1995)), the inter-moult stage may represent a very critical moment for the animals. Hence, it had been suggested that Gammarids use more energy for osmoregulation processes and if needed for defence mechanisms (Lockwood and Inman, 1973).

Gammarus sp. ECOLOGY

Abiotic factors such as temperature, salinity, oxygen, acidity and pollution play an important role in the distribution of Gammarus species (Kunz et al., 2010;Meijering, 1991;Whitehurst and Lindsey, 1990). As benthic macroinvertebrates and shredders, gammarids are usually found in high abundance under rocks, gravels, in coarse substrates and among living and dead vegetation (Kunz et al., 2010). These substrates offer shelter from predators and a supply of organic detritus leading to a high presence of amphipods species, making them one of the most important component of the aquatic macroinvertebrate assemblage in terms of density and biomass (Kunz et al., 2010;MacNeil et al., 1997). Gammarus fossarum are usually found in central and eastern areas in Europe headwaters. They are therefore considered as a typical woodland-brook element in respect to their feeding habits and their resistance to currents (Meijering, 1991). Hence, it had been described that G. fossarum could be the first species to be impacted by souring water and pollution as breeding conditions in running waters can be impacted (Meijering, 1991).

FORAGING PLASTICITY

Gammarus play an important role as shredders in aquatic ecosystems and present a very diversified trophic repertoire. They have been described as herbivores, detritivores and predators (Dangles and Guérold, 2001;Kelly et al., 2002). Their diet is composed of stream conditioned leaves, biofilms that grow on the leaves, dead chironomids, live juvenile isopods and even juvenile and wounded/trapped fish (Fielding et al., 2003;Kelly et al., 2002;MacNeil et al., 1997). Gammarus have also been described as cannibals (MacNeil et al., 1997). Their success in colonizing very diverse habitats is linked to their foraging plasticity making them of high ecological value (Kunz et al., 2010;MacNeil et al., 1997). Generally, Gammarus feed of conditioned alder, elm or maple leaves. The presence of microorganisms will influence the palatability of leaves (MacNeil et al., 1997). Gammarus will prefer fresh conditioned leaves than sterile old ones in addition to leaves with low level of tannin and lignin (MacNeil et al., 1997). The fresh conditioned leaves with high presence of fungi leads to an increase of 30% of digestibility as leaves are partially degraded by microorganisms [START_REF] Chamier | The role of fungi in the diet of the amphipod Gammarus pulex (L.): an enzymatic study[END_REF]. Moreover, Gammarus were described to differentiate conditioned leaves regarding the species of fungi present on their surface (Graça et al., 1994).

Gammarus fossarum AS A MODEL ORGANISM IN ECOTOXICOLOGY

Bioindicators have been defined as species that are sensitive to different kind of stressors, give significant biochemical and physiological responses to anthropogenic pollutants and allow the predictions of the effects of contaminants on higher level of biological organisations (population, community, ecosystems) (Vellinger, 2012). Gammarids fulfil all these criteria and are therefore increasingly used as bioindicators of the quality of aquatic ecosystems (Farkas et al., 2003). Additionally, Gammarids have a well-known ecology and sensitivity to different pollutants (Kunz et al., 2010) and are increasingly used as model organisms in ecotoxicology studies (Andreï et al., 2016;Arce Funck et al., 2013;Felten et al., 2006;Gismondi et al., 2012a;Vellinger et al., 2013).

As described above, G. fossarum is considered as an ubiquitous species with a wide distribution all over Europe (Janetzky, 1994;[START_REF] Karaman | freshwater Gammarus species from europe, North Africa and adjacent regions of Asia. Gammarus pulex group and related species[END_REF][START_REF] Živić | Distribution of the Species Gammarus balcanicus and Gammarus fossarum on the Territory of Serbia (Central Part of the Balkan Peninsula)[END_REF]. They are found in high abundance and high density in many freshwaters. Their wide foraging plasticity offer them a central position in the food web chain. G. fossarum play also a major functional role in litter breakdown process and nutrient cycling (Forrow and Maltby, 2000;Kelly et al., 2002;Lacaze et al., 2010;MacNeil et al., 1997). They also play an important structural role as they represent an important food source for other aquatic species like fish, amphibians and other invertebrates (Kelly et al., 2002;MacNeil et al., 1997) and they can also be prey for birds like ducks.

Many individuals are parasitized with acanthocephalans which modify their behavior and make them swim close to the water surface and be more available for the birds the final host of the parasite (Gismondi et al., 2012a).

In contrast with other macroinvertebrates, Gammarids have a long life cycle, as it could reach 2.5 years.

Therefore, they are able to integrate the different contamination fluxes that occur in the aquatic ecosystems.

Gammarids have also been described as good accumulators of metal contaminations as the internal concentrations measured within the animal were usually proportional and dependent on the concentrations present in the environment (Arce Funck et al., 2013;Kunz et al., 2010;Lebrun et al., 2012;Vellinger et al., 2012).

Gammarids are easy to collect, handle and manipulate in the laboratory and it is possible to collect them in the field all year long. They are very easy to identify and genders are easy to differentiate. They can be used for laboratory experiment as well as in situ experiments (Andreï et al., 2016;Besse et al., 2013;Coulaud et al., 2011;Dedourge-Geffard et al., 2009). G. fossarum is described as a sensitive species to contaminants.

Thus, they are frequently used as bioindicators as their presence or absence in aquatic ecosystems, their density, population dynamic are good indicators of the quality of the aquatic environment. Furthermore, they are considered as a good model for integrative studies by enhancing the link between responses observed at the molecular level (omics) to responses observed at the individual and functional level (Andreï et al., 2016;Lagadic et al., 1994).
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CHAPTER 2

Gammarus fossarum (Crustacea Amphipoda) as a model organism for nano-ecotoxicology

KEY FINDINGS

Aim of the study G. fossarum was selected to assess effects of well-characterised and well-studied set of AgNPs. Synthetically produced AgNPs of different sizes (20 and 200 nm) as well as AgNPs synthetized by a biological method (using plant leaf extracts of Ocinum sanctum and Azadirachta indica, AgNPs 23 and 27 nm, respectively) were used in order to elucidate the relation between size, synthesis method, NPs surface properties, ions dissolution and toxicity. A multibiomarker approach was used to investigate the acute effects of these AgNPs on physiological and behavioural responses of G. fossarum. We wish to dedicate this manuscript to the late Stephen J. Klaine who inspired the work of our group for many years.

Experimental design

Key findings

Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles ☆ • Four AgNPs were used to link ions release and surface chemistry to the effects.

• AgNPs sub-lethal effects were investigated using multibiomarker approach.

• Survival, heamolymph osmolality and locomotor activity of G. fossarum were impacted.

• Ions released by AgNPs dissolution could be a main factor of toxicity.

G. fossarum was selected to assess effects of well-characterized chemically synthesized silver nanoparticles (AgNPs 20 nm and 200 nm) and "green" laboratory synthetized (from plant leaf extracts) AgNPs (AgNPs 23 nm and 27 nm). AgNO 3 was used as a positive control to compare AgNPs effects and silver ions effects. A multibiomarker approach was used to investigate the sub-lethal effects of AgNPs on physiological and behavioural responses of G. fossarum.

Two different experiments were carried out. In a preliminary experiment, two populations of G. fossarum (G.f1 and G.f2) were tested for sensitivity differences and the most sensitive one was exposed, in a final experiment, to sub-lethal concentrations of AgNO 3 and the most toxic AgNPs. AgNO 3 and AgNPs 23 nm led to a significant

Introduction

The increasing production of nanomaterials and their ongoing use in a wide range of industries leads to their inevitable release into the environment [START_REF] Bhatt | Interaction of engineered nanoparticles with various components of the environment and possible strategies for their risk assessment[END_REF]Klaine et al., 2008). According to the Woodrow Wilson Database, 1814 nanotech consumer products exist and 435 of them contain silver nanoparticles (AgNPs) (Vance et al., 2015). AgNPs have distinctive chemical and physical properties such as catalytic and electronic properties, thermal conductivity and non-linear optical behaviour (Fabrega et al., 2011;[START_REF] Sharma | Organic-coated silver nanoparticles in biological and environmental conditions: fate, stability and toxicity[END_REF], and they are widely used as bactericides in a variety of products such as cosmetics, clothing, detergents, water filters, etc. The global annual silver production was estimated to be about 27,000 t (US Geological Survey, 2016), and due to the increasing usage, large quantities of silver may be potentially released into the environment and enter aquatic ecosystems where Ag and AgNPs persist and bioaccumulate (Fabrega et al., 2011). Sound data on the environmental concentration of AgNPs are still missing and some models calculated predicted environmental concentrations of AgNPs in water ranging from 0.6 ng•L -1 to 0.32 μg•L -1 (Batley et al., 2013; Sun et al., 2014; Gottschalk et al., 2013). AgNPs were reported to contribute to only 1-15% of the total Ag present in the environment (Blaser et al., 2008), however, given their expanded use, AgNPs concentrations are expected to increase in the future.

Despite the growing number of studies on the toxicity of AgNPs, their behaviour, their environmental fate in aquatic environments and the consequent effects on living organisms are still not fully understood [START_REF] Foldbjerg | Silver nanoparticles wolves in sheep's clothing?[END_REF]Vale et al., 2016). A few studies investigated and clearly demonstrated that AgNPs are taken up in aquatic organisms such as molluscs (Ali, 2014;Buffet et al., 2013;Canesi et al., 2012;[START_REF] Ringwood | The effects of silver nanoparticles on oyster embryos[END_REF], crustaceans (Andreï et al., 2016;Georgantzopoulou et al., 2013;[START_REF] Ulm | Response of biochemical biomarkers in the aquatic crustacean Daphnia magna exposed to silver nanoparticles[END_REF] and fish [START_REF] Ašmonaite | Behaviouraltoxicityassessment of silver ions and nanoparticles on zebrafish using a locomotion profiling approach[END_REF][START_REF] Griffitt | Chronic nanoparticulate silver exposure results in tissue accumulation and transcriptomic changes in zebrafish[END_REF][START_REF] Jung | Bioconcentration and distribution of silver nanoparticles in Japanese medaka (Oryzias latipes)[END_REF]Kwok et al., 2012), and behave differently depending on their physico-chemical characteristics. In this way, size, coating and chemical composition were suggested as important contributing factors to the toxicity of AgNPs [START_REF] Castranova | Overview of current toxicological knowledge of engineered nanoparticles[END_REF]Vale et al., 2016). For instance, laboratory synthesised "coffee-coated" AgNPs were reported to be more toxic to Daphnia magna than commercial PVP-coated and non-coated AgNPs (Allen et al., 2010). Similarly, different kinds of colloidal AgNPs induced higher mortality in D. magna than AgNPs powder dispersed by sonication, and their effects were size-dependent with the smaller particles being more toxic than the larger ones (Asghari et al., 2012).

In freshwater ecosystems, amphipods are an important component and can be the dominant part of benthic macro-invertebrate assemblages (MacNeil et al., 1997). Gammarus fossarum is increasingly used in ecotoxicology as test species due to its wide distribution (Barnard and Barnard, 1983) all over Europe and all over Luxembourg, high abundance (Felten et al., 2008a;Kunz et al., 2010), clear sexual dimorphism, easiness of collection and handling and its sensitivity to a large range of toxicants [START_REF] Issartel | Behavioural, ventilatory and respiratory responses of epigean and hypogean crustaceans to different temperatures[END_REF]Xuereb et al., 2011;[START_REF] Bundschuh | Effects of peak exposure scenarios on Gammarus fossarum using field relevant pesticide mixtures[END_REF]Arce Funck et al., 2013;Besse et al., 2013). G. fossarum plays a major functional role in ecosystems in leaf litter breakdown processes, freshwater food chains and nutrient cycling (Forrow and Maltby, 2000;Kelly et al., 2002;MacNeil et al., 1997). Consequently, G. fossarum could provide valuable information, both in laboratory and in situ experiments (Besse et al., 2013;Coulaud et al., 2011[START_REF] Coulaud | Ecological modeling for the extrapolation of ecotoxicological effects measured during in situ assays in gammarus[END_REF], about the potential effects of environmental contaminants including nanoparticles in aquatic ecosystems. To the best of our knowledge, at present, only one study used Gammarus to assess AgNPs effects (Andreï et al., 2016). Citrate coated AgNPs (10 nm, 0.5 μg•L -1 ) impacted the functional role of G. roeseli after 72 h of exposure, disturbed the production of fine particulate organic matter (FPOM) and significantly decreased locomotor activity of G. roeseli (Andreï et al., 2016), a species with a very restricted distribution in Luxembourg. However, there is still a lack of information about mechanisms of actions underlying AgNPs effects on Gammarids. Therefore, multibiomarker approaches, including biochemical (e.g. defence mechanisms, antioxidant responses), physiological (e.g. osmoregulation) and behavioural (e.g. locomotion) responses, are appropriate tools to investigate sub-lethal effects and determine mechanisms of actions of AgNPs in aquatic invertebrates (Lagadic, 2002;[START_REF] Moore | An integrated biomarker-based strategy for ecotoxicological evaluation of risk in environmental management[END_REF]. These biomarkers are known to be early warning indicators used as a diagnostic or predictive tool for long-term effects that could occur at individual and/or population level (Garaud et al., 2015(Garaud et al., , 2016;;[START_REF] Jemec | Biochemical biomarkers in chronically metal-stressed daphnids[END_REF]Lagadic, 2002;[START_REF] Ulm | Response of biochemical biomarkers in the aquatic crustacean Daphnia magna exposed to silver nanoparticles[END_REF]Vasseur and Leguille, 2004).

The aim of this study was to investigate in a multibiomarker approach whether G. fossarum could serve as a good model organism in the field of environmental nanotoxicology, allowing the identification of potential AgNPs effects from the molecular to the organism level. Chemically synthesised non-coated particles of different initial sizes (AgNPs 20 nm and AgNPs 200 nm) were used to better understand the link between size and toxicity. In addition, AgNPs synthesised by Ocimum sanctum (initial size: AgNPs 23 nm) and Azadirachta indica (initial size: AgNPs 27 nm) plant leaf extract (Balachandran et al., 2012) were used to evaluate the influence of the method of synthesis and surface chemistry on the toxicity of AgNPs. Out of two different populations of G. fossarum exposed to the selected AgNPs in a first acute experiment, the most sensitive population was then used for further experiments with lower concentrations. Effects on survival, bioaccumulation, osmoregulation, antioxidant responses (catalase, glutathione peroxidase, total antioxidant activity), defence mechanisms (glutathione S-transferase, acid phosphatase), cellular damage (lactate dehydrogenase, lipid peroxidation, apoptosis), energy reserves (cholesterol, triglycerides, proteins) and behaviour (locomotor activity and ventilation) were investigated.

Organisms, material and methods

Particles and chemicals

Non-coated AgNPs (20 and 200 nm) were obtained from PlasmaChem GmbH (Berlin, Germany) and were characterised [START_REF] Lankoff | The effect of agglomeration state of silver and titanium dioxide nanoparticles on cellular response of HepG2, A549 and THP-1 cells[END_REF]. A. indica (AgNPs 27 nm) and O. sanctum (AgNPs 23 nm) plant leaf extract synthesized AgNPs were provided and characterised by the department of Biotechnology, Bharathiar University, India (Balachandran et al., 2012(Balachandran et al., , 2013)). Silver nitrate (AgNO 3 ,) was purchased from VWR (Leuven, Belgium), osmium tetroxide (OsO 4 ), glutaraldehyde and the epoxy resin embedding kit from Sigma Aldrich (Bornem, Belgium). Phosphate buffer saline (PBS) was obtained from Invitrogen (Merelbeke, Belgium).

Particle dispersion and characterisation in Volvic® water

AgNPs 20 and 200 nm

Two milligrams (2 mg) of particles were weighed and dispersed in 1 mL of a solution containing 5% (v/v) dimethyl sulfoxide (DMSO) in Milli-Q water. The solution was sonicated (cycle 0.5; amplitude 30%) on ice for 3 min using a UP200S probe ultra sonicator with a low diameter tip of 2 mm (Hielscher, Germany) resulting in 6.56 J/s of delivered acoustic power (See Supplementary material for calculations details). Stocks were always prepared freshly before each experiment (Georgantzopoulou et al., 2013;[START_REF] Lankoff | The effect of agglomeration state of silver and titanium dioxide nanoparticles on cellular response of HepG2, A549 and THP-1 cells[END_REF]. Total dilutions of DMSO in exposure medium were always in excess of 100.000, leading to minute DMSO exposure.

AgNPs 23 nm and 27 nm

The NPs were provided as stocks in Milli-Q water and stored at 4 °C in glass vials. Before use, the vials were gently vortexed. No further sonication steps were included (Georgantzopoulou et al., 2013).

AgNPs characterisation

AgNPs 20 and 200 nm were characterised using Scanning electron microscopy (SEM) type DSM942 (Zeiss, Germany) in the secondary electron (SE) mode and transmission electron microscopy (TEM) (JEOL 1200 EXII,JEOL, Japan) [START_REF] Lankoff | The effect of agglomeration state of silver and titanium dioxide nanoparticles on cellular response of HepG2, A549 and THP-1 cells[END_REF].

AgNPs 23 and 27 nm were characterised using High Resolution Scanning Electron Microscope (HRSEM). Images were obtained using Sirion HRSEM (FEI Company). Additionally, characterisation and size distribution using TEM were provided (Balachandran et al., 2012). The surface chemistry of AgNPs 23 and 27 nm were characterised using Shimadzu FTIR-8400S (Fourier Transform Infrared) spectrometer (Balachandran et al., 2012). Results were summarized in our previous study (Georgantzopoulou et al., 2013).

Particle size distribution of the AgNPs in the exposure medium (commercial mineral water Volvic®, France) was evaluated using Nanoparticle Tracking Analysis (NanoSIGHT, Malvern Instrument Ltd., UK).

Organism sampling and acclimation

Two different G. fossarum populations were sampled at two rivers considered to be unpolluted (Arce Funck et al., 2013;Dohet et al., 2008). The first set of animals (G.f1) was collected in June 2013 (experiment 1) at La Maix (48°28′55.7″ N and 07°04′20.1 E, Vexaincourt, Vosges Mountains, North-East France). The second set of animals (G.f2) was collected in July 2013 (experiment 1) and September 2013 (experiment 2) at Schwaarzbaach (49°48′24.9″ N and 06°04′53.2″ E, Attert River, Colmar-berg, Luxembourg). Specimens were collected using a hand net and they were quickly transported in plastic tanks with river water to the laboratory, where they were kept at 12 °C until sorting. In order to avoid potential gender and between-life stage influences on the organism sensitivity to the treatments, only adult males were selected for the experiments (Arce Funck et al., 2013;Sornom et al., 2010;Sroda and Cossu-Leguille, 2011;Vellinger et al., 2013). Males from precopula pairs were directly identified (males are bigger than females). Other individuals were sexed based on sexual dimorphism such as gnathopode sizes (males present bigger gnathopodes compared to females). As parasitism is known to interfere with the studied responses (Gismondi et al., 2012a(Gismondi et al., , 2012b(Gismondi et al., , 2012c)), Acanthocephala sp. parasitized organisms (parasites appear as orange spots visible through the cuticle) were excluded from sampling. After selection, non-parasitized males were acclimatised for at least 10 days in commercial mineral water (Volvic®, France) under controlled conditions (13.1 ± 0.2 °C with a photoperiod of 16 h light and 8 h darkness). Volvic® water was gradually added to river water for the first three days of acclimation. Gammarids were then kept for at least 10 days in 100% Volvic® water (Andreï et al., 2016). Individuals were fed ad libitum with alder leaves (Alnus sp.) up to 24 h before experiment. Volvic® water in the tanks was aerated and changed every 24 h during the acclimation period to avoid organic matter accumulation and potential increase of ammonium, nitrite and nitrate. All relevant characterization parameters such as mineral content, pH, conductivity, dissolved oxygen, hardness and alkalinity of Volvic® water were controlled and are presented in Supplementary materials (Table S1).

Experiment 1: acute toxicity test

After the acclimation period, 5 males per treatment group were transferred into plastic tanks (250 mL polypropylene tanks) containing 70 mL of exposure medium (Volvic® water with or without AgNPs or AgNO 3 ). A piece of mesh was added in each tank in order to provide a resting surface for the organisms and to reduce losses due to cannibalism. Males were exposed to various treatments: AgNO 3 and AgNPs 23 nm (0.5-1-2-4-8 μg•L -1 ), AgNPs 27 nm (1-3-10-30-100 μg•L -1 ), AgNPs 20 nm and AgNPs 200 nm (10-30-100-300 -1000 μg•L -1 ), and a control for 72 h at 12 °C with a photoperiod of 16 h light and 8 h darkness in the absence of feeding (Fig. 1). The different tested range of concentrations were selected based on previous results obtained after exposing D. magna to the same AgNPs (Georgantzopoulou et al., 2013). AgNO 3 and AgNPs stock solutions were diluted to the desired nominal concentrations in mineral water (Volvic®, France). Exposure medium was renewed daily (Volvic® water with or without AgNPs or AgNO 3 at the same concentrations listed above; no aeration). Dead animals were removed and survivors were counted. Each treatment was performed in 4 replicates. Acute toxicity of each AgNPs was assessed using LC50 values.

Total and dissolved Ag release

At the end of the exposure period, 5 mL of exposure medium (Volvic® water + AgNPs at the lowest and highest working concentrations where at least one animal survived) were kept for total silver concentrations measurements.

In order to assess the ion release for each class of particles, 4 mL of exposure medium (Volvic® water + AgNPs at the lowest and highest working concentrations where at least one animal survived) were centrifuged at the end of the 72 h exposure period at 4000 g for 40 min using centrifugal filter devices (Amicon ultra-4, Milli-pore, Ireland) with a 3 kDa cut-off level. Total (exposure medium) and dissolved (lower fraction) Ag were quantified using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) (Elan DRC-e, Perkin-Elmer, Waltham, MA, USA) as previously described [START_REF] Boscher | Chemical contaminants in fish species from rivers in the North of Luxembourg: potential impact on the Eurasian otter (Lutra lutra)[END_REF]Georgantzopoulou et al., 2013). All measurements were performed in the absence of animals. Percentages of dissolution were calculated based on total silver measured concentrations. The quantification limit of ICP-MS was around 0.051 μg•L -1 .

Particle uptake in gills of G. fossarum

Gills of G. fossarum are one of the first organs that are directly exposed to contaminants in the water (Felten et al., 2008b;[START_REF] Henry | Interaction of respiration, ion regulation, and acid-base balance in the everyday life of aquatic crustaceans[END_REF][START_REF] Issartel | Cellular and molecular osmoregulatory responses to cadmium exposure in Gammarus fossarum (Crustacea, Amphipoda)[END_REF]Lignot et al., 2000;Pequeux, 1995) and were therefore selected for AgNPs uptake evaluation.

At the end of the 72 h exposure period, gammarids' gills were harvested and fixed overnight with 5% glutaraldehyde in Phosphate Buffer Saline (PBS) at 4 °C. Glutaraldehyde was then removed and samples were washed in PBS. After that, gills were embedded in small 1% agar cubes (adapted from Georgantzopoulou et al., 2013). The gills were post-fixed with 1% osmium tetroxide in Milli-Q water for 1 h at room temperature. After an additional washing step with PBS, samples were dehydrated with five increasing acetone concentrations [START_REF] Zavala | Selection of reference genes for microRNA analysis associated to early stress response to handling and confinement in Salmo salar[END_REF]50,70 and 100% v/v in Milli-Q water) and were embedded in epoxy resin (Epon 812 substitute). Samples were cut to 300 nm semi-thin sections (Leica ultracut UCT, LePeq Cedex, France) and finally placed on silicon wafers (Siltronix, Archamps, France) for Secondary Ion Mass Spectrometry (SIMS) analysis (Georgantzopoulou et al., 2013).

Samples were analysed with a NanoSIMS 50 (Cameca, Gennevilliers, France) using Cs + as primary ion source (8 KeV) sputtering the surface of the sample (-8 KeV) with a raster of 40 × 40 μm 2 to generate secondary negative ions. Images were recorded in a pixel format of 256 × 256 image points with a counting time of 30 ms per pixel. The instrument was tuned for a mass resolution (M/ΔM) up to 5000 for the elimination of atomic or molecular isobar interference. The mass calibration of the silver ion was carried out using a silver foil (Goodfelow, Huntingdon, UK). The isotopic ratio between 107 Ag -(m = 106.9051, 51.8%) and 109 Ag -(m = 108.9048, 48.2%) was measured and verified (ratio = 1074). The 12 C 14 N -cluster was simultaneously detected with the silver ions to allow the recognition of the essential anatomical features (Eybe et al., 2009;Georgantzopoulou et al., 2013).

Experiment 2: physiological and behavioural responses

The G.f2 population, which was slightly more sensitive to AgNPs, was used for the second experiment in which the sub-lethal effects of AgNPs that had showed a toxic effect in the first experiment (AgNPs 20 nm, AgNPs 23 nm and AgNPs 27 nm) were assessed (Fig. 1).

Groups consisting of 15 individuals were housed in plastic tanks (one 500 mL polypropylene tank for each group) containing 210 mL of exposure medium (Volvic®, France). The same parameters used for experiment 1 (exposure time, temperature and photoperiod) were applied for the setup of experiment 2. Two concentrations of AgNO 3 and for each AgNPs (1 and 3 μg•L -1 ) were used. The group treated with only Volvic® water represented the negative control group. The choice of 1 and 3 μg•L -1 was based on the results obtained during the first experiment as they were lower than the LC5 of AgNPs 23 nm, which resulted as the most toxic AgNPs among those analysed in this work. Every 24 h, dead animals were removed from each tank and living ones were counted. Each treatment was performed in 3 replicates.

Ag bioconcentration

After 72 h of exposure, a pool of 4 gammarids per condition were rinsed with Milli-Q water and gently dried on filter paper. Animals were weighed and stored at -20 °C until analysis. 3 mL of mass grade Milli-Q water supplemented with 30% (v/v) of HNO 3 and 14% (v/v)of H 2 O 2 were added to each pool followed by mineralisation under a maximum pressure of 35 bars and maximum temperature of 200 °C in a microwave (Anton Paar Multiwave Pro). After mineralisation, total Ag content was quantified using ICP-MS following the procedure described elsewhere (Georgantzopoulou et al., 2013). Bioconcentration factors (BCF) were calculated based on the internal Ag concentrations in gammarids and measured total Ag concentration in the exposure medium at the end of exposure period

(BCF = [Ag] organism in μg•kg -1 -[Ag] control in μg•kg -1 /[Ag] water in μg•L -1 ).

Locomotor activity

For each treatment, measurements of locomotor activity, ventilation and haemolymph osmolality were performed on the same pool of 10 individuals. At the end of the exposure period, locomotor activity was firstly assessed by counting the number of animals in movement in a 80 mL glass tank containing 10 organisms with a piece of net added to provide a resting surface (Felten et al., 2008b). Measurements were done after 5 min of acclimation at the same time of day with similar light conditions and in a quiet environment. Moving G.f2 were counted for a period of 2 s and this process was repeated 40 times.

Ventilatory activity

Ventilatory activity was recorded immediately after locomotor activity measurements on the same animals (G.f2), by measuring the frequency of pleopod beats (ventilator appendages of malacostracean crustaceans). Ten gammarids from each treatment group were placed individually in a glass tube containing Volvic® water and left for a 30 s acclimation period. Then, pleopod beats were visually counted three times for 10 s using a manual cell counter only when animals were at rest. Measurements were performed at the same period of the day to avoid possible effects of a circadian rhythm on respiration (Rosas et al., 1992).

Haemolymph osmolality

At the end of the exposure period and immediately after the measurement of locomotor and ventilator activities, the organisms were used for the measurement of haemolymph osmolality. Prior to the haemolymph extraction, animals (G.f2) were gently dried between two pieces of filter paper to remove the excess of exposure media. Haemolymph samples were collected from the telson using a modified microcapillary (Felten et al., 2008b). A drop of haemolymph (≈20 nL) was transferred into mineral oil to avoid evaporation. Osmolality was measured using an Otago nanolitre osmometer (Otago Osmometers Ltd., Dunedin, New Zealand) using a 300 mOsm•kg -1 standard (Felten et al., 2008b).

Energy reserves, detoxification and lipid peroxidation (LPO) level measurements

Five pools of five gammarids each (G.f2) exposed to 1 and 3 μg•L -1 of AgNO 3 and AgNPs, as well as the non-treated negative control, were weighed and frozen in liquid nitrogen and stored at -80 °C until further analysis. Each pool was homogenised as described previously (Sroda and Cossu-Leguille, 2011). Briefly, each pool was grinded with a manual potter Elvejheim tissue grinder at 4 °C in homogenisation buffer (50 mM phosphate buffer) (pH 7.6) supplemented with 1 mM L-ser- ine-borate mixture and 1 mM phenylmethylsulfonyl fluoride (PMSF) as protease inhibitors, adjusted to the weight of the pooled tissues (ratio 4/1, v/w). Homogenates were centrifuged at 250 g for 5 min to remove cuticle fragments and 112 μL of the resulting supernatant (S1) were kept for biomarker measurements. The remaining supernatant was centrifuged at 1000 g for 20 min at 4 °C. The supernatant was recovered and centrifuged again at 20,000 g for 50 min at 4 °C. The final supernatant, corresponding to the cytosolic fraction (S2), was used for enzyme activities measurement.

Acid phosphatase (ACP), lipid peroxidation (LOOH), lactate dehydrogenase (LDH), electron transport system (ETS) and energy reserves were measured on the S1 fractions, while total antioxidant capacity (TAC), catalase (CAT), glutathione peroxidase (GPxtot), and glutathione S-transferase (GST), caspase-3 (CASP-3) were measured on the cytosolic fraction (S2) by an automated colorimetric methods developed on the Konelab 20-XTi (Thermo Scientific) (Garaud et al., 2015(Garaud et al., , 2016)). All technical procedures are described in detail in the Supplementary material.

Statistical analysis

LC50 values were calculated on nominal concentrations based on a logistic curve-fitting procedure applying the method described earlier (Isnard et al., 2001;Vindimian et al., 1999). The Excel macro REGTOX allowed us to estimate both LC50 values using Hill model (Vindimian et al., 1983) and their 95% confidence intervals (Vellinger et al., 2012). 95% confidence intervals were considered for identifying significant differences existing between Gammarus populations.

All other results are reported as mean ± SD. Total and dissolved Ag concentrations in exposure medium were compared using two-way ANOVA, with exposure conditions and Gammarus population as factors, followed by Tukey HSD post hoc test for multiple comparisons. The comparison of each biomarker response in tested conditions was performed using one-way ANOVA (if normality and homoscedasticity were identified using Shapiro-Wilk and Levene tests, respectively) followed by appropriate post hoc test for multiple comparisons. If significant heterogeneity among tested conditions (P b 0.05) had been identified, non-parametric Kruskal-Wallis test for multiple independent groups followed by Mann-Whitney U test were performed. An arcsine square root transformation was done on responses expressed in % (mortality and locomotion) before applying statistical tests to normalise the data. All statistical analyses were performed using Statistica 7.0 software (Statsoft Inc).

Results

Particle characterisation

Nanoparticles tracking analysis (NTA) showed that the studied AgNPs of the nominal size of around 20 nm agglomerated in Volvic® water (Table 1, Fig. S1). Zeta (ζ) potential ranged from -3.5 to -4.5, suggesting unstable dispersion of AgNPs in Volvic® water (Table 1).

Experiment 1: acute toxicity test and particle uptake

In general, AgNO 3 and AgNPs 23 nm were the most toxic for both populations with AgNO 3 having the lowest LC50 values followed by AgNPs 23 nm, AgNPs 27 nm and AgNPs 20 nm (Table 2). No LC50 value could be recorded for AgNPs 200 nm within the tested range of concentrations (10-1000 μg•L -1 ). The LC50 calculated for G.f2 was significantly lower than the LC50 determined for G.f1 (no overlap in 95% confidence intervals) when they were exposed to AgNO 3 ,A g N P s 23 nm and AgNPs 27 nm. G.f2 was thus considered to be the slightly more sensitive population and was therefore selected for further experiments.

Uptake study, performed by NanoSIMS 50 analysis, showed no presence of silver in the gill tissues of control gammarids (Fig. 2D). Internalisation of Ag within gill tissues was observed in G. fossarum exposed to AgNPs 23 nm and AgNPs 27 nm (fig. 2A andB). AgNO 3 seem to be present only in the external membrane of G. fossarum gills (Fig. 2C).

Dissolution of ions from AgNPs was below the limit of quantification at the lowest exposure concentrations tested, therefore only concentrations from the high exposure can be reported.

The dissolved Ag concentrations measured in Volvic® water at the end of exposure period for AgNPs 23 nm were at the same level as for AgNO 3 (~0.5 μg•L -1 ). The percentage of dissolution of AgNPs 23 nm was about 30% (G.f2), while lower levels were found for all the other AgNPs (between 0.3 and 4.4%) (Table 3).

Experiment 2: physiological and behavioural responses

Survival

After 72 h of exposure, survival rate in controls remained high and above 95% (Fig. 3). Survival rates of G.f2 were significantly reduced (one-way ANOVA, F = 9.470, 8 df, P b 0.0001) when organisms were exposed to the highest concentration (3 μg•L -1 )ofAgNO 3 ,reaching28± 30%comparedtotheuntreatedcontrol.Nosignificant effects on survival were recorded for G. fossarum exposed to AgNPs 23 nm, AgNPs 27 nm and AgNPs 20 nm (P N 0.05).

Ag bioconcentration

ICP-MS analysis of internal Ag + concentrations in control gammarids revealed that non-treated animals contained already 0.274 μg•g -1 of Ag in their body (Table. 4). 72 h of direct exposure to 1 μg•L -1 of AgNO 3 led to a 4-fold increase of Ag concentration in the whole body of gammarids compared to controls.

Internal Ag concentration in G. fossarum exposed to AgNPs 20 nm and 1 μg•L -1 of AgNPs 23 nm were not different from those measured in negative control animals. Internal Ag concentration of gammarids exposed to 3 μg•L -1 of AgNPs 23 nm was increased by 24 and 12-fold 4).

Haemolymph osmolality

The basal level of haemolymph osmolality in controls G.f2 reached 295 ± 13 mOsm•kg -1 (Fig. 4). AgNO 3 (1 and 3 μg•L -1 ) and AgNPs 23 nm (3 μg•L -1 ) significantly decreased haemolymph osmolality of G.f2 (one-way ANOVA, F = 3.466, 8 df, P b 0.001) reaching 258 ± 31 mOsm•kg -1 , 261 ± 24 mOsm•kg -1 and 275 ± 53 mOsm•kg -1 respectively. Osmolality in G. fossarum exposed to AgNPs 20 nm, 27 nm and 1 μg•L -1 of AgNPs 23 nm was not affected.

Energy reserves, antioxidants, defence mechanisms, cellular damage and behavioural responses

Due to the high mortality rate recorded for G. fossarum exposed to 3 μg.L -1 of AgNO 3 , antioxidant responses, defence mechanisms, cellular damage and energy reserve measurements could not be performed for this condition.

Antioxidant responses, defence mechanisms, cellular damage, energy reserves (Table 5) and ventilatory activity (Fig. 5a) were not impacted by 1 μg•L -1 AgNO 3 and 1 and 3 μg•L -1 AgNPs treatments (one-way ANOVA, F = 0.921, 8 df, P N 0.05).

Locomotion was significantly decreased by 20.3% and 33.9% (oneway ANOVA, F = 18.705, 8 df, P b 0.0001) when gammarids were exposed to 1 μg•L -1 and 3 μg•L -1 of AgNO 3 , respectively and by 17.7% at 3 μg•L -1 of AgNPs 23 nm. Locomotor activity of G. fossarum exposed to AgNPs 20 nm and AgNPs 27 nm was not affected (Fig. 5b).

Discussion

Experiment 1: acute toxicity test

The observed mortality rates in G. fossarum exposed to AgNO 3 and AgNPs indicates that the observed effects are concentration-dependent. AgNO 3 appeared to be the most toxic form of silver for both G. fossarum populations. The recorded LC50-72 h values were in the same range than those previously reported for Gammarus pulex and G. fossarum (Bury et al., 2002;Arce Funck et al., 2013). The G. fossarum population used in this study was the same one used in Arce Funck et al. ( 2013) study (collected at la Maix).

Generally, the order of toxicity of all AgNPs was similar for both G. fossarum populations with AgNPs 23 nm being the most toxic one followed by AgNPs 27 nm and AgNPs 20 nm. No mortality was observed for both G. fossarum populations exposed to AgNPs 200 nm. The same order of toxicity of AgNPs for Vibrio fischeri, Desmodesmus subspicatus, D. magna (Georgantzopoulou et al., 2013) and in-vitro co-culture model for gastrointestinal epithelium (Georgantzopoulou et al., 2016) was reported. Ag 200 nm appeared the be the least toxic particle for all the models tested and multivariate analysis had shown that this particle always clusters together with control groups (Georgantzopoulou et al., 2016).

G.f2 appeared to be the slightly more sensitive of the two selected G. fossarum populations. The different LC50s obtained between the two populations could be linked to the presence of different cryptic species (Feckler et al., 2014;Weiss et al., 2014), particular life-history traits specific to each population (e.g. size, reproduction, feeding habits, etc.) et al., 2010;Vellinger et al., 2012;Arce Funck et al., 2013), sampling dates (June vs July), water quality in the field and food availability [START_REF] Heugens | Population growth of Daphnia magna under multiple stress conditions: joint effects of temperature, food, and cadmium[END_REF]). The differences in toxicity observed for the different AgNPs (20 nm and 200 nm obtained by chemical synthesis and AgNPs 23 nm and 27 nm obtained by "green" synthesis) could be partially explained by their different dissolution in exposure medium. Indeed, ICP-MS analysis revealed that AgNPs 23 nm dissolved more in exposure medium than AgNPs 27 nm, AgNPs 20 nm and AgNPs 200 nm. These results are in accordance with those reported previously after exposing D. magna to the same particles (Georgantzopoulou, 2015). In this previous study the amount of dissolved Ag from AgNPs 23 nm was about 30% which fits our results exactly. However, the observed effects could not only be linked to the effects of Ag ions as the observed effects for AgNPs 23 nm were lower than those observed for AgNO 3 with comparable dissolved Ag concentrations in Volvic® water. The differences in effects could be explained by different factors such as the size, surface charge and specific molecules present on the surface of AgNPs. As previously described, AgNPs 23 nm and AgNPs 27 nm are synthetized using plant leaf extract. Therefore, bio-molecules (e.g proteins, flavonones, terpenoids and sugars) are present on their surface (Balachandran et al., 2013;Georgantzopoulou et al., 2013). However, an additional compound was detected at the surface of AgNPs 27 nm (germinal methyl or symmetric stretching of carbonyl group) making them more stable in exposure medium (Georgantzopoulou et al., 2013) thereby potentially reducing their toxicity [START_REF] Kroll | Extracellular Polymeric Substances (EPS) of Freshwater Biofilms Stabilize and Modify CeO 2 and Ag Nanoparticles[END_REF]. Uptake evaluation performed with NanoSIMS 50 showed the presence of Ag inside the gills of gammarids exposed to AgNPs 23 nm and AgNPs 27 nm, whereas Ag in AgNO 3 exposed animals was only present in the external membrane of the gammarids' gills. Thus, it can be hypothesised that AgNPs 23 nm and AgNPs 27 nm have a different or an additional uptake route compared to AgNO 3 and AgNPs 23 nm may readily release the ions in the cells after uptake (Georgantzopoulou, 2015).

Experiment 2: physiological and behavioural responses

Survival rates and Ag bioconcentration

This experiment showed that exposing G. fossarum to AgNPs and to AgNO 3 led to a significant uptake of Ag. Increased internal concentrations of Ag are associated to decrease of survival rates of G.f2 with AgNO 3 being the most toxic, followed by AgNPs 23 nm, AgNPs 27 nm and AgNPs 20 nm. Additionally, AgNPs 23 nm also showed the highest potential for bioaccumulation with the highest bioconcentration factors, followed by AgNPs 27 nm and AgNPs 20 nm. These results are in accordance with previous studies that reported an accumulation of waterborne Ag in crustaceans, mainly in hepatopancreas and gills (Bury et al., 2002;Grosell et al., 2002;Arce Funck et al., 2013), which increased the mortality rate. However, despite a high amount of Ag bioaccumulated in G. fossarum exposed to AgNPs 27 nm, this did not cause an increase in mortality rate or any other disturbances. The differences in toxicity observed between the similar sized AgNPs 23 nm and AgNPs 27 nm can thus be linked to AgNPs dissolution and silver ions release from AgNPs 23 nm (Georgantzopoulou, 2015). It could also be suggested that proteins released by G. fossarum in exposure medium might increase the toxicity of AgNPs 23 nm by the formation of an eco-corona (Nasser and Lynch, 2016) due to observed differences in the surface molecules of the native Ag particles (Georgantzopoulou et al., 2013). Indeed, it had been shown that the presence of proteins of D. magna in exposure medium increased AgNPs uptake by D. magna neonates thus leading to a higher retaining dose of AgNPs and thus higher toxicity (Nasser and Lynch, 2016). Different letters illustrate significant differences between different treatments (Kruskal-Wallis ANOVA + Mann-Whitney U test at P b 0.05 level of significance, n = 3). LOQ: limit of quantification. a Due to an unexpected mortality during sorting and acclimation period in addition to a high mortality rate during exposure, Ag bioconcentration in Gammarus exposed to 3 μg•L -1 of AgNO 3 could not be measured.

(μg•L -1 ) [Ag] in exposure medium (μg•L -1 ) Gammarus internal [Ag] (μg•g gammarids -1 ) BCF (μg•kg gammarids -1/ μg•L -1)

Haemolymph osmolality

Freshwater organisms are dependent on osmoregulation. Absorption and excretion of ions is needed to maintain their ion homeostasis. In this study, heamolymph osmolality of G.f2 exposed for 72 h to 1 and 3 μg•L -1 of AgNO 3 and 3 μg•L -1 of AgNPs 23 nm was significantly reduced in addition to a significant higher mortality rate. This result was in accordance with a previous study, in which a significant decrease of heamolymph [Na + ] and [Cl -], due to gill iono/osmoregulation failure, was observed in G. fossarum exposed for 96 h to 0.5 μg•L -1 of AgNO 3 (Arce Funck et al., 2013). Ag + was described to act by disturbing the branchial ion transport pathways in fish, leading to an ion influx inhibition and a significant loss of Na + and Cl -across the gill (Morgan et al., 1997). Consequently, osmoregulation failure observed in gammarids exposed to AgNO 3 and AgNPs 23 nm might be explained by the loss of Na + and Cl -ions through the gills. In crustaceans, Ag + was described as a competitor of Na + for the same transport site, attributable to a similar radius between the two ions (Grosell et al., 2002;Bianchini and Wood, 2003;[START_REF] Völker | The biological effects and possible modes of action of nanosilver[END_REF]. Therefore, it could be assumed that the observed Ag + toxicity is related to the inhibition of Na + uptake.

Defence mechanisms and energy reserves

In general, one of the most widely accepted toxicity mechanisms proposed for AgNPs is through the generation of ROS (Klaine et al., 2008;Vale et al., 2016), which can lead to lipid peroxidation inducing, finally, oxidative stress [START_REF] Ulm | Response of biochemical biomarkers in the aquatic crustacean Daphnia magna exposed to silver nanoparticles[END_REF]. In this study, despite a significant bioconcentration of Ag in gammarids exposed to AgNO 3 , AgNPs 23 nm and AgNPs 27 nm, and their presence within G. fossarum gills tissue, no significant alterations in antioxidant responses, defence mechanisms, cellular damage and energy reserves could be detected. These results are consistent with those reported by Arce Funck et al. ( 2013) who observed no effects at 0.5 and 1 μg•L -1 of AgNO 3 on catalase and selenium-dependent GPx activities of G. fossarum. However, unlike our study, significant lipid peroxidation was observed and was discussed to potentially result from an overwhelming of the defence mechanisms activities (Arce Funck et al., 2013). In our study, the absence of effect could be explained by the fact that the basal levels of enzyme activities were maybe effective enough to cope with potential increased ROS levels generated by the AgNPs.

Behavioural responses

In the current study, we could observe a significant decrease in locomotor activity after 72 h of exposure to AgNO 3 and AgNPs 23 nm (1 and 3 μg•L -1 ) while no observable effect on locomotor activity of G. fossarum treated with AgNPs 20 nm and AgNPs 27 nm could be detected. These results were in accordance with a study which showed that 0.5 μg•L -1 of citrate-coated AgNPs significantly decreased locomotor activity of G. roeseli after 72 h of exposure (Andreï et al., 2016). The effects were size-dependent with the 10 nm citrate coated AgNPs being more potent in inhibiting locomotor activity than 60 nm citrate coated AgNPs (Andreï et al., 2016). In our study, the results indicate that the impact of AgNPs on behavioural responses of G. fossarum may be linked Biomarkers in italic were analysed using One-way ANOVA and Tukey post hoc test, whereas the others were analysed using Kruskal-Wallis ANOVA and Mann-Whitney U test. No significant differences were detected for any of the exposure conditions. a: mg•g fresh weight

-1 ;b:μmol O 2 •g proteins -1 •h -1 ;c:μmol p-nitrophenol•g protein -1 •h -1 ;d:μmol CDNB•min -1 •g proteins -1 ;e:μmol NADPH•g protein -1 •min -1 ; f: mmol Trolox equivalent•g protein -1 ;g:mmolH 2 O 2 •g proteins -1 •min -1 ; μmol NADH•g proteins -1 •h -1 ;h:μmolpNA•g proteins -1 •h -1 ; j: nmol TBH•g proteins -1 .
to the surface chemistry of AgNPs and eco-corona (Nasser and Lynch, 2016). Indeed, authors reported that the formation of eco-corona on AgNPs affected the feeding ability of D. magna and could therefore lead to multi-trophic disturbances in aquatic ecosystems (Nasser and Lynch, 2016). Besides the potential direct effect of AgNPs, the observed decrease in locomotor activity could also be linked to an energy reallocation or preservation in favour of maintenance mechanisms. Other studies showed that the impairment of iono/osmoregulation of animals treated with Cd or under acidic stress, led to a reduction of energy allocation to locomotor activity of G. pulex (Felten et al., 2008a(Felten et al., , 2008b)). Therefore, osmoregulation impairment of G.f2 exposed to AgNO 3 and AgNPs 23 nm could explain the observed lower locomotion activity. Measurement of this parameter could allow the use of G. fossarum not only at individual level, but also at population level, thus allowing a better and more realistic evaluation of the potency of a compound, which goes beyond the mere evaluation of the EC50s. Indeed, movement is a highly ecologically relevant biomarker as locomotion is necessary for foraging, finding a mate and escaping from predators. Consequently, by interfering with locomotion, AgNO 3 and AgNPs 23 nm could reduce the fitness of organisms and have a potential effect at population level, resulting in "ecological death" (Scott and Sloman, 2004).

Conclusion

This study allowed the obtaining of first information on the toxicity of AgNPs on G. fossarum. AgNPs 23 nm, which was more toxic than AgNPs 27 nm, appeared to be the one that released more Ag ions and was readily taken up by G. fossarum. AgNPs 23 nm led to significant iono/osmoregulation impairment, decrease in locomotor activity and survival rates. Haemolymph osmolality appeared to be an effective marker as it indicates the physiological health status of G. fossarum. Altered locomotor activity, which was the most impacted response, may indicate potential effects of released silver ions from AgNPs 23 nm at population level.

G. fossarum is proposed in this work as model organism for nanotoxicology as it allows studies at individual levels and at population level. Our results indicate the potential usefulness of G. fossarum as a model organism for future nanotoxicology studies at population level. 

SUPPLEMENTARY MATERIAL

Particle dispersion and characterisation in Volvic® water

Sonication calorimetric calibration

The delivered acoustic power of the UP200S probe ultra sonicator was determined. Temperature (K°) of medium during sonication was measured for 30 minutes and recorded as a function of time. Then, the delivered acoustic power P (W= J/s) was calculated as the following:

P = (dT/dt)MCp
Where (dT/dt) is the slope of temperature (K) vs time (s), M is the mass of water and Cp is the specific heat of water (4.186J/gK°).

Energy reserves, detoxification and LPO level measurements

Detoxification mechanisms and antioxidant responses

TAC was measured based on a method previously published (Erel, 2004). The loss of colour of the radical 2,2'azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS *+ ) upon reduction by antioxidants in the cytosolic fraction was measured by measuring absorbance at 660nm after a 342s incubation time. TAC is calculated against a calibration curve designed using Trolox (6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) as standard, and expressed in mmol Trolox equivalent. g protein -1 (mmolTeq.gprot -1 ).

GPxtot activity was measured based on a method (Paglia and Valentine, 1967) adapted for its automation on the Konelab (Garaud et al., 2015). The cytosolic fraction was diluted to 1/32 (v/v) to a total volume of 160 µL with a solution containing 50 mM phosphate buffer (pH = 7.6), reduced glutathione (GSH, 2 mM), NADPH (0.36 mM), glutathione reductase (1 U/mL) and cumene hydroperoxyde (1.125 mM), being the last substrate for the reduction. NADPH consumption was followed for 126s by monitoring absorbance at 340 nm and GPxtot activities were expressed in µmol NADPH.g protein -1 .min -1 (ε NADPH = 6220 M -1 .cm -1 ).

GST activity was measured on the Konelab automat by monitoring the absorbance at 340 nm for 4 min. The measurements were performed in a phosphate buffer (0.1 M; pH 6.5) supplemented with 1-chloro2,4dinitobenzene (CDNB; 1 mM), GSH (1 mM) and 13/200 (v/v) of diluted cytosolic fraction. GST activity is expressed in µmol CDNB.min -1 .g -1 proteins.

ACP activity was measured by measuring the hydrolysis of 4-nitrophenyl phosphate (1.67 g/L) by acid phosphatase. Total homogenate was diluted (1/144 v/v) in a total volume of 90 µL of citrate buffer (41.7 mM, pH=4.8) supplemented with 0.16% Triton X-100. Reaction was stopped and the p-nitrophenol resulting from the hydrolysis of 4-nitrophenyl was revealed after 15 min by the addition of 125 µL NaOH (138.7 mM). A pnitrophenol standard calibration curve was constructed. ACP activity was expressed in µmol p-nitrophenol. g protein -1 .h -1 (Garaud et al., 2015).

Catalase activity was measured by spectrophotometry (SPECORD ® 205; analytikjena) according to a published method (Beers and Sizer, 1951). Catalase catalyses the decomposition of hydrogen peroxide into water and oxygen. Briefly, cytosolic fraction (S2) was first diluted 1 to 4 in 50 mM phosphate buffer solution (pH=7.6).

Then, the diluted S2 was incubated for 30 seconds with H2O2 (30 mM) in the reactive mixture (1/10 v/v) and the consumption of H2O2 was followed at 240 nm. Catalase enzymatic activity is expressed in mmol H2O2.g proteins -1 .min -1 (ε H2O2 = 40 M -1 .cm -1 ).

Cellular damage and oxidative stress assessment

Lipid hydroperoxide (LOOH) concentration was measured using the Konelab following the automated method previously described [START_REF] Arab | Plasma lipid hydroperoxides measurement by an automated xylenol orange method[END_REF]. LOOH were quantified based on the oxidation of Fe 2+ to Fe 3+ , under acidic conditions, followed by a complexation of Fe 3+ by xynelol orange whose absorbance is finally measured at 620 nm after 20 min incubation time. The final xylenol orange (XO) concentration used was 240 mM as described (Garaud et al., 2015). A tert-butylhydroperoxide (TBH) standard calibration curve (0.125-4 µmol/L) was established and LOOH contents were expressed in nmol TBH. g proteins -1 .

Lactate Dehydrogenase (LDH) is an enzyme involved in glycogen metabolism and is used as a biomarker of metabolic disruption. LDH activity was measured using Thermo-Scientifc Konelab ready-to-use reagents and methods (LDH IFCC) adapted to gammarids (Garaud et al., 2015). LDH activity was expressed µmol NADH. g proteins -1 .h -1 .

Apoptosis was measured based on Caspase-3 (CASP-3) activity. CASP-3 was measured in the cytosolic fraction following an automated method developed on the Konelab. Cytosolic fraction was diluted 1 to 7 (v/v) with a solution containing Tris buffer (10 mM, pH=7.4), DTT (5 mM) and EDTA (2 mM). The absorbance of p-Nitroaniline (pNA) released by the cleavage of caspase-3-substrate z-DEVD-pNA (25 µM) by CASP-3 was followed at 405 nm for 1h. CASP-3 activity was expressed in µmolpNA. g proteins -1 .h -1 (µmolpNa/gprot/h, εpNA=10500 M -1 .cm -1 at 405 nm) (Garaud et al., 2015).

Energy reserves

Protein, triglyceride and cholesterol concentrations were measured using Thermo-Scientifc Konelab readyto-use reagents (following manufacturer's instructions) and methods adapted to gammarid (Garaud et al., 2015). Scal bovine-based serum (Thermo-Scientific) was used as standard to create calibration curves and energetic reserve contents were expressed in mg.g -1 fresh weight.
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Total protein concentration in the cytosolic fraction was determined by the pyrogallol red colorimetric method using ready-to-use U/CSF protein (following manufacturer's instructions) reagents and Scal bovinebased serum as reference (Thermo-Scientific).

Electron Transport System (ETS) mitochondrial activity was measured following the original method (Owens and King, 1975) modified by (De Coen and Janssen, 1997) and automated on the Konelab (Garaud et al., 2015). ETS activity was measured by monitoring for 12 min at 480 nm, the production of formazan by the reduction of p-iodonitrotetrazolium (133 mg. L -1 ), which works as final electron acceptor of the mitochondrial respiratory chain. This reaction was measured in 80 mM phosphate buffer (pH=8.5) containing MgSO4 (15 µM), Triton X-100 (0.16%), PVP (300 mg. L -1 ), NADH (1 mM) and NADPH (0.15 mM) with 1/35 (v/v) of diluted whole homogenate. ETS activity was calculated according to (De Coen and Janssen, 1997) and expressed in µmol O2. g proteins -1 .h -1 .
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KEY FINDINGS

Aim of the study

The aim of the study is the determination of a suitable set of reference genes for data normalization of RT-qPCR experiments using G. fossarum. Six common candidate reference genes, tested and validated with other species, were selected and their reliability for RT-qPCR were tested in different exposure conditions using AgNO3, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) contamination.

Experimental design

Key findings 

•

INTRODUCTION

Understanding the mechanisms underlying the effects of stressors on organisms needs sensitive analytical techniques that can cover and link responses observed at different biological levels (from molecular to individual responses). One of the most reliable technique is the measurement of changes or alterations in gene expression in response to an external stimuli [1]. Recent advances in "omics" and bioinformatics methodologies applied in ecotoxicological studies provided a new-angle of study of non-model organisms, opening new ways in determining new molecular biomarkers (genes) as an alteration of their regulation may influence the fitness of organisms [2,3]. Reverse transcription quantitative polymerase chain reaction (RT-qPCR) is currently described as one of the most reliable techniques to assess these changes due to its effectiveness, sensitivity and reproducibility [1,2,4]. This method, which allows studying the expression of a set of selected genes in an organism, requires multiple critical quality controls in order to obtain robust results. This includes RNA purity and integrity control, genomic DNA contamination assessment, evaluation of PCR primer efficiency and specificity and, in case of relative quantification of gene expression, the identification of suitable reference genes for data normalization [1,5,6].

Reference genes are described to be stable regardless the exposure conditions making them suitable for data normalization of genes of interest. Therefore, their determination is crucial for a good analyze of RT-qPCR results [2,5,[START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF][START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF]. Furthermore, combination of a set of the most stable reference genes is fundamental to avoid misinterpretation of the results that may occur when using a unique reference gene [1]. Consequently, a preliminary experimental determination of the optimal reference genes is necessary before each new experimental design [5,[START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF]. For this purpose, many software and tools have been developed in order to determine the best reference genes. This selection is performed following a ranking method based on their stability across different stress conditions [5,[START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF][START_REF] Mangeot-Peter | Identification of Reference Genes for RT-qPCR Data Normalization in Cannabis sativa Stem Tissues[END_REF]. Unfortunately, many ecotoxicological studies are still using only one, or a set of reference genes selected from previous studies, applying different experimental designs, making them sometimes improper for data normalization. Classically known housekeeping genes such as actin, tubulin (TUB), glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and 18S ribosomal RNA are used as reference genes [2,4,6,[START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF]. However, recent studies demonstrated that some of these genes might not be suitable as they are not always stable depending on the experimental design, studied stress and organisms leading sometimes to the misinterpretation of the results [START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF][START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF].

Among the aquatic macroinvertebrates assemblage, amphipods of the genus Gammarus, and more specifically Gammarus fossarum, represent a major part of it [START_REF] Dedourge-Geffard | Effects of metals on feeding rate and digestive enzymes in Gammarus fossarum: An in situ experiment[END_REF][START_REF] Ladewig | Population Structure and Dynamics of Gammarus fossarum (Amphipoda) Upstream and Downstream from Effluents of Sewage Treatment Plants[END_REF]. They are used in different ecotoxicological studies for their high ecological relevance linked to their wide distribution all over Europe and their major functional role in litter breakdown process and nutrient cycling [START_REF] Kelly | The functional role of Gammarus(Crustacea, Amphipoda): shredders, predators, or both?[END_REF][START_REF] Lacaze | Genotoxicity assessment in the amphipod Gammarus fossarum by use of the alkaline Comet assay[END_REF]. Their welldocumented sensitivity to different kind of pollutants make them good model organisms for ecotoxicological studies [START_REF] Alonso | Contrasting sensitivities to toxicants of the freshwater amphipods Gammarus pulex and G. fossarum[END_REF][START_REF] Arce Funck | Behavioural and physiological responses of Gammarus fossarum (Crustacea Amphipoda) exposed to silver[END_REF][START_REF] Felten | Physiological and behavioural responses of Gammarus pulex (Crustacea: Amphipoda) exposed to cadmium[END_REF][START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. However, to our knowledge, few studies investigated their responses to exogenous stress at molecular level, such as the vitellogenin expression following an estrogenic stress (Xuereb et al., 2011), the antioxidant responses via catalase and MnSOD gene expression following exposure to gold nanoparticles (AuNPs) (Baudrimont et al., 2017) and the identification of proteins expression profiles during spermatogenesis [START_REF] Baudrimont | Trophic transfer and effects of gold nanoparticles (AuNPs) in Gammarus fossarum from contaminated periphytic biofilm[END_REF][20][START_REF] Xuereb | Vitellogenin-like gene expression in freshwater amphipod Gammarus fossarum (Koch, 1835): functional characterization in females and potential for use as an endocrine disruption biomarker in males[END_REF] . Nevertheless, there is still no reference genes properly characterized and dedicated to the amphipod G. fossarum. Reference genes are mandatory for an accurate data normalization of gene expression [1]. Therefore, the aim of the present study is to fill this gap and to determine a suitable set of reference genes for data normalization of RT-qPCR experiments using G. fossarum. Six common candidate reference genes, tested and validated with other species [4,[START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF][START_REF] Mangeot-Peter | Identification of Reference Genes for RT-qPCR Data Normalization in Cannabis sativa Stem Tissues[END_REF], were selected and their reliability for RT-qPCR were tested in different exposure conditions using AgNO3, silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) contamination.

RESULTS

Stability of the candidate reference genes in G. fossarum

To identify the most appropriate set of reference genes for G. fossarum, six candidates were tested. The genes included some frequently used ones (actin, TUB and GAPDH) and less common ones, namely, succinate dehydrogenase (SDH), ubiquitin (UB) and clathrin. Five different methods were compared in order to Chapter 3

Reference genes of G. fossarum 102 determine the most stable gene sub-set: GeNormPlus [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF], NormFinder [START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets[END_REF], BestKeeper [START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF], RefFinder [START_REF] Xie | miRDeepFinder: a miRNA analysis tool for deep sequencing of plant small RNAs[END_REF] and the comparative delta-CT method [START_REF] Silver | Selection of housekeeping genes for gene expression studies in human reticulocytes using real-time PCR[END_REF].

The ranking of the studied genes varied dependently on the algorithms used (Table 3. 1). Interestingly, the same ranking was obtained using the most commonly used softwares, GenormPlus and NormFinder, with clathrin and SDH as the most stable genes and UB as the least stable one. In the same way, RefFinder and the comparative delta-CT method identified clathrin and SDH as the most stable genes. GAPDH was the third most stable gene according to GenormPlus, NormFinder, and RefFinder, whereas, the rankings were different for the least stable ones (Table 3. 1) as Actin was assigned the highest score by BestKeeper, the comparative delta-CT method and RefFinder (Table 3. 1).

As BestKeepper's ranking is based on correlation factor (R, the closer to 1, the better) and standard deviation (the bigger, the worse) [START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF][START_REF] De Spiegelaere | Reference Gene Validation for RT-qPCR, a Note on Different Available Software Packages[END_REF], the obtained results differed from the other algorithms as Clathrin and Actin appeared as the most stable genes whereas GAPDH and TUB were the least stable ones. According to BestKeeper, SDH was the third most stable gene (Table 3.1) In order to determine the stability of each gene, a global ranking was generated by assigning a number (from 1 to 6 where 1 is the most stable gene) to each stability coefficient presented in Table 3. 1 and by averaging them [1,[START_REF] Mangeot-Peter | Identification of Reference Genes for RT-qPCR Data Normalization in Cannabis sativa Stem Tissues[END_REF]. This allowed the confirmation of the high stability of clathrin and SDH (Figure 3. 1). UB appeared as the least stable gene followed by actin and TUB (Figure 3. 1). 

Optimal number of reference gene for data normalization in G. fossarum using GeNorm

In order to calculate the optimal number of reference genes for data normalization in G. fossarum, GeNormplus was used to generate the pairwise variation (Vn/Vn+1) between two normalization factors (NF/NFn+1). Indeed, only GenormPlus allows an estimation of the optimal number of reference genes to use in a specific experimental design.

The analysis conducted on 31 samples of G. fossarum exposed to AgNO3, AgNPs 40 nm and AuNPs 40 nm, showed that the optimal number of reference genes is 2 as the V value is below the cut-off threshold of 0.15 making the addition of a third gene unnecessary (Figure 3. 2). As previously described, GeNormPlus identified clathrin and SDH as the best combination for data normalization. In the same way, NormFinder determined clathrin/SDH as the best pair as these two genes showed the highest stability coefficient (Table 3. 1). 

Validation of the selected reference genes for G. fossarum

In order to validate G. fossarum reference genes, the expression of a general stress-related gene, the heat shock protein 90 (HSP90), was evaluated. HSP90 expression profiles were studied on G. 

DISCUSSION

Despite the rapid advances in the "omics" field marked by the development of next generation sequencing (NGS) methods, RT-qPCR remains one of the most accurate and reliable techniques for targeted gene expression and NGS data validation. This method is recognized for its capacity to highlight sensitive changes in gene transcription levels [1,[START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF]. However, for an accurate interpretation of RT-qPCR results, in term of relative gene expression, one of the most important criteria is the selection of suitable reference genes, which, to the best of our knowledge, are lacking for G. fossarum species. Previous studies have already investigated molecular responses in Gammarus sp., exposed to AuNPs, temperature and ammonia, using actin, or GAPDH as reference genes [START_REF] Baudrimont | Trophic transfer and effects of gold nanoparticles (AuNPs) in Gammarus fossarum from contaminated periphytic biofilm[END_REF][START_REF] Henry | Combined effect of temperature and ammonia on molecular response and survival of the freshwater crustacean Gammarus pulex[END_REF] on the assumption that these genes were stable and without prior experimental verifications. Such approaches might conduct to misinterpretation of RT-qPCR results [5,[START_REF] Dong | The validity of a reference gene is highly dependent on the experimental conditions in green alga Ulva linza[END_REF][START_REF] Kozera | Reference genes in real-time PCR[END_REF] since the expression of these genes might be influenced by biotic or abiotic stress as well as developmental stage and tissue type [4,[START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF][START_REF] Zavala | Selection of reference genes for microRNA analysis associated to early stress response to handling and confinement in Salmo salar[END_REF]. It is well established that a single reference gene could not be applied to all the experimental designs [1,5]. Therefore, a case-specific choice of the best reference genes for RT-qPCR is mandatory. In the present study, six candidate genes have been tested in adult G. fossarum males, regarding a contamination with AgNO3, AgNPs and AuNPs, for their appropriateness to be used as reference genes in transcriptomic studies [4]. The efficiency and specificity of the designed primers have been checked.

All the tested primers showed correct PCR efficiency and specificity during the PCR ensuring robust and precise results interpretation [5], and confirmed that our RT-qPCR experiments comply with the known Reference genes of G. fossarum 106 recommendations [4,5]. Five different algorithms were used to determine optimal reference genes to normalize our data. The five used softwares identified clathrin and SDH as the most stable genes. These results are in accordance with previous studies that described SDH as a suitable reference gene in Rhodnius prolixus [START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF] and in red abalone Haliotis rufescens' gonad and digestive tissues [START_REF] López-Landavery | Selection of reference genes as internal controls for gene expression in tissues of red abalone Haliotis rufescens (Mollusca, Vetigastropoda; Swainson, 1822)[END_REF]. Clathrin was also identified as one of the most stable genes in Lilium formolongi [START_REF] Zhang | Reference gene selection for gene expression studies in lily using quantitative real-time PCR[END_REF].

It is important to notice that our ranking of the candidate reference genes shows that the most commonly used genes in transcriptomics studies are the least stable ones in this study. This observation is in agreement with other recent studies which showed that GAPDH, 18s rRNA, actin and TUB were not good candidates as reference genes [4,[START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF][START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF][START_REF] Lacroix | A selection of reference genes and earlywarning mRNA biomarkers for environmental monitoring using Mytilus spp. as sentinel species[END_REF]. GAPDH, commonly considered as a housekeeping gene, plays an important role in energetic metabolism and its expression was described as significantly impacted in bivalves, like Mytilus spp. or Crassostrea gigas, exposed to different environmental stress (harbor pollution), and in Haliotis discus hannai under heavy metal stress conditions [4,[START_REF] Lacroix | A selection of reference genes and earlywarning mRNA biomarkers for environmental monitoring using Mytilus spp. as sentinel species[END_REF]. On the contrary, other studies showed that GAPDH was one of the most stable gene in two flatworms species, Macrostomum lignano and Schmidtea mediterranea, exposed to cadmium [START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF] and in R. prolixus in different physiological conditions and feeding status [START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF].These observation indicate that GAPDH should not be considered as suitable for data normalization without prior validation. Other studies demonstrated that selection of unstable genes like actin and 18S rRNA as reference genes greatly altered interpretation of data for Cathepsin D in Ruditapes philippinarum exposed to copper [START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF]. Similar observations were done for TUB and UB in Haliotis discus hannai [4]. These results are in agreement with our observations in G. fossarum where classical reference genes like actin, TUB, UB and GAPDH appeared among the least stable genes. The present study shows that it is crucial to experimentally assess the stability of reference genes for each species tested in each experimental design applied before they can be selected as housekeeping genes [START_REF] Volland | Validation of reference genes for RT-qPCR in marine bivalve ecotoxicology: Systematic review and case study using copper treated primary Ruditapes philippinarum hemocytes[END_REF].

In addition, the stability of the present reference genes was verified by exposing G. fossarum to AgNO3, AgNPs 40 nm and AuNPs 40 nm for 15 days and studying the expression of HSP90. HSP90 is involved in the regulation of proteostasis under both physiological and stress conditions. It plays many roles such as protein folding as a chaperone, DNA repair and immune responses [START_REF] Schopf | The HSP90 chaperone machinery[END_REF]. HSP90 is also known to play a role, with HSP70, in keeping inactive the heat shock factor (HSF1) which induce the expression of HSP90 in stress condition [START_REF] Schopf | The HSP90 chaperone machinery[END_REF][START_REF] Voellmy | Chaperone Regulation of the Heat Shock Protein Response[END_REF]. Therefore, it was used as a target gene in the present study. Data were normalized using, firstly clathrin and SDH, which were indicated by GeNormPlus to be the most stable genes, then, clathrin, SDH and GPDH and finally with the whole set of six candidate reference genes. When clathrin and SDH are used for normalization, a significant decrease in HSP90 expression was observed in G. fossarum exposed to CIT-AuNPs 40 nm and PEG-AuNPs 40 nm. However, when data were normalized using clathrin, SDH and GAPDH, no differences in HSP90 expression profile was observed making the addition of a third gene unnecessary.

Furthermore, data normalization using all the six-studied reference genes, led to the detection of an upregulation of HSP90 in G. fossarum exposed to CIT-AgNPs 40 nm, which in this case is to be considered as an overestimation of the response as "incorrect references" were used. This is in accordance with what has been previously reported [START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF]. Normalization of HSP90 expression in M. lignano exposed to Cd using all the nine reference genes tested led to a high variability between replicates. Authors stated that this observation could be linked to an important variability between replicates that lower the resolution of detection of differences between their different conditions [START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF]. However, when data were normalized using the three most stable genes, no significant differences in HSP90 expression were observed [START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF]. Other study showed that a non-optimal selection of the best combination of reference genes may lead to statistical misinterpretation [START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF]. Authors showed that data normalization using an unstable gene such eiF-1a in R.

prolixus led to a clear but false increase in an olfactory gene, RproIR76b expression while no statistical difference were observed when data were normalized using the most stable genes [START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF]. Moreover, other study underlined the importance of selection of the appropriate reference genes with the highest stability coefficient as data normalization of metallothionein expression in abalone exposed to copper let to an underestimation or overestimation of the effects when data were normalized using unstable reference genes [4]. These results highlight once more the importance of an experimental validation of reference gene in addition to the selection of the optimal number and the appropriate genes for data normalization [5,[START_REF] Omondi | Evaluation of reference genes for insect olfaction studies[END_REF][START_REF] Plusquin | Reference genes for qPCR assays in toxic metal and salinity stress in two flatworm model organisms[END_REF].

MATERIALS AND METHODS

Organisms sampling and acclimation

G. fossarum were collected at an unpolluted stream (49°48'24.9'' N and 06°04'53.2'' E, Schwaarzbaach, Colmar-berg, Luxembourg) [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF][START_REF] Dohet | Identification of benthic invertebrate and diatom indicator taxa that distinguish different stream types as well as degraded from reference conditions in Luxembourg[END_REF]. Animals were collected using a hand net and were sorted in the field.

They were immediately brought to the laboratory in river water, where they were kept at 12 °C. In order to avoid influence of gender on the studied parameters, only adult males were kept for the experiment [START_REF] Arce Funck | Behavioural and physiological responses of Gammarus fossarum (Crustacea Amphipoda) exposed to silver[END_REF][START_REF] Sornom | Effect of gender on physiological and behavioural responses of Gammarus roeseli (Crustacea Amphipoda) to salinity and temperature[END_REF].

They were selected from precopula pairs or based on sexual dimorphism like gnatopode size [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Adult males were then acclimated to laboratory conditions [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF][START_REF] Andreï | Silver nanoparticles impact the functional role of Gammarus roeseli (Crustacea Amphipoda)[END_REF]. The acclimation was conducted on 2 steps. First, Gammarids were acclimated for 72h to mineral water (Volvic, France) by progressively changing field water to Volvic water (30% v/v, 50% v/v, 100% v/v) Then, a stalling period of 10 days was conducted in 100% Volvic water [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF][START_REF] Andreï | Silver nanoparticles impact the functional role of Gammarus roeseli (Crustacea Amphipoda)[END_REF]. The acclimation was performed under controlled conditions at 12 °C with a 16h light 8h dark photoperiod. Volvic water was aerated and changed every 24h to avoid organic matter accumulation and potential increase of ammonium, nitrite and nitrate. Gammarids were fed ad libitum with alder leaves (Alnus glutinosa) up to 24h before experiment.

AgNO3, AgNPs and AuNPs contamination

At the end of the acclimation period, four pools of 3 males were exposed to 0.5 µg.L-1 of AgNO3, AgNPs 40 nm and AuNPs 40 nm, either stabilized with citrate (CIT-AgNPs 40 nm and CIT-AuNPs) or coated with polyethylene-glycol (PEG-AgNPs 40 nm and PEG-AuNPs 40 nm), for 15 days at 12 ºC with a photoperiod of 16h light and 8h darkness [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Exposure medium (Volvic water) was changed every 72h. Food (Alnus glutinosa disk leaves) was added every 48h. At the end of the exposure period, Gammarids were gently dried and stored at -80 ºC in RLT buffer supplemented with 1% β-mercaptoethanol until RNA extraction.

Gene identification and qPCR primer design

DNA extraction

Pools of 50 eggs of G. fossarum were placed in ATL Buffer supplemented with 10% (v/v) of proteinase K, placed on thermomixer at 56 ºC at 800 rpm for 1h. Genomic DNA was extracted using DNeasy blood and tissue kit following the manufacturer's instructions (Qiagen, Leusden, The Netherlands). Quantification and purity were performed using Nanodrop ND-1000 (Thermo scientific, Waltham, MA, USA). The resulting gDNA was stored at -20ºC until use.

Library preparation and sequencing

Libraries were prepared from 50 ng of genomic DNA using the Nextera DNA library preparations kit according to the manufacturer's instructions (Illumina, San Diego, CA, USA). After labelling of gDNA fragments, clean up and PCR amplification, libraries were controlled using the Agilent 2100 bioanalyzer and DNA high sensitivity kit. Libraries were quantified using the Library quantification kit -Illumina Low ROX (Kapa Biosystems, Boston, MA, USA) on a Viia7 96-well real-time-qPCR instrument (Life Technologies). The libraries were sequenced using an Illumina Miseq by means of 3 consecutive runs (Illumina Miseq reagent V3) to generate 76 base-pairs paired-end reads.

De novo assembly

Miseq generated FASTQ files were imported in CLC genomics workbench v9 discarding reads with low quality (<Q30). Illumina adapters and indexes were trimmed using the Nextera adaptor sequence and filtered (%filtered). Reads with nucleotide ambiguity (N) and CLC quality index above 0.05 were then filtered from the remaining sequences. Two trimming procedures were applied. First, the Nextera adaptor sequences were filtered in order to avoid the presence of technical sequences (adaptors and indexes) in the reads. Conserved sequences generated by the hybridization and amplification of random hexamers (commonly found in the Chapter 3

Reference genes of G. fossarum 109 stranded libraries), were trimmed using an arbitrary "hard trim" of 16 base pairs at the 5' end of the reads and 5 base pairs at the 3' end of the reads. These values were determined from the QC report analysis obtained from CLC genomics. Finally, the remaining reads were assembled using a De novo assembly following the upcoming criteria: minimum contig length of 200bp, mismatch, insertion and deletion costs of 3, length and similarity fraction of 0.8 and maximum distance of 1000 bp.

Gene identification

In order to identify and amplify putative genes from G. fossarum, an initial data mining was performed on the raw reads previously sequenced by [20] in addition to the reads obtained as described above (see 4.3.3).

Reads were mapped to the sequences of Hyalella azteca (https://www.hgsc.bcm.edu/arthropods/hyalellaazteca-genome-project), a closely related species for which the transcriptome is available, with the following criteria: the mapped reads must have multiple hits lower than 10, a minimum of 80% identity and 80% coverage with the reference. Mismatch costs was set at 2 (medium) and deletion/insertion cost at 3 (highest stringency). A consensus sequence was generated from the mapped reads for each gene (Table 3. 2). In order to verify whether the obtained sequences are coding for a protein, a translation of the obtained nucleotide sequences was performed using ExPASy translation tool (http://web.expasy.org/translate/). Finally, a Blastx search was performed against non-redundant protein databases from the National Centre for Biotechnology (NCBI) to check the identity of the selected sequences. (Table 3. 2).
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Primer design

All the primers were designed using Primer3Plus (http://primer3.ut.ee) with the following criteria: primer size between 18 and 25 base pairs, GC content between 40% and 60 %, amplicon size from 80 to 150 base pairs, primer annealing temperatures in the 58-61 ºC range. Primers were checked using NetPrimer (http://www.premierbiosoft.com/netprimer/) for secondary unexpected structures. PCR efficiency was evaluated using decreasing five-fold dilutions from cDNA pool (from 25 ng to 0.04 ng and no template control). A melting curve was performed at the end of each run, in order to assess the specificity of the amplified products. All tested genes displayed one clear peak and were therefore retained for analyses.

Primers sequences, amplicon size, and melting temperature are described in Table 3. 3.

RNA extraction, cDNA and RT-qPCR

G. fossarum tissues were ground on ice using a pellet pestle tissue grinder. Homogenates were centrifuged at 250g for 5 min at 4°C to remove cuticle fragments as described in [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Total RNA was extracted using RNeasy mini kit (Qiagen, Leusden, The Netherlands) according to the manufacturer's instructions for cells and animal tissues (including DNase treatment) [START_REF] Legay | Apple russeting as seen through the RNA-seq lens: strong alterations in the exocarp cell wall[END_REF][START_REF] Legay | MdMyb93 is a regulator of suberin deposition in russeted apple fruit skins[END_REF]. RNA concentrations and purity were assessed measuring the absorbance at 230, 260 and 280 nm using Nanodrop ND-1000 (ThermoScientific, Villebon-sur-Yvette, France). Finally, RNA integrity was checked using the RNA Nano 6000 assay (Agilent Technologies, Diegem, Belgium) and 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) [START_REF] Legay | Apple russeting as seen through the RNA-seq lens: strong alterations in the exocarp cell wall[END_REF]. All RNA samples displayed no degradation patterns (sharp peaks and clean baseline).

The extracted RNA were reverse-transcribed into cDNA using the Protoscript II reverse transcriptase (New England Biolabs, Leiden, The Netherlands) and random primers, according to the manufacturer's instructions.

cDNAs were further diluted to 0.8 ng. µL -1 and used for RT-qPCR analyses using a 384-well plate design. An automated liquid handling robot (epMotion 5073, Eppendorf, Hambourg, Germany) was used to properly prepare the 384-well plates. qPCR were performed using the Takyon Low ROX SYBR MasterMix dTTP Blue Kit (Eurogentec, Liège, Belgium) on a ViiA 7 Real-Time PCR System (Thermo-Fisher, Waltham, MA, USA) in a 10 µL final volume [START_REF] Behr | Analysis of Cell Wall-Related Genes in Organs of Medicago sativa L. under Different Abiotic Stresses[END_REF]. All reactions were performed in technical triplicates and repeated on four biological replicates. The PCR conditions consisted on an initial denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 sec and annealing/extension steps at 60 °C for 60 sec.

Stability of the candidates' reference genes

The stability of the selected genes was analysed using five different methodologies. GeNormplus performs a pairwise comparison and generate the M-value which consist on a comparison of the variation of a gene compared to all the remaining candidates [START_REF] Vandesompele | Accurate normalization of real-time quantitative RT-PCR data by geometric averaging of multiple internal control genes[END_REF] while NormFinder calculates both a single best gene (best gene) and an optimal gene pair (best pair) as the best pair may compensate the expression in the different experimental groups [1,[START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets[END_REF]. BestKeeper on its side is based on assigning correlation factor of each gene with the geometric means of all genes [START_REF] Pfaffl | Determination of stable housekeeping genes, differentially regulated target genes and sample integrity: BestKeeper -Excel-based tool using pair-wise correlations[END_REF][START_REF] De Spiegelaere | Reference Gene Validation for RT-qPCR, a Note on Different Available Software Packages[END_REF] while RefFinder is an online very easy to use platform which compiles the three most popular algorithms for reference gene validation based on an input of Cq values only [START_REF] Xie | miRDeepFinder: a miRNA analysis tool for deep sequencing of plant small RNAs[END_REF][START_REF] De Spiegelaere | Reference Gene Validation for RT-qPCR, a Note on Different Available Software Packages[END_REF].

Additionally, a simple delta-Ct comparison approach was applied [START_REF] Silver | Selection of housekeeping genes for gene expression studies in human reticulocytes using real-time PCR[END_REF].

Statistical analyses

Normal distribution of data-set was checked using a Shapiro-wilk test. Homogeneity of variances was checked using a Levene test. A one-way ANOVA followed by a Fisher-LSD post hoc test (P < 0.05) was performed on the log2 transformed data (CNRQs) using Statistica 12 software (Statsoft Inc.).

CONCLUSIONS

This study provides of a set of reference genes suitable for normalization of RT-qPCR data obtained from G. fossarum samples. Six candidate genes were tested and five different algorithms allowed the identification of the most stable sub-set of genes. clathrin and SDH were identified as the most stable genes in our applied experimental design, while widely used reference genes were unsuitable in G. fossarum in the present work.

Our results highlight how important and crucial is to experimentally define and validate of a set of reference genes for each RT-qPCR experiment.
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INTRODUCTION

Engineered nanoparticles (ENPs) are being more and more incorporated in consumers' products such as cosmetics, paints, food, computers, medicine, etc. (McGillicuddy et al., 2017;Vale et al., 2016). As a consequence, their environmental release is raising concerns about their potential toxicity/effects on human and other living organisms (Klaine et al., 2008;Moreno-Garrido et al., 2015). Among all ENPs, silver nanoparticles (AgNPs) are the most commercialized and the most used ones in consumer products; such as clothing, health-care products, food packaging, etc. (Fabrega et al., 2011;Vale et al., 2016) mostly due to their well-documented antibacterial properties (Bone et al., 2012;Cleveland et al., 2012;McGillicuddy et al., 2017;Zhang et al., 2016). Gold nanoparticles (AuNPs) represent another example of widely used nanomaterials. They are mostly used for medical and molecular biology applications mainly for their supposedly low toxicity and high bio-compatibility (García-Negrete et al., 2013;Lapresta-Fernández et al., 2012).

The behaviour and fate of AgNPs and AuNPs in aquatic ecosystems and their toxicity towards aquatic organisms are influenced by their physical-chemical properties such as size and surface chemistry (Angel et al., 2013;Ellis et al., 2016;Makama et al., 2016). The surface of NPs is commonly modified by addition of capping agents of surface functionalization in order to prevent aggregation and ion release (Gao et al., 2012;Levard et al., 2012;Park et al., 2015a;Tolaymat et al., 2010). Common capping agents are citrate (CIT), which is applied as stabilizer by charge repulsion (Tejamaya et al., 2012), and polyethylene glycol (PEG), which is used as a sterically stabilizer and described to strongly bind to the core of NPs (Cumberland and Lead, 2009;Römer et al., 2011;Tejamaya et al., 2012). Although surface-modified AgNPs and AuNPs are widely used, the influence of these compounds on the behaviour, uptake and toxicity of AgNPs and AuNPs on aquatic organisms is still not fully understood (Croteau et al., 2011;Kwok et al., 2012;Park et al., 2015). Amphipods of the genus Gammarus such as Gammarus fossarum represent an important part of the aquatic macroinvertebrates assemblage (Dedourge-Geffard et al., 2009;Ladewig et al., 2006). Recently, G. fossarum have been used as a model organism due to their wide distribution in Europe (Janetzky, 1994) and their major functional role in litter breakdown process and nutrient cycling (Forrow and Maltby, 2000;Kelly et al., 2002;Lacaze et al., 2010;MacNeil et al., 1997). The ease of use, identification to the species level, differentiation between gender, sampling and laboratory handling in addition to the well-documented sensitivity to different kind of pollutants make Gammarus good model organisms for ecotoxicological studies (Arce Funck et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Gammarids have been recognized as a relevant tool for water quality and risk assessment as they allow the assessment of their internal contamination level that is always dependent and proportional to the amount of contaminants introduced in the environment (Kunz et al., 2010;Vellinger et al., 2012a). The aim of the present study was to investigate both the influence of coatings (CIT and PEG) and size (20,[START_REF] Legay | MdMyb93 is a regulator of suberin deposition in russeted apple fruit skins[END_REF] and 80 nm) on the uptake and molecular effects of AgNPs and AuNPs on the aquatic amphipod G. fossarum.

Effects of AgNO3 were also studied, as a positive control, in order to determine the contribution of the released ions to the observed biological effects. The biological endpoints that were measured in this study include mortality, bioaccumulation, localization of AgNPs and AuNPs in G. fossarum tissues and expression of stress-related genes. Total and ionic Ag and Au were measured in the exposure media in order to determine the behaviour and aging of AgNPs and AuNPs. Phosphate buffer saline (PBS) was obtained from Invitrogen (Merelbeke, Belgium). 125

MATERIALS AND METHODS

Particles and Chemicals

Particle characterization

In addition to the information provided by the manufacturer, we performed complementary characterization including size distribution and zeta potential measurement. Size distribution of CIT-AgNPs, PEG-AgNPs, CIT-AuNPs and PEG-AuNPs in Volvic water (exposure medium), at T0h and T24h, were characterized using NTA.

Zeta potential in exposure medium was analysed using NanoZetasizer (Malvern Instrument Ltd, UK).

Organism sampling and acclimation

G. fossarum were collected in June 2015 (CIT-AgNPs and PEG-AgNPs exposure), September 2015 (CIT-AuNPs exposure) and October 2015 (PEG-AuNPs exposure) at an unpolluted stream (49°48'24.9'' N and 06°04'53.2'' E, Schwaarzbaach, Colmar-berg, Luxembourg) (Dohet et al., 2008;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Animals were collected using a hand net and were sorted in the field to separate males, which were used for the experiments, from females, which were placed back in the river. G. fossarum males were selected from precopula pairs or based on sexual dimorphism like gnatopode size [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Adult males were kept for the experiments in order to avoid influence of gender on the studied parameters (Arce Funck et al., 2013;Sornom et al., 2010). Collected male animals were immediately brought in river water to the laboratory and were kept at 12 °C. Adult males were then acclimated to laboratory conditions (Andreï et al., 2016;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. The acclimation was conducted in 2 steps. First, Gammarids were acclimated for 72h to mineral water (Volvic, France) by progressively changing field water to Volvic water (30% v/v, 50% v/v, 100% v/v). Then, a stalling period of 10 days was conducted in 100% Volvic water (Andreï et al., 2016;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. The acclimation was performed under controlled conditions at 12 °C with a 16h light 8h dark photoperiod. Volvic water was aerated and changed every 24h to avoid organic matter accumulation and potential increase of ammonium, nitrite and nitrate. Gammarids were fed ad libitum with alder leaves (Alnus glutinosa) up to 24h before experiment.

Acute toxicity test

In order to avoid as much as possible the adsorption of AgNO3, AgNPs and AuNPs during the exposure, the tanks used for exposure were saturated for 96h before exposure (Andreï et al., 2016).

At the end of the acclimation period, groups consisting of 6 males each were transferred into plastic tanks (250 ml polypropylene tanks) containing 70 ml of exposure medium (Volvic water with or without contaminants) [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. A piece of mesh was added in each tank to provide a resting surface AgNPs and AuNPs acute toxicity 126 and 8h darkness and in absence of feeding. The different ranges of concentrations tested were selected based on previous results obtained by exposing D. magna to the same silver and gold nanoparticles (Table S1).

AgNO3, AgNPs and AuNPs stock solutions were diluted to the desired concentrations in mineral water (Volvic, France). 100% of exposure medium were renewed daily. Dead animals were removed and survivors were counted.

Total and dissolved silver and gold measurements

At the end of exposure period, 4 mL of exposure medium were analysed for ions release measurements.

Medium were centrifuged at 4000g for 40 min using a 3KDa cut off membrane (Millipore) followed by mineralization step with 1% HNO3 for Ag ions measurements and 1% HCl for Au ions measurements.

Total Ag and Au concentrations were measured in the exposure medium sampled from the water column at the end of the exposure period. 5 mL of exposure medium/replicate were mineralized using 1% (v/v) of HNO3

and HCl for Ag and Au measurements, respectively. All measurements of total and dissolved silver and gold were performed with Inductively Coupled Plasma Mass spectrometer (ICP-MS) (ElanDRC-e, Perkin-ElmerWaltham, MA, USA) as previously published [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. All measurements were performed in the absence of animals. The quantification limit of ICP-MS for Ag was around 0.051 µg. L -1 and 0.255 µg. L -1 for Au. A calibration curve was performed following serial dilutions (from 0.01 to 50 µg. L -1 of Ag and from to for Au) using a multi-element standard solution (Chemlab, certified ISO/IEC 17025). The validity of the analytical method was checked every 10 measurements within the same series of measurements with 3 quality controls (0.5, 5 and 25 µg.L -1 of Ag and Au) of a second multi-element standard solution (Merck-VWR, ISO/IEC 17025); Ag and Au values were consistent within the certified ranges (Cambier et al., 2018).

Silver and gold bioaccumulation

At the end of the exposure period, three pools of 4 gammarids each per conditions were rinsed with milliQ water and dried on filter paper. Animals were frozen at -20 °C, freeze-dried and weighted. Samples were then mineralized in HNO3 and H2O2 for Ag measurement and in acidic mixture of HNO3 and HCl for Au measurement at a maximum pressure of 35 bars and maximum temperature of 200 °C using a microwave (Anton Paar Multiwave Pro) as previously described [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Results are expressed in µg.g - 1 of dry weight. All measurements were performed in triplicates. A calibration curve was performed following serial dilutions (from 0.01 to 50 µg.L -1 of Ag and from 0.025 to 10 µg.L -1 for Au). Using a multi-element standard solution (Chemlab, certified ISO/IEC 17025). The validity of the analytical method was checked every 10 measurements within the same series of measurements with 3 quality controls (0.5, 5 and 25 µg.L -1 of Ag and 127 Au) of a second multi-element standard solution (Merck-VWR, ISO/IEC 17025); Ag and Au values were consistent within the certified ranges (Cambier et al., 2018).

Nanoparticle uptake

Sample preparation

At the end of the exposure period, G. fossarum exposed to 10 µg.L -1 of AgNPs and AuNPs were fixed in 5%

(v/v) glutaraldehyde where they were kept at 4 °C until analyses. After a washing step with PBS, samples were post-fixed with 1% osmium tetroxide for 2h at room temperature on a horizontal shaker (180 rpm).

After a second washing with PBS, samples were dehydrated with increasing concentrations of ethanol (10%, 20%, 30%, 50%, 70% 90% and 100% v/v) and a final wash in acetone (100% v/v) before being embedded in Spurr resin for 16h at 60 °C.

NanoSIMS50 analyses

Semi-thin layers of 300 nm were cut using ultra-microtome and placed on silicon wafers (Siltronix, Archamps, France) for Secondary Ion Mass Spectrometry (SIMS) analysis (Georgantzopoulou et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Samples were analysed with a NanoSIMS 50 (Cameca, Gennevilliers, France) using Cs + as primary ion source (8kev) sputtering the surface of the sample (-8 kev) with a raster of 40 x 40 μm 2 to generate secondary negative ions for silver analyses. Images were recorded in a pixel format of 256 x 256 image points with a counting time of 30 ms per pixel. The instrument was tuned for a mass resolution (M/ΔM) up to 5000

for the elimination of atomic or molecular isobar interference. The mass calibration of the silver ion was realized using a silver foil (Goodfelow, Huntingdon, UK). The isotopic ratio between 107 Ag -(m= 106.9051, 51.8%) and 109 Ag -(m=108.9048, 48.2%) was measured and verified (ratio = 1,074). The mass calibration of gold ions 197 Au -(m= 196.966543 amu) was realized using a gold leaf. The 12 C 14 N -cluster was simultaneously detected with the silver ions to allow the recognition of the essential anatomical features (Eybe et al., 2009;Georgantzopoulou et al., 2013).

Cytoviva® dark field hyperspectral imaging

Semi-thin layers of 300 nm were cut using ultra-microtome and placed on microscope glass slide and let to dray for 1 min on a drying workstation. Slides were covered with a glass cover slip, sealed, and kept at 4 °C until analysis. Visualization was performed using Cytoviva® hyperspectral imaging system (Cytoviva Inc., Auburn, Alabama, USA) mounted on Olympus BX-43 optical microscope. Images of the different tissues of G.

fossarum were captured at 60x oil immersion magnification using hyperspectral camera controlled by environment for visualization ENVI software (version 4.8 from Harris Corporation, Melbourne, FL, USA and modified by CytoViva, Inc.). Spectral libraries of exposed animals were generated manually acquiring about 200 spectra per samples. Acquired libraries were filtered against non-exposed samples to filter out all spectra non-related to AgNPs or AuNPs using a spectral angle mapper (SAM) algorithm with a 0.05 radians tolerance.

Filtered libraries were mapped onto images of exposed samples using SAM with a 0.05 radian tolerance which allows highlighting similarities between the spectra in the image and in the spectral library.

Molecular responses

RNA extraction and cDNA synthesis

At the end of the exposure period, animals were gently dried and dived in RNA lysis Buffer (RLT buffer)

supplemented with 1% (v/v) β-mercaptoethanol, flash-frozen in liquid nitrogen and stored at -80 °C until RNA extraction. For RNA extraction, G. fossarum tissues were grinded on ice using a pellet pestle tissue grinder and the homogenates were centrifuged at 250g for 5 min at 4 °C to remove cuticle fragments as previously described [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Total RNA was extracted using RNeasy mini kit for cells and animal tissues (Qiagen, Leusden, The Netherlands), according to the manufacturer's instructions (including digestion with DNase). RNA concentrations and purity were assessed measuring the absorbance at 230, 260 and 280 nm using Nanodrop ND-100 spectrophotometer (ThermoScientific, Villebon-sur-Yvette, France) (A260/280 and A260/230 ratios). RNA integrity was checked using the RNA Nano 6000 assay (Agilent Technologies, Diegem, Belgium) with a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) (Legay et al., 2015). For the synthesis of cDNA, 1 µg of the extracted RNA were retro-transcribed into cDNA using the Protoscript II reverse transcriptase (New England Biolabs, Leiden, The Netherlands) and random primers, according to the manufacturer's instructions.

Primer design and quantitative real-time PCR

All the primers for the RT-PCR were designed using Primer3Plus (http://primer3.ut.ee) with the following criteria: primer size between 18 and 25 base pairs, GC content between 30% and 70 %, amplicon size from 80 to 150 base pairs, primer annealing temperatures in the 57-61 ºC range. Primers were analysed using NetPrimer (http://www.premierbiosoft.com/netprimer/) for secondary unexpected structures. PCR efficiency was checked using decreasing five-fold dilutions from cDNA pool (From 25 ng to 0.04 ng and no template control). Melting curves were generated at the end of each experiment to assess the specificity of the amplified products. All primers displayed one clear peak and were all retained for the analysis. All the used primers are described in Table 4 Behr et al., 2015). All reactions were performed in three technical replicates each one including four biological replicates. The PCR conditions consisted on an initial denaturation step at 95°C for 3 min, followed by 40 cycles of denaturation at 95°C for 15 sec and annealing/extension steps at 60°C for 60 sec. Three genes, namely Ca 2+ ATPase, Clathrin and SDH, were selected among seven genes to be used as reference and they were validated using the GeNorm module in the Biogazelle qBase PLUS software (Mehennaoui et al., subm. Chapter 3). The relative gene expression was calculated including PCR efficiency using Biogazelle qbase Plus software 2.5 with the ΔΔ CT method. 

Statistical analyses

LC50 values were calculated on AgNO3 nominal concentrations based on a logistic curve-fitting procedure applying the method described earlier (Isnard et al., 2001;Vindimian et al., 1999). The Excel macro REGTOX allowed us to estimate both LC50 values using Hill model (Vindimian et al., 1983) and their 95% confidence intervals (Vellinger et al., 2012b).

Bioaccumulation results are reported as mean ± SD (standard deviation) and relative gene expression results are reported as mean ± SE (standard error). The observed Ag and Au bioaccumulation were compared using two-way ANOVA followed by Tukey-HSD post-hoc test for multiple comparisons. The weighed means were calculated to identify in one hand the "coating effects" when results of all sizes were combined and in the other hand, the "size effects" were compared while the coatings were combined.

Effects on molecular responses were analysed on log2 transformed normalized relative quantities. Two-way ANOVA followed by a Fisher LSD post hoc test was performed. All statistical calculations were performed using Statistica software 12 (StatSoft Inc.).

RESULTS

Nanoparticle characterization

Analysis of the hydrodynamic diameter of NPs by NTA, showed that both PEG-AgNPs and PEG-AuNPs were generally more stable in Volvic water, both at T0h and T24h, than CIT-AgNPs and CIT-AuNPs (Table 4. 2 and Figure S2). After 24h in exposure medium, CIT-AgNPs 20 nm appeared to be the most aggregating particle with a size of 53 ± 3.7 nm, while CIT-AgNPs 40 and 80 nm appeared to be more stable, showing hydrodynamic diameter of 45 ±1.5 nm and 72 ± 2.9 nm, respectively. Similarly, CIT-AuNPs 20 and 40 nm tented to aggregate after 24h in exposure medium with CIT-AuNPs 20 nm being the one that aggregate the most with a size of 154 ± 28 nm. CIT-AuNPs 40 nm and CIT-AuNPs 80 nm had sizes of 67 ± 12.8 nm and 85 ± 0.3 nm, respectively. Zeta potentials were ranging from -4.8 to -19.1 mV for all the studied AgNPs and AuNPs with CIT-NPs presenting more negative charges at their surface than PEG-NPs (Table 4. 2). 

Acute toxicity test

Survival

As expected, AgNO3 was the most toxic compound. A significant seasonal variability was observed with LC50 values ranging from 0.78 µg. L -1 (0.001 -0.85) in autumn (November 2015) to 4.31 µg.L -1 (3.88 -4.75) in summer (June 2015) (Figure S3). None of the tested NPs, irrespective of the core material (Ag or Au), coating or size, induced increase of mortality at any of the tested concentrations (from 1 to 50 µg. L -1 ).

AgNP exposure

Total and dissolved [Ag]

At the end of the experiment, exposure medium was analyzed by ICP-MS to quantify the total concentration of total silver. Total Ag measured for control groups were under the limit of quantification (< 0.051 µg. L -1 , Table 4.3). Total Ag recovered from CIT-AgNPs 20 nm was higher than Ag recovered from PEG-AgNPs 20 nm (Table 4.3) while a higher recovery of total Ag introduced as PEG-AgNPs 40 nm and PEG-AgNPs 80 nm was observed compared to CIT-AgNPs 40 and 80 nm. The recovery rates of total Ag from AgNO3 was in the same concentration range than PEG-AgNPs 40 and 80 nm (Table 4.3).

Concentrations of dissolved Ag ions from AgNPs were detectable (3.39 ± 0.4 µg. L -1 of Ag only at the highest concentrations of PEG-AgNPs 40 nm (50 µg.L -1 ), while in all other treatments the amount of released Ag ions were below the limit of detection (< 0.051 µg.L -1 ). 

[Ag] in Body tissue

Small but detectable amounts of Ag could be detected in the negative control groups of G. fossarum, for which the observed Ag body concentration was 0.27 ± 0.02 µg. g -1 dry weight (Figure 4. 1). Treatment with AgNO3 (4 µg. L -1 ) lead to a significant increase of the Ag body concentrations that were of 7.56 ± 1.89 µg.g -1 d.w. Similarly, treatment with the AgNPs resulted in higher body concentrations of silver in treated animals.

A significant effect of "coating", "size" and the interaction "coating x size" was observed on the Ag concentrations in body tissues of G. fossarum (Figure 4. 1 A, Two-way ANOVA, P < 0.05) but the effects were stronger for the coatings ( 

Total and dissolved [Au]

Total gold concentrations in the control tanks were under the limit of detection (< 0.255 µg. L -1 ). The concentration of AuNPs in exposure medium were close to the limit of detection leading to missing values for several conditions and limiting the possibility to exploit the data.

[Au] in body tissue

The Au bio-concentration was under the limit of quantification (< 0.075 µg. g -1 d.w) in the non-exposed animals. Treatment with the AuNPs resulted in higher body concentrations of Au in treated animals. A significant effect of "coating", "size" and the interaction "coating x size" was observed (Figure 4.2, Two-way ANOVA, P < 0.05). For CIT-AuNPs, a significant dose-dependent effect in bio-accumulation is observable, with higher doses leading to higher body concentrations ( + -
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DISCUSSION

The fate and behaviour of nanoparticles including AgNPs and AuNPs in the aquatic environment will undoubtedly influence their toxicity towards aquatic organisms (Lapresta-Fernández et al., 2012;McGillicuddy et al., 2017;Vale et al., 2016). In the present study, we investigated the influence of size and surface coating on the uptake and acute effects of AgNPs and AuNPs on G. fossarum following a realistic exposure scenario in terms of concentrations, which are expected to be in the low µg.L -1 , respectively (Gottschalk et al., 2013;Yang et al., 2016). Three different sizes (20, 40, 80 nm) and two different coatings (CIT and PEG) were used both for AgNPs and AuNPs. The studied endpoints included uptake, tissue distribution and short-term effects of the selected AgNPs and AuNPs on expression of stress-related genes of G. fossarum.

The studied AgNPs and AuNPs appeared to be stable in the exposure medium (commercial mineral water, Volvic®, France), with limited tendency to agglomeration and sedimentation in the experimental conditions.

Only CIT-AgNPs 20 nm and CIT-AuNPs 20 nm showed the tendency to aggregation with measured values for hydrodynamic diameters of 53 and 154 nm and zeta potential of -19.1 and -17.1, respectively. It is usually described that NPs with a zeta potential within -30mV and +30mV range have a tendency to agglomerate in the tested experimental conditions (Lee and Ranville, 2012). However, in the present study, it seems that zeta potential is not a good indicator of stability for CIT-AgNPs and CIT-AuNPs as for sterically repulsed NPs (Sørensen et al., 2016). These results are consistent with previous studies that reported instability and an increase in size of CIT-AgNPs (Baalousha et al., 2013;Park et al., 2015a;Sakka et al., 2016) and CIT-AuNPs (Park et al., 2015b) compared to PEG-NPs (Park et al., 2015b;Tejamaya et al., 2012).

AgNPs used in commercial products are generally coated with organic compounds, such as PEG, in order to increase their colloidal stability by reducing the surface energy (Ju-Nam and Lead, 2008). As a result, capping agents prevent interaction of the NPs with the surrounding environment and between them, thus avoiding or reducing their aggregation (Kvítek et al., 2008), which may explain the increased stability of PEG-AgNPs and PEG-AuNPs in our exposure medium (Volvic water).

Differences in stability can affect behaviour, bioavailability and toxicity of AgNPs and AuNPs (Kwok et al., 2012;Levard et al., 2012;Park et al., 2015a). Thus, Ag and Au total and ionic concentrations in exposure medium were evaluated in order to determine the behaviour and fate of the AgNPs and AuNPs. Total Au concentration could not be determined and further analyses are therefore needed. Ag concentrations in the exposure medium were close to the nominal ones in the low µg. L -1 range while a plateau around 20 µg. L -1 was observable at the higher exposure concentrations (25 to 50 µg. L -1 ). This loss in Ag at the highest concentrations may be linked to a rapid sedimentation (Bacchetta et al., 2017;Farmen et al., 2012;Scown et al., 2010;Zimmermann et al., 2017) or to the uptake by the animals. Furthermore, dissolution assessment showed that only 6% of Ag ions are released at the highest AgNPs concentrations (50 µg. L -1 ) indicating that the tested particles are stable in our experimental conditions as shown by our NTA results for CIT-AgNPs and CIT-AuNPs 40 and 80 nm and PEG-AgNPs and PEG-AuNPs. This result is in accordance with previous studies that showed low dissolution rate for CIT-AgNPs, PEG-AgNPs and PVP-AgNPs (Park et al., 2015a(Park et al., , 2015b)).

Hence, some studies suggested that presence of organisms or organic matter decreased, through adsorption, the amount of ionic Ag released from AgNPs (Bone et al., 2012;Cupi et al., 2015;Newton et al., 2013).

Exposure of G. fossarum to AgNPs and AuNPs for 72h led to a significant coating-dependent bioaccumulation being of CIT-AgNPs and CIT-AuNPs, which were taken up in higher amounts than PEG-AgNPs and PEG-AuNPs, which is in accordance with previous studies (Oliver et al., 2014;Park et al., 2015b;Sakka et al., 2016). A coating dependent bioaccumulation of CIT-AgNPs and CIT-AuNPs was reported in Lymnea stagnalis (Oliver et al., 2014), D. magna (Sakka et al., 2016) and Gammarus pulex (Park et al., 2015b). The observed difference in the bioaccumulation rate between AgNPs and AuNPs could be due to the sedimentation of CIT-AgNPs and CIT-AuNPs linked to the reduced colloidal stability of the particles (Croteau et al., 2011;Sakka et al., 2016) as compared to PEG-coated NPs, which are more stable and thus have a lower tendency for agglomeration and sedimentation. Since G. fossarum is a benthic invertebrate living at the water/sediment interface, this could enhance the bioavailability of the CIT-NPs, which will be in the proximity of the animals (Kunz et al., 2010;Park et al., 2015b). It has been suggested that PEG prevent the interaction of the NPs with the surrounding environment leading, for instance, to the formation of a reduced and more labile protein corona than for CITcoated NPs, which is supposed to be important for the uptake of NPs by aquatic organisms (Lynch and Dawson, 2008;Nasser and Lynch, 2016;Sasidharan et al., 2015).

In addition to influences of the surface coating, we also investigated the influence of size on the uptake of AgNPs and AuNPs. While a decrease of uptake with increasing size of AgNPs and AuNPs could be expected (Georgantzopoulou, 2015;Georgantzopoulou et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF], no clear relationship between size and bioaccumulation in the organisms was observed in the present work. Previous studies reported that size did not influence the uptake of AgNPs by G. roeseli (Andreï et al., 2016). Same observations were reported for the uptake of AuNPs by D. magna (Khan et al., 2014;Wray and Klaine, 2015) and G. pulex (Park et al., 2015b). In these previous studies, rather than the size, a concentration-dependent uptake was highlighted and it had been described that the particle number seem to be an important factor that influence the uptake (Park et al., 2015b) and an increase of the particles number led to an increase of bioaccumulation.

When comparing Ag bioaccumulation after treatment with AgNPs or AgNO3, at similar exposure concentrations (~5 µg. L -1 ), AgNO3 led to the higher uptake of Ag by G. fossarum. This result is in accordance with previous studies in D. magna (Croteau et al., 2011;Zhao and Wang, 2010), snails (Chen et al., 2017;Khan et al., 2015) and rainbow trout (Bruneau et al., 2016). This was explained by the high affinity of Ag + for Na + channels in membrane transporters (Bianchini and Wood, 2003). Indeed, in our previous study, a decrease in haemolymph osmolality of G. fossarum exposed to AgNO3 was observed and this was linked to the decrease of Na + concentration in haemolymph (Arce Funck et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]Ribeiro et al., 2017).

AgNO3 also showed to be more toxic to G. fossarum leading to a significant mortality rate (Andreï et al., 2016;Arce Funck et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. The recorded LC50s during the present study showed a significant seasonal variability in G. fossarum sensitivity as the LC50 recorded in autumn was lower than the one recoded in summer. It is well established that the season greatly influence the physiological status and metabolism of gammarids (Lebrun et al., 2015), which are normally field collected, leading to subsequent changes in their responses to chemicals (Dedourge-Geffard et al., 2013;Gismondi et al., 2012;Lebrun et al., 2015;Sroda and Cossu-Leguille, 2011). Despite the significant bioaccumulation of AgNPs and AuNPs used in the present study, none of them were lethal to G. fossarum, nor did they show any sign of acute toxicity.

These results are also consistent with literature that reported an absence of mortality after exposing G. roeseli to 0.5 and 5 µg.L -1 CIT-AgNPs 10 and 60 nm (Andreï et al., 2016) and G. pulex exposed to up to 1 mg.L - 1 of CIT-AuNPs and PEG-AuNPs (Park et al., 2015b).

To better understand the mechanisms underlying AgNPs and AuNPs bioaccumulation, it is important to know how NPs behave upon internalization by the organism. NanoSIMS and Cytoviva are good and powerful techniques to investigate the distribution of NPs within biological matrices. NanoSIMS allows the elemental detection, with high sensitivity, of virtually the whole periodic table, but it cannot be used to distinguish ions from intact particles. On the contrary, Cytoviva allows the detection of nanoparticles, through the hyperspectral analysis, but it does not allow the detection of ions. The use of the two techniques allowed the detection of AgNPs in gills of G. fossarum and AuNPs close to the intestine of G. fossarum. The obtained signals, with both techniques (NanoSIMS and Cytoviva) were higher for CIT-AgNPs and CIT-AuNPs which is consistent with ICP-MS results. The higher uptake of CIT-AgNPs and CIT-AuNPs could be explained by the attachments on the cuticle of G. fossarum as reported in other studies that used D. Magna as model species (Asghari et al., 2012;Baumann et al., 2014;Sakka et al., 2016;Zhao and Wang, 2012). The analysis performed with the NanoSIMS and Cytoviva supports this hypothesis, as presence of CIT-AgNPs and CIT-AuNPs was observed on the cuticle of G. fossarum with a higher signal obtained for AgNPs than AuNPs. Additionally, CIT-AgNPs were observed in the gills, more specifically the cuticle and the epithelial tissue of G. fossarum gills.

This result is in accordance with many other studies that reported the presence of AgNPs in the gills of mussels (Canesi et al., 2012), zebrafish and perch (Bilberg et al., 2010;Griffitt et al., 2009;Scown et al., 2010) and around the nucleus of gill cells of rainbow trout (Farkas et al., 2011). Our results appear to be consistent with previous reports since fish and crustaceans' gills are in direct contact with the external environment and are described to play a protection role as a barrier. Crustaceans' gills are also described as the major sites of accumulation of heavy metals and toxic compounds as they can be trapped in the mucus layer or absorbed by the epithelial cells (Ali, 2014;Georgantzopoulou et al., 2016;Henry et al., 2012). It is suggested that the main uptake mechanism for AgNPs is the direct uptake from the water through the gills (Ribeiro et al., 2017).

Other studies suggested endocytosis process (pinocytosis and phagocytosis) to explain AgNPs uptake by D.

magna (Ribeiro et al., 2017).

AuNPs were observed in intestinal caeca of G. fossarum. Previous studies reported the presence of AuNPs in the gut, carapace, antennae and appendages of D. magna (Botha et al., 2016;Jensen et al., 2017;Lee and Ranville, 2012). AuNPs have been also detected close to the peritrophic membrane and in the microvilli of D.

magna gut, where NPs inhibited the intestinal clearance and thus the excretion of NPs. Ingestion is very likely the main uptake route of AuNPs in freshwater crustaceans (Wray and Klaine, 2015). Thus, internalization of nanoparticles by G. fossarum seems to be metal-dependent and can take multiple routes (Lee and Ranville, 2012;Lovern et al., 2008): AgNPs seem to be taken up through the gills while AuNPs may be ingested through the mouth. It had been suggested that fish and crustaceans' gills are the primary organ for AgNPs uptake although Ag was present in the gut, liver, brain depending on the surface coating (Kwok et al., 2012) indicating that Ag might be distributed to different organs after being taken up through the gills. The intestinal caeca participated in the production of digestive fluids (Cristescu and Hebert, 2005) and were reported to be the sites of Cd and Ca 2+ uptake (Georgantzopoulou et al., 2016) and seem to be the main site for bioaccumulation of AuNPs in G. fossarum.

There are many uncertainties about mechanisms of toxicity of AgNPs and AuNPs on aquatic organisms. A transcriptomic approach, through targeted gene expression method, was used in order to investigate AgNPs and AuNPs effects at sub-lethal concentrations. A set of genes was selected based on our previous work on G. fossarum [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF] in which a battery of biomarkers was used to asses AgNPs effects. The set of genes included genes associated with oxidative stress (CAT,MnSOD,CuZnSOD,GPx7), general stress and detoxification mechanisms (GST and HSP90), cytoskeleton remodelling and trafficking (Actin, TUB, UB), genotoxicity (c-jun, Gadd45, NfkB, P53), lysosomes (Cathepsin L), moulting (Chitinase), osmoregulation and respiration (Na + K + ATPase and HEM) were analysed. AgNPs led to an increase of both SODs expression while AuNPs led to their down regulation. SODs are known to be antioxidant enzymes converting the superoxide anion to H2O2 (Sroda and Cossu-Leguille, 2011;Vasseur and Cossu-Leguille, 2004) and oxidative stress is described as one of the most frequent effects reported in aquatic organisms exposed to NPs (Vale et al., 2016). The down-regulation of MnSOD in G. fossarum exposed to AuNPs was in accordance with a previous study that reported a decrease of MnSOD expression in gills of C. fulminate (Renault et al., 2008) exposed to contaminated algae with up to 1.6 x 10 5 amine-coated AuNPs/cell and in G. fossarum exposed through contaminated diet to up to 46 mg. L -1 of AuNPs 10 nm (Baudrimont et al., 2017). However, our results are in contrast with other studies that reported the absence of significant effects of AgNPs on SOD expression in the gills of M. galloprovincialls exposed for 15 days to 10 µg.L -1 of AgNPs [START_REF] Bebianno | Is gene transcription in mussel gills altered after exposure to Ag nanoparticles?[END_REF] and in liver of zebrafish exposed to up to 120 mg.L -1 of AgNPs (Choi et al., 2010). It has been described that gene expression vary dependently of the studied tissue/organ (Guerriero et al., 2014). Therefore, these results may be explained by the fact that authors looked to the effects of AgNPs and AuNPs in one specific organ while in the present work gene expression were investigated in the whole animal. In the present study, the increase in expression of CuZnSOD could indicate an induction of antioxidant defences. Ag is known to interact with thiol group found in many antioxidant enzymes and it is also known to generate production of intra and extracellular reactive oxygen species (ROS) [START_REF] Bebianno | Is gene transcription in mussel gills altered after exposure to Ag nanoparticles?[END_REF]Connolly et al., 2015;McGillicuddy et al., 2017). Previous studies suggested that generation of ROS was due to the presence of AgNPs themselves in addition to Ag ions that could be dissolved within the organism (Ahn et al., 2014;[START_REF] Bebianno | Is gene transcription in mussel gills altered after exposure to Ag nanoparticles?[END_REF]. These compounds were described to lead to an overwhelming of antioxidant defence and metallothionein, which plays an important detoxification role (Gomes et al., 2013;Gomes et al., 2014b).

Thus, it might be suggested that internalization of AgNPs or their adsorption on the cuticles of the gills in G.

fossarum induced to the production of ROS leading to the activation of antioxidant defences. Moreover, the down-regulation of Cathepsin L and GST by AgNPs 80 nm could be linked to the interaction of AgNPs with thiol groups of proteins and a potential disruption of glutathione metabolism leading to oxidative stress (Gismondi et al., 2012;Vellinger et al., 2013). Additionally, the significant effect on Chitinase expression in G.

fossarum exposed to CIT-AgNPs 40 nm may indicate that CIT-AgNPs 40 nm are interacting/interfering with the structure and the maintenance of exoskeleton. The presence of CIT-AgNPs 40 nm on the cuticle of the gills observed with NanoSIMS 50 and Cytoviva could therefore explain this result. This effect may disturb ion transport, gaseous exchange, growth process of G. fossarum that occur through successive moults (Sutcliffe, 1992) and lead to deleterious effects at the population level.

CONCLUSION

In the present study, we observed a coating-dependent effect that enhance the uptake of CIT-coated particles as compared to PEG-coated particles. This uptake led to a metal-dependent distribution of AgNPs and AuNPs within G. fossarum tissues. AgNPs were mainly found in the gills, while AuNPs were mainly observed in intestinal caeca. AgNPs were found to up-regulate MnSOD and CuZnSOD gene expression while AuNPs led to their down-regulation. The observed effects seemed to be directly linked to the NPs themselves as no ions were detected with ICP-MS and Cytoviva allowed to confirm a significant presence of NPs within the tissues.

Modulation by AgNPs of SODs may indicate a generation of ROS and possible activation of SOD enzymes in order to defend and protect the organism from a potential oxidative stress. However, to affirm this hypothesis, further investigations are needed in order to better define mechanisms of action at the molecular level of AgNPs and AuNPs on G. fossarum. In order to determine the concentrations range to be tested with G. fossarum, an acute Daphnia magna test was performed. Daphnia magna acute test is the most widely used bioassay in ecotoxicology. It aims at determining the effective concentration of a pollutant that inhibits the mobility of 50% of Daphnia magna population (EC50).

3.1-Test Organisms

Experiments were conducted with a strain of Daphnia magna Straus 1820, which was maintained in the laboratory for four years. Parthenogenetic cultures were carried out in 1L aquaria at 20 °C with LCV medium: a mixture of (20/80) of Lefevre-Czarda (LC) medium and mineral water (Volvic, France). This mixture is supplemented with:

• Ca and Mg in order to obtain a total hardness of 250 mg.L-1 and a Ca/Mg ration of 4/1

• A mixture of vitamins containing thiamine HCL, vitamin B12 and biotin.

Cultures were maintained under a 16h light 8h dark and at density of 40 animals per liter. The medium was renewed three times a week and Daphnids were fed with a mixture of two algal species (Pseudokirchneriella subcapitata and Scenedesmus subspicatus).

3.2-Biological assay

All experiments were performed according to the guideline ISO 6341 -1996.

3.2.1-Reference test

Daphnia magna were exposed during 24-48h to an increasing range of concentration of potassium dichromate (K2Cr2O7) (table 1). The aim is to provide data about the sensitivity and the validity of the acute test.

Four replicates of five neonates (aged < 24h) were placed in glass test tubes containing 10mL of each test concentration and control. The neonates were not fed during the test. The assessment endpoint examined was immobilization. More precisely, juveniles that were able to swim were considered mobile and those which still moved their antennae but did not swim within 15s after a gentle shaking were considered immobile. 

3.2.2-Final test

Acute toxicity of AgNPs and AuNPs was determined during 24 and 48h of exposure (serially diluted in ISO medium, AgNPs 20nm: 1 -10 µg. L -1 , AgNPs 40 and 80nm: 1 -50 µg.L -1 , AuNPs: 10 -100 µg.L -1 ). All tests were conducted at 20 °C in full darkness. Four replicates of five neonates (aged < 24h) were placed in glass test tubes containing 10mL of each test concentration and control. The neonates were not fed during the test.

The assessment endpoint examined was immobilization.

3.2.3-Results

The inhibition of mobility rate was determined relatively to the total number of Daphnia used. EC50 of each NPs and their confidence intervals were calculated using Excel Macro REGtox®.

In all tests conditions, immobilisation in controls was lower than 10% and the EC50-48h after exposure to K2Cr2O7 was 0.9 mg. L -1 which was in accordance with the validity criteria.

The EC50-48h values obtained, after exposure to AgNPs and AuNPs, are expressed in table 6. A size depend effect was observed in Daphnids exposed to AgNPs (Table 6). AgNPs 20nm was the most toxic one followed by AgNPs 40 nm. No full dose-responses curves could be obtained for AgNPs 80 nm and AuNPs. These results were in accordance with previous studies performed in the Lab with the same particles and the same strain of Daphnia magna. 

INTRODUCTION

The recent advances in nanotechnologies led to an increasing use of engineered nanoparticles (ENPs) in various consumers' products. Silver nanoparticles (AgNPs) are among the most promising and most widely used ENPs due to their broad spectrum antimicrobial activities (Vance et al., 2015). They are currently found in many products of daily life such as textiles, plastics, health care products, water filters or food packaging.

Gold nanoparticles (AuNPs) are used in a wide range of applications in the field of biomedicine, biology and chemistry (Nel et al., 2006;Volland et al., 2015) mostly because of their low toxicity and high bio-compatibility (García-Cambero et al., 2013;Lapresta-Fernández et al., 2012). The increased production and use of AgNPs and AuNPs has raised concerns about their release in the environment (Farkas et al., 2011;Kaegi et al., 2010).

The predicted environmental concentrations in surface water for both AgNPs and AuNPs are expected to be in the range from 0.01 µg.L -1 to 0.32 µg.L -1 and from 0.14 µg.L -1 to 1.43 µg.L -1 , respectively for AgNPs and AuNPs (Gottschalk et al., 2013;Tiede et al., 2009;Yang et al., 2016). The NPs' unique physical-chemical properties in terms of size, shape, surface coatings and charges will substantially influence their behaviour, fate and their effects/toxicity towards living organisms (Ju-Nam and Lead, 2008;McGillicuddy et al., 2017).

These properties may influence AgNPs and AuNPs entry into the cells (Nel et al., 2006;Oberdörster et al., 2006;Volland et al., 2015) potentially leading to the generation of reactive species of oxygen (ROS) and resulting in oxidative stress that has been reported as one of the principal mechanisms of toxicity of NPs in aquatic organisms (Klaine et al., 2008;Vale et al., 2016;Volland et al., 2015).

Many studies have investigated the impact of AgNPs and AuNPs on key freshwater. Most of the studies focused on acute toxicity through direct exposure (Buffet et al., 2013). However, in order to better predict the potential effects of ENPs at higher biological level, such as population and community levels, it is important to include dietary exposure and assess, through a multi-biomarker approach, the chronic toxicity of these ENPs (Blinova et al., 2012;Gaiser et al., 2011;Mackevica et al., 2015). It is recognized that one important uptake route for metals and particles is through the diet (Croteau et al., 2011;Luoma et al., 2014;Luoma and Rainbow, 2005). Ag was found in the form of nanoparticle in the gut of polychaete exposed through the diet to AgNPs (García- Alonso et al., 2014). Some studies reported effects of AgNPs and AuNPs after trophic exposure of aquatic organisms. For instance, trophic exposure of the clam Corbicula fluminae to AuNPs led to their presence in the epithelia tract of digestive gland and gills of the animals (Renault et al., 2008). Additionally, an activation of phase II antioxidant enzymes encoding genes and an increase in metallothionein gene expression was observed (Renault et al., 2008). Trophic exposure (15 days) of zebrafish to sub-lethal concentrations of AgNPs 20 nm resulted in a significant Ag accumulation in Liver blood vessels and in the interstitial tissue between the intestine and the liver. Gene expression profiles revealed that AgNPs 172 20 nm impacted photo-transduction system, circadian clock regulation and photoreception (Cambier et al., 2018).

Amphipods of the genus Gammarus such as Gammarus fossarum represent an important part of the aquatic macroinvertebrate assemblage (Dedourge-Geffard et al., 2009;Ladewig et al., 2006). Recently, G. fossarum have been used as a model species due to their wide distribution in Europe (Janetzky, 1994) and their major functional role in litter breakdown process and nutrient cycling (Forrow and Maltby, 2000;Kelly et al., 2002;Lacaze et al., 2010;MacNeil et al., 1997). The ease of use, identification to the species level, differentiation between gender, sampling and laboratory handling in addition to the well-documented sensitivity to different kind of pollutants make Gammarus a good model organisms for ecotoxicological studies (Alonso et al., 2010;Arce Funck et al., 2013;Felten et al., 2008;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. In our previous study, influence of size and surface coatings on the acute toxicity of AgNPs and AuNPs were assessed (Mehennaoui et al.,subm.,Chapter 4). Acute exposure of G. fossarum to AgNPs and AuNPs showed:

• A coating dependent bio-accumulation, which was higher for citrate stabilized NPs as compared to polyethylene glycol-coated (PEG) NPs;

• A metal dependent tissues distribution, with AgNPs found in G. fossarum gills while AuNPs were found in intestinal caeca;

• An induction of antioxidant genes by AgNPs while AuNPs led to their down regulation.

However, the previous study only investigated the acute effects of AgNPs and AuNPs, but there is still a lack of information about the chronic toxicity of AgNPs and AuNPs in G. fossarum. Hence, the aim of the present study was to investigate the chronic toxicity of differently coated AgNPs and AuNPs 40 nm (citrate (CIT) and polyethylene glycol (PEG) as surface coatings) on G. fossarum. Effects of AgNO3 were also studied in order to determine the contribution of the released ions to the observed biological effects. A multibiomarker approach including molecular effects (stress-related gene expression), physiological (osmoregulation) and behavioural (locomotion and ventilation) responses was used [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Biological endpoints also included mortality, bioaccumulation and localization of AgNPs and AuNPs in G. fossarum tissues. and the Spurr low viscosity resin embedding kit were purchased from Sigma Aldrich (Bornem, Belgium).

MATERIALS AND METHODS

2.1.

Particles and Chemicals

Phosphate buffer saline (PBS) was obtained from Invitrogen (Merelbeke, Belgium).

Particle characterization

Size distribution of CIT-AgNPs, PEG-AgNPs, CIT-AuNPs and PEG-AuNPs 40 nm in Volvic water (exposure medium), at T0h and T72h, were characterized using Nanoparticle Tracking Analysis (NTA, measured on a NanoSIGHT instrument, Malvern Instrument Ltd, UK using validated protocols (Hole et al., 2013). Zeta potential analyses are still on progress and will be performed on a Zeta-sizer Nano (Malvern, Hoeilaart, Belgium).

Alder leaves conditioning

Leaves of Alnus glutinosa (Alder) were collected, air-dried and kept at room temperature until use. Leaves were rinsed in deionized water for few minutes and cut into 16 mm diameter disks. Sets of 50 leaf disks were placed into fine-net bags (0.5 mm pore size) and immersed in an unpolluted stream (49°48'24.9'' N and 06°04'53.2'' E, Schwaarzbaach, Colmar-berg, Luxembourg) (Dohet et al., 2008;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF] for 10 days to allow microbial colonization. At the end of the immersion period, leaves were returned to the laboratory where they were kept at -20 °C until use (Andreï et al., 2016;Batista et al., 2017).

Organisms sampling and acclimation

G. fossarum were collected in November 2016 at the same unpolluted site in Schwaarzbaach studied in our previous study [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Animals were collected using a hand net and they were sorted in the field to separate males, which were used for the experiments, from females, which were immediately returned to the water stream. Collected male animals were transported in river water to the laboratory once collection was finished and they were kept at 12 °C. The decision to keep only adult males for the experiment is justified by the fact that we wished to avoid influence of gender on the studied parameters (Arce Funck et al., 2013;Sornom et al., 2010). G. fossarum males were selected from pre-copula pairs or based on sexual dimorphism like gnatopode size [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Adult males were then acclimated to laboratory conditions (Andreï et al., 2016;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. The acclimation was conducted in 2 steps. First, Gammarids were acclimated for 72h to mineral water (Volvic, France) by progressively changing field water to Volvic water (30% v/v, 50% v/v, 100% v/v). Then, a stalling period of 10 days was conducted in 100% Volvic water (Andreï et al., 2016;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Acclimation was performed under controlled conditions at 12 °C with a 16h light 8h dark photoperiod. 100% of Volvic water was aerated and changed every 24h to avoid organic matter accumulation and potential increase of ammonium, nitrite and nitrate. Gammarids were fed ad libitum with alder leaves (Alnus glutinosa) up to 24h before experiment.

Trophic exposure

Experimental design

In order to avoid as much as possible the adsorption of AgNO3, AgNPs 40nm and AuNPs 40 nm, the tanks used for exposure were saturated with AgNO3, AgNPs 40 nm and AuNPs 40 nm for 96h before exposure (Andreï et al., 2016).

At the end of the acclimation period, groups consisting of 15 males (compartment: animals) were transferred into the pre-saturated plastic tanks (500 ml polypropylene tanks) containing 400 ml of exposure medium (Volvic water with or without contaminants) [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]) and 6 leave disks (compart: food). A piece of mesh was added in each tank to provide a resting surface for G. fossarum and to reduce as much as possible potential losses linked to cannibalism. Males were exposed to different treatments: AgNO3 (0 -0.5 µg.L -1 ); CIT-AgNPs 40 nm, PEG-AgNPs 40 nm, CIT-AuNPs 40nm and PEG-AuNPs 40 nm (0 -0.5 -5 µg.L -1 ) for 15 days at 12 °C with a photoperiod of 16h light and 8h darkness. The different ranges of concentrations tested were selected based on previous results obtained by exposing G. fossarum to the same Ag and Au nanoparticles for 72h (Mehennaoui et al., subm., see Chapter 4). AgNO3, AgNPs and AuNPs stock solutions were diluted to the desired concentrations in mineral water (Volvic, France). 100% of exposure medium (compartment: water colomn) were renewed every 72h to maintain the exposure conditions stable, to ensure sufficient amount of nutrients and to remove waste products. Dead animals were removed and survivors were counted every 24h. 6 leave disks per replicates were added every 48h.

Total and dissolved silver and gold measurements

In order to better describe the fate of Ag and Au in the studied compartment (water column, food or animals), water samples were filtered on a nitrate cellulose filter (47 mm diameter, 0.45 µm pore size) previously rinsed with Milliq water, dried for 24h at 80 °C and weighed. After filtration, the filters were dried for 24h at 80 °C and weighed in order to determine the quantity of fine particle suspended matter produced after 72h of exposure (Andreï et al., 2016). 5 mL of filtered water were kept for total Ag and Au measurement and 4 mL of filtered water were used for ion release measurements and were centrifuged at 4000 g for 40 min using a 3KDa cut off membrane (Millipore) followed by a mineralization step with 1% HNO3 for Ag ion measurements and 1% of HCl for Au ion measurements (Georgantzopoulou et al., 2013). The analyses are currently ongoing.

All measurements will be performed on an Inductively Coupled Plasma Mass spectrometer (ICP-MS, ElanDRCe, Perkin-Elmer, Waltham, MA, USA) as previously described [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF].

mapped onto images of exposed samples using SAM with a 0.1 radians tolerance which allows highlighting similarities between the spectra in the image and in the spectral library.

2.5.5. Molecular effects 2.5.5.1.

RNA extraction and cDNA synthesis

At the end of the exposure period, animals were gently dried and dived in RNA lysis Buffer (RLT buffer) supplemented with 1% (v/v) β-mercaptoethanol, flash-frozen in liquid nitrogen and stored at -80 °C until RNA extraction. For RNA extraction, G. fossarum tissues were grinded on ice using a pellet pestle tissue grinder and the homogenates were centrifuged at 250g for 5 min at 4 °C to remove cuticle fragments as previously described [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Total RNA was extracted using RNeasy mini kit for cells and animal tissues (Qiagen, Leusden, The Netherlands), according to the manufacturer's instructions (including digestion with DNase). RNA concentrations and purity were assessed measuring the absorbance at 230, 260 and 280 nm using Nanodrop ND-1000 spectrophotometer (ThermoScientific, Villebon-sur-Yvette, France) (A260/280 and A260/230 ratios). RNA integrity was controlled using the RNA Nano 6000 assay (Agilent Technologies, Diegem, Belgium) with 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) (Legay et al., 2015). For the synthesis of cDNA, 1 µg of the extracted RNA were retro-transcribed into cDNA using the Protoscript II reverse transcriptase (New England Biolabs, Leiden, The Netherlands) and random primers, according to the manufacturer's instructions.

Primer design and quantitative real-time PCR

All the primers for the RT-qPCR were designed using Primer3Plus (http://primer3.ut.ee) with the previously described criteria (Mehennaoui et al.,subm.,chapter 3;Mehennaoui et al.,subm.,chapter 4). Primers were analysed using NetPrimer (http://www.premierbiosoft.com/netprimer/) for secondary unexpected structures. PCR efficiency was checked using decreasing five-fold dilutions from cDNA pool (From 25 ng to 0.04 ng and no template control). Melting curves were generated at the end of each experiment to assess the specificity of the amplified products. All primers displayed one clear peak and were all retained for the analysis. All the used primers are described in our previous study (Mehennaoui et al.,subm.,chapter 3 and 4) cDNAs were diluted to 0.8 ng. µL -1 and used for RT-qPCR analyses in 384-well plates. An automated liquid handling robot (epMotion 5073, Eppendorf, Hamburg, Germany) was used for the preparation of the 384well plate. cDNA were amplified using Takyon Low ROX SYBR MasterMix dTTP Blue Kit (Eurogentec, Liège, Belgium) on a ViiA 7 Real-Time PCR System (Thermo Fisher, Waltham, MA, USA) in a final volume of 10 µL (Behr et al., 2015). All reactions were performed in three technical replicates each one including four biological replicates. The PCR conditions consisted on an initial denaturation step at 95 °C for 3 min, followed by 40 cycles of denaturation at 95 °C for 15 sec and annealing/extension steps at 60 °C for 60 sec. Two genes, namely Clathrin and SDH, were selected among six genes to be used as reference and they were validated using the GeNorm module in the Biogazelle qBase PLUS software (Mehennaoui et al.,subm.,chapter 3). The relative gene expression was calculated including PCR efficiency using Biogazelle qbase Plus software 2.5 with the ΔΔ CT method.

2.5.6.

Behavioural responses and osmoregulation

For each treatment, measurements of locomotor activity, ventilation and osmoregulation were performed on the same pool of 10 organisms [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF].

Locomotor activity

At the end of the exposure period, locomotor activity was firstly assessed by counting the number of animals in movement in a 80 mL glass tank containing 10 organisms with a piece of net added to provide a resting surface (Felten et al., 2008). Measurements were performed after 5 min of acclimation at the same time of the day with similar light conditions and in a quiet environment. Moving G. fossarum were counted for a period of 2 sec and this process was repeated 40 times [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF].

Ventilation activity

Ventilation activity was recorded immediately after locomotion on the same animals, by measuring the frequency of pleopod beats. Ten gammarids from each treatment group were placed individually in a glass tube containing Volvic water and left for a 30 sec acclimation period. Then, pleopod beats were visually counted three times for 10 seconds, using a manual cell counter, only when animals were at rest.

Measurements were performed at the same period of the day to avoid possible effects of a circadian rhythm on respiration (Felten et al., 2008;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]Rosas et al., 1992). 2.5.6.3. Osmoregulation 2.5.6.3.1. Haemolymph sampling Immediately after behavioural response measurements, animals were dried on filter paper. Samples of haemolymph were taken from the telson of each individual (n = 10) using a modified microcapillary (Felten et al., 2008). To prevent haemolymph coagulation, samples were Kept at 4 °C until Na + , Cl -and Ca 2+ measurements (Arce Funck et al., 2013). 2.5.6.3.2. Haemolymph Na + , Cl -and Ca 2+ concentrations measurements Samples of haemolymph (0.8 -1.2 µL) were transferred to a gauged 5 µL microcapillary tube and were centrifuged for 10 min at 6600 g at 4 °C. Samples were then diluted in 2.5 mL of MilliQ water to determine Na + and Ca 2+ concentrations using atomic absorption spectrophotometry (Perkin Elmer Analyst 100) and Cl - concentrations using ionic chromatography (Dionec 4500i equipped with an Ion Pac AS4A column) (Arce Funck et al., 2013;Felten et al., 2008).

Statistical analyses

Survival, bioaccumulation, osmoregulation and behavioural response results are reported as mean ± SD (standard deviation) and relative gene expression results are reported as mean ± SE (standard error). Results

of locomotor activity were obtained from the same set of individuals. Therefore, a one-way ANOVA with repeated measurements following a general linear model was used as statistical test. The observed Ag and Au bioaccumulation, survival, ventilation and gene expression on log2 transformed normalized relative quantities were compared using a one-way ANOVA followed by Tukey-HSD post-hoc test for multiple comparisons when normality and homogeneity of variances were respected. When this was not the case, a non-parametric Kruskal-Wallis ANOVA followed by a Mann-Whitney U test was used. All statistical calculations were performed using Statistica software 12 (StatSoft Inc.).

RESULTS

Particle characterization

In our previous study CIT-AgNPs, PEG-AgNPs 40 nm were the most stable in Volvic water with sizes of 45 ± 1.5 and 47 ± 1.3 nm, respectively (Mehennaoui et al.,subm.,chapter 4). CIT-AuNPs 40 nm had a size of 67 ± 13 nm after 24h in Volvic water, while PEG-AuNPs was stable after 24 hours in Volvic water with a size of 38 ± 19 nm. In the present study, size distribution, which is measured using the NanoSIGHT, could not be characterized due to the presence of food preventing the distinction between AgNPs, AuNPs and leave particles. Thus, further analyses are needed in order to define the behaviour of AgNPs and AuNPs in Volvic water in the presence of food.

Survival

A general tendency for a decrease in survival rates following exposure time (15 days) was observed in all the exposure conditions (Figure 5. 1). However, only 0.5 µg. L -1 of AgNO3 led to a significant decrease in survival rates of G. fossarum at day 15 (65 ± 3.3 %, One-way ANOVA, F= 11.63, 8df, P < 0.001) (Figure 5. 1). Survival rates of G. fossarum tended to decrease with increasing exposure time to AgNPs and AuNPs even though effects of AgNPs and AuNPs on survival were not statistically significant. 

Silver and gold bioaccumulation

At the end of the exposure period, small but detectable amounts of Ag could be detected in the negative control groups of G. fossarum (0.24 ± 0.1 µg. g -1 dry weight), for which the observed Ag body concentration was 0.24 ± 0.01 µg. g -1 dry weight (Table 5. 1). Treatment with AgNO3 (0.5 µg. L -1 ) lead to the highest increase of silver body concentrations that were of 5.16 ± 1.20 µg. g -1 d.w. Similarly, treatment with the AgNPs resulted in a significant concentration-dependent Ag bioconcentration for both CIT-AgNPs and PEG-AgNPs 40 nm (One-way ANOVA, F=45.12, 17df, P < 0.01). The highest concentrations (5 µg. L -1 ) of CIT-AgNPs and PEG-AgNPs 40 nm led to a significant higher Ag bioconcentration in exposed animals compared to non-exposed ones (P < 0.0001, Table 5.1).

The Au bio-concentration was under the limit of quantification (< 0.075 µg. g -1 d.w) in the non-exposed animals. G. fossarum exposed to the highest concentration (5 µg. L -1 ) of CIT and PEG-AuNPs 40 nm tended to accumulate more Au than those exposed to 0.5 µg. L -1 of the same AuNPs (P > 0.05, Table 5. 1). Analyses of samples exposed to CIT-AgNPs and CIT-AuNPs 40 nm were performed in different organs and tissues (gills, gut and muscle). Tissues were selected based on the results obtained in the previous study where AgNPs were found in the gills while AuNPs were found in the gut area of G. fossarum (Mehennaoui et al.,subm.,chapter 4). In the present study, in addition to the long-term effects, the influence of food on the internal distribution of AgNPs and AuNPs was investigated. 

The analysis of

Molecular effects

In the present study, the same set of stress-related genes (Mehennaoui et al.,subm.,chapter 4) to an increase of CuZnSOD gene expression (Table 5. 2).

Behavioural responses and osmoregulation

3.6.1. 

Locomotion and ventilation activity

CIT-AuNPs 40 nm Intestinal caeca

Control

A B C

Chapter 5

AgNPs and AuNPs chronic toxicity 183 A significant decrease in the number of moving Gammarids was observed when animals were exposed to 0.5 µg. L -1 of CIT-AuNPs 40 nm compared to those exposed to 5 µg. L -1 of CIT-AuNPs 40 nm (GLM-Tukey-HSD posthoc test, P < 0.05) while no significant effects were observed in Gammarids exposed to PEG-AuNPs 40 nm (GLM-Tukey-HSD post-hoc test, P > 0.05).

Pleopod beats frequency of G. fossarum exposed to 5 µg. L -1 of CIT-AgNPs 40 nm and CIT-AuNPs 40 nm as not significantly affected by AgNPs, AuNPs and AgNO3 (Figure 5. 4 B, Kruskal-Wallis ANOVA, P < 0.05). 

. Osmoregulation

The basal level of haemolymphatic Cl -in control gammarids was constant with values of 70.4, 101.9 and 95.5 mmol. L -1 in the three different control groups. The basal level of haemolymphatic Na + was 108.8, 169.4 and 114.2 mmol. L -1 in the non-exposed animals. Basal level of haemolymphatic Ca 2+ were 39.7, 72.7, and 28.7 mmol. L -1 in the non-exposed animals (Table 5. 3). No significant effects of AgNPs and AuNPs 40 nm were observed on the concentration of the different haemolymphatic ions indicating that osmoregulation of G.

fossarum was not impacted by the applied treatment (Kruskal-Wallis ANOVA, P > 0.05). 

Discussion

The chronic toxicity of AgNPs and AuNPs on G. fossarum is still not fully understood. Hence, in the present study we investigated the chronic effects of differently coated (CIT and PEG) AgNPs and AuNPs 40 nm on G.

fossarum. Individuals were exposed to realistic environmental concentrations (0.5 and 5 µg. L -1 ) of AgNPs and AuNPs 40 nm for 15 days and in presence of food (leaves disk of A. glutinosa). AgNPs and AuNPs 40 nm were selected based on the results of our previous study (Mehennaoui et al.,subm.,chapter 4). AgNPs and AuNPs 40 nm were selected as they were the most stable in exposure medium and the NPs with the highest uptake rate by G. fossarum as described in our previous study (Mehennaoui et al.,subm. Chapter 4). The studied endpoints include mortality, bioaccumulation, tissue distribution, gene expression, osmoregulation and behavioural responses (locomotion and ventilation). 

Particle characterization

AgNPs and AuNPs 40 nm were characterized in the exposure media (Volvic water) that contained food debris.

For the characterization of the size distribution in water we, first, used the nanoparticle tracking analysis (NTA), which, however, did not allow a complete and relevant characterization of the studied NPs at the used concentrations (0.5 and 5 µg. L -1 ) since the presence of the food debris interferes with the detection of particles. Further analyses using NanoZetasizer are on progress. Thus, the necessity of feeding in the present experiment can be considered as an influencing/confounding factor on the behaviour of AgNPs and AuNPs as observed in previous studies (Mackevica et al., 2015;Sørensen et al., 2016). Potentially AgNPs and AuNPs interact with the different compound present in the exposure medium and may be complexed or aggregated (Andreï et al., 2016;Levard et al., 2012;Petersen et al., 2014) but further analyses are needed in order to verify this hypothesis. This behaviour makes the commonly used techniques for characterization (DLS, NTA and electron microscopy) unsuitable for environmental samples analysis due to their detection limits (Farré et al., 2008;Gallego-Urrea et al., 2011;Yang et al., 2016). One possibility is to test new techniques such as the combination of the ORION NanoFab helium ion microscope (HIM) with a secondary ion mass spectrometer (SIMS) that may produce an elemental SIMS maps with a high resolution images (Dowsett et al., 2016). This technique might allow distinction between metallic element and carbon element although it might not allow the determination of the size distribution of AgNPs and AuNPs.

Biological endpoints

Trophic exposure of G. fossarum for 15 days to CIT and PEG-AgNPs and CIT-and PEG-AuNPs 40 nm led to a concentration-dependent uptake of Ag and Au. These findings are in agreement with what was already described in our previous study in which G. fossarum were exposed for 72h to an increasing gradient of different sizes of differently coated AgNPs and AuNPs (Mehennaoui et al., subm., chapter4;Mehennaoui et al., 2016). Dose-dependent accumulation was also reported in G. roeseli exposed for 72h to 0.5 and 5 µg.L -1 of CIT-AgNPs 10 and 60 nm (Andreï et al., 2016). G. fossarum exposed to the highest concentration of CIT-AuNPs 40 nm (5 µg. L -1 ) tended to accumulate more Au than non-exposed animals and those exposed to PEG-AgNPs and PEG-AuNPs. Similar observations were done in previous studies reporting a rapid uptake of Au by the clams Ruditapes philippinarum exposed for 7 days to 0.75 µg.L -1 of CIT-AuNPs 20 nm and Scorbicularia plana exposed for 16 days to 100 µg.L -1 of AuNPs 40 nm (Pan et al., 2012). The internal concentrations of Ag tended to be higher than those of Au which could be linked to different metal speciation in the exposure medium and/or their affinity to the binding sites (Sørensen et al., 2016). The uptake of Ag and Au after a dietary exposure in G. fossarum may be relevant of a potential transfer of these NPs in the food chain.

AgNO3 led to the highest uptake compared to AgNPs and was associated with a significant mortality rate in G. fossarum, which is consistent to the short-term exposure [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Similarly, other studies reported a significant uptake associated with a significant mortality of G. roeseli exposed to AgNO3 for 72h (Andreï et al., 2016) and G. fossarum exposed to up to 8 µg. L -1 of AgNO3 for 96h (Arce Funck et al., 2013). However, despite an uptake of Ag and Au, no significant effects on survival were observed when animals were exposed to CIT and PEG-AgNPs 40 nm and CIT and PEG-AuNPs 40 nm. The internal concentration of Ag recorded in G. fossarum reached only 2 µg.g -1 gammarid d.w. which is less than the toxic threshold of 8 µg.g -1 gammarid d.w. previously reported in G. fossarum (Arce Funck et al., 2013). Observed differences in toxicities are most likely due to the ratio of NPs to free ions which has been shown to be an important factor for toxicity. NPs used in the current study have low dissolution of below 6% (Mehennaoui et a.,subm.,chapter 4) which may indicate the low toxicity observed for AgNPs.

Knowing the behaviour of AgNPs and AuNPs, once they are taken up by an organism, is crucial for better definition of their fate and their potential toxic mechanisms. Thus, the internal distribution of AgNPs and AuNPs was evaluated using enhanced darkfield hyperspectral microscopy. AgNPs were observed in the gills of G. fossarum exposed to CIT-AgNPs 40 nm similar to short-term exposure (Mehennaoui et al.,subm.,chapter 4). However, in the presence of food during exposure of the organisms less AgNPs were observed compared to our previous study with exposure via water. CIT-AuNPs 40 nm were observed within the lumen of intestinal caeca of G. fossarum. This may suggest that AuNPs were ingested with the food and might not cross the intestinal barrier and might be eliminated with faeces. This observation may also explain the absence of significant effects of AuNPs on G. fossarum survival rates.

Acute waterborne exposure of G. fossarum to CIT-AgNPs and CIT-AuNPs 40 nm showed an uptake of AgNPs in the gills and AuNPs in membrane of intestinal caeca of AuNPs (Mehennaoui et al.,subm.,chapter4). The necessity of feeding in the present work had a significant effect on the pattern of internal distribution of AgNPs and AuNPs. Fewer AgNPs were observed in G. fossarum gills when compared to gammarids exposed to AgNPs in the absence of food (Mehennaoui et al.,subm. Chapter 4), while AuNPs were observed only within the lumen of intestinal caeca which may suggest a rapid elimination of AuNPs with faeces. AuNPs were observed in the gut of D. magna after direct exposure and were not eliminated while the presence of food during the experiment resulted in their elimination (Botha et al., 2016). Other study reported an adsorption of AuNPs on algae surface which led to their ingestion by D. magna followed by a rapid elimination from the gut (Khan et al., 2014;Volland et al., 2015;Wray and Klaine, 2015).

No significant effects of AgNPs or AuNPs on concentrations of haemolymphatic ions, namely Na + , Cl -and Ca 2+ , were observed. As described above, only small amounts of AgNPs were observed in G. fossarum gills indicating a potential lower Ag uptake through the gills. The dietary exposure may have decreased the bioavailability of Ag, leading to the formation of different complex with biomolecules, thus in turn making Ag less toxic or favouring a different uptake route (Mann et al., 2004;Webb and Wood, 1998). Thus, the low presence of AgNPs in the gills may explain the absence of significant effects on concentrations of haemolymphatic ions (Mann et al., 2004). Similarly, the presence of AuNPs within the lumen of intestinal caeca of G. fossarum may indicate that these compounds are likely to be eliminated with faeces without crossing intestinal barrier and reaching the circulatory system. Gammarids exposed to metallic contaminants are usually described to exhibit an iono/osmotic disruption including changes in the Na + K + ATPase activity, ions influx and gills surface permeability (Lignot et al., 2000). Osmoregulation impairment can therefore be noticed by an impact on haemolymphatic Na + and Cl -concentrations which represent 90% of the osmotic pressure in gammarids (Mantel and Farmer, 1983). It is also known that an acute exposure to Ag generally lead to the inhibition of Na + uptake through the inhibition of Na + K + ATPase activity (Bianchini andWood, 2002, 2003;Bury et al., 2002;Grosell et al., 2002;Webb and Wood, 1998). This mechanism was previously observed in G. fossarum exposed to AgNO3 and AgNPs 23 nm for up to 96h (Arce Funck et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Even though, the major haemolymphatic ions were not impacted by AgNPs and AuNPs, an osmoregulation impairment could occur as other elements present in haemolymph, such as amino-acids, may be affected (Felten et al., 2008) and thus, further analyses are needed to better define the chronic effects of AgNPs and AuNPs at the physiological level of G. fossarum.

A set of stress-related genes was used in order to investigate the effects of AgNPs and AuNPs 40 nm at the molecular level (Mehennaoui et al.,subm.,. Both concentrations (0.5 and 5 µg. L -1 ) of PEG-AgNPs 40 nm led to an up-regulation of catalase and chitinase and CIT-AgNPs and PEG-AgNPs 40 nm led to an upregulation of Na + K + ATPase. The highest concentrations of CIT and PEG-AuNPs 40 nm (5 µg. L -1 ) led to an increase of CuZnSOD gene expression. One previous study reported an over-expression of SOD and catalase in G. fossarum exposed for 48h to 4.56 mg.L -1 of positively charged AuNPs 10 nm (Baudrimont et al., 2017).

Authors linked the up-regulation of antioxidant defense to the increase of the number of mitochondria, observed via induction of 16S gene, as these mechanisms require energy (Baudrimont et al., 2017). Similarly, catalase was induced in Chironomus riparus exposed to up to 1 mg.L -1 of AgNPs (Nair et al., 2013). At a higher biological level, an activation of phase II antioxidant enzymes after exposing R. philippinarum to 0.75 µg.L -1 of CIT-AuNPs 20 nm for 24h was reported (Volland et al., 2015). However, by increasing the exposure time, authors observed significant alterations in the gene expression of GPx and genes related to inflammatory responses (Gadd45) as well as MT (Volland et al., 2015). Additionally, digestive gland of bivalve appeared as the target organ for AuNPs under short-term exposure. 1 day of exposure led to the activation of phase II antioxidant enzymes (GST, CAT, GPx and GR) (Volland et al., 2015) while 7 days of exposure led to a persistent oxidative stress linked to an increase in GPx and SOD expression and a decrease of Gadd 45 (Volland et al., 189 2015). However, the absence of effects on CAT, GPx and GR in addition to an activation of MT may suggest an adaptative handling and/or detoxification strategies due to the low doses of AuNPs administered for a prolonged exposure time (Pan et al., 2012;Volland et al., 2015). This hypothesis may also explain the increase in Na + K + ATPase gene expression in G. fossarum exposed to AgNPs. As previously described, the acute toxicity of Ag is exerted through the inhibition of Na + K + ATPase activity. A prolonged exposure may have led to an adaptative strategy leading to the up-regulation of Na + K + ATPase in order to offset the inhibition of the enzymatic activity. These results highlight the differences or evolution of gene expression responses observed after an acute waterborne exposure of G. fossarum to AgNPs and AuNPs (Mehennaoui et al.,subm.,chapter 4) and chronic exposure in the presence of food to the same particles.

Exposing G. fossarum for 15 days to CIT and PEG-AgNPs 40 nm led to a significant decrease in the number of G. fossarum in movement. This result is in accordance with our previous finding as a decrease in locomotor activity was observed in G. fossarum exposed for 72h to AgNPs 23 nm [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Similarly, a decrease in locomotor activity of G. roeseli exposed for 72h to CIT-AgNPs 10 and 60 nm was observed (Andreï et al., 2016). Authors reported a size-dependent effect on locomotion as CIT-AgNPs 10 nm was more effective than CIT-AgNPs 60 nm (Andreï et al., 2016). The effects of CIT-AgNPs 10 nm was as strong as the effects observed for AgNO3 (Andreï et al., 2016;Arce Funck et al., 2013). Therefore, it may be suggested that the readily taken up AgNPs dissolve internally and release Ag + ions that are more potent in inhibiting G. fossarum locomotor activity (Arce Funck et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. The effects on locomotion could also be linked to sensorial disruption linked to the adsorption of AgNPs and AuNPs on the carapace of G. fossarum as observed in our previous study (Mehennaoui et al.,subm.,chapter 4) and which is consistent with the significant effect of AgNPs on the expression of chitinase. The decrease in locomotor activity could also be a result of an energy reallocation in favour of defence mechanisms. Indeed, an increase in the internal concentrations of metals or NPs usually lead individuals to invest their energy in highly energy consuming mechanisms such as detoxification, homeostasis maintenance (iono/osmoregulation) or cellular repairing process (Arce Funck et al., 2013;Vellinger et al., 2013).

This study highlights once more the great sensitivity of behavioural responses that are fast, simple to perform, cheap and non-invasive biological endpoints that can highlight sub-lethal effects of contaminants.

Behavioural responses allow linking responses observed at the physiological level to potential effects at the population and community levels regarding the central position of G. fossarum in aquatic ecosystems.

Indeed, an impairment of locomotion may have consequent effects on the fitness of an organism and lead to "ecological death" (Scott and Sloman, 2004).

CONCLUSIONS

The present study allowed obtaining first insights on key mechanisms of sub-chronic effects of AgNPs and AuNPs. Gene expression and locomotion appeared good biological endpoins as they allow the detection of sub-lethal effects of AgNPs and AuNPs at very low concentration (0.5 µg. L -1 ). Similarly to the acute exposure Amphipods are one of the most important components of freshwater ecosystems. Among them, gammarids are the most widespread group in Europe and are often used as bioindicators of the quality of aquatic ecosystems and model organisms in many ecotoxicological studies due to their well-known ecology and sensitivity to different kind of pollutants (Farkas et al., 2003;Kunz et al., 2010). However, their use, especially

of Gammarus fossarum for the study of the environmental impact of nanoparticles has been rather limited so far [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF].

Engineered nanoparticles (ENPs) are being increasingly incorporated in consumer products and as a consequence, their environmental release is raising concerns about their potential toxicity/effects on living organisms (Klaine et al., 2008;Moreno-Garrido et al., 2015). Silver nanoparticles (AgNPs) are among the most promising and used ENPs for application in numerous consumer products due to their well-documented antibacterial properties (Bone et al., 2012;Cleveland et al., 2012;Vance et al., 2015). Gold nanoparticles (AuNPs) are used in a wide range of applications in the field of biomedicine, biology and chemistry (Nel et al., 2006;Volland et al., 2015) mostly for their low toxicity and high bio-compatibility (García-Cambero et al., 2013;Lapresta-Fernández et al., 2012). Regarding the lack of information on the toxicity mechanisms of ENPs on G. fossarum and its scare use as a model organism in nanotoxicology studies, the first study of this thesis (Chapter 2) aimed at evaluating the effects of a well-characterised and well-studied set of AgNPs (Georgantzopoulou, 2015). Synthetically produced AgNPs of different sizes (20 and 200 nm) as well as AgNPs synthetized by a biological method (using plant leaf extracts of Ocinum sanctum and Azadirachta indica, AgNPs 23 and 27 nm, respectively; (Balachandran et al., 2012(Balachandran et al., , 2013) ) were used in order to elucidate the relation between size, synthesis method, NPs surface properties, ions dissolution and their toxicity (Georgantzopoulou et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. A multi-biomarker approach was applied in order to determine the effects at the Despite the rapid advances in the "omics" field marked by the development of next generation sequencing (NGS) methods, RT-qPCR remains one of the most accurate and reliable techniques for target gene expression and NGS data validation. This method is recognized for its capacity to highlight sensitive changes in gene transcription levels (Guerriero et al., 2014;Plusquin et al., 2012) which represent an early warning of pollution-induced stress and may be linked to important physiological changes (Lacroix et al., 2014).

Therefore, a set of stress related genes, selected based on the battery of biomarkers developed earlier by our research group (Garaud et al., 2015a;2015b, 2016), was used to investigate the toxicity/effects of different sized AgNPs and AuNPs (20, 40 and Bioaccumulation was assessed using ICP-MS, internal distribution of AgNPs and AuNPs were evaluated using Cytoviva and molecular effects were assessed using a set of stress-related genes expression including genes implied in cytoskeleton trafficking (Actin, TUB, UB), exoskeleton cuticle (Chitinase), antioxidant defence (CAT, MnSOD, CuZnSOD, GPx7), general stress (GST, HSP90, GAPDH), DNA damage and repair (Gadd45, NfkB, c-jun, P53), lysosomes (Cathepsin L), osmoregulation and respiration (Na + K + ATPase, HEM).
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Behavioral responses (Baumann et al., 2014;[START_REF] Blinova | Toxicity of two types of silver nanoparticles to aquatic crustaceans Daphnia magna and Thamnocephalus platyurus[END_REF]Ivask et al., 2014;Silva et al., 2014;Chapter 2 and 4). A size-dependent toxicity was observed on G. fossarum exposed for 72h to AgNPs 20,[START_REF] Andersen | Normalization of Real-Time Quantitative Reverse Transcription-PCR Data: A Model-Based Variance Estimation Approach to Identify Genes Suited for Normalization, Applied to Bladder and Colon Cancer Data Sets[END_REF]27 and 200 nm with AgNPs 23 nm, as the one that aggregated the less (smallest hydrodynamic diameter of 53 nm), being the most toxic one with an LC50 of at least 2.3 µg. L -1 (Figure 6. 1). The order of toxicity was the same as reported in a previous study using V. fisheri, D. subspicatus and D. magna as model organisms (Georgantzopoulou et al., 2013). Size-dependent effects for the bare AgNPs 20 and 200 nm with AgNPs 20 nm being more potent to D. magna than AgNPs 200 nm were reported.

Moreover, biologically synthetized AgNPs 23 and 27 nm were always more toxic to D. magna with AgNPs 23 nm being the most toxic one (Georgantzopoulou et al., 2013). Similarly, in addition to dose-dependent effects of AgNPs on a multi-trophic test battery including algae and D. magna, size-dependent effects were observed with the smallest AgNPs (10 nm) being more toxic to D. magna than the bigger ones (20,[START_REF] Legay | MdMyb93 is a regulator of suberin deposition in russeted apple fruit skins[END_REF]60 and 80 nm) (Ivask et al., 2014).

Interestingly, using commercial AgNPs, stabilized with citrate or coated with PEG, did not induce sizedependent effects. Indeed, short-term exposure of G. fossarum to three different sizes of CIT and PEG-AgNPs, namely 20, 40 and 80 nm, led to a concentration-dependent rather than size-dependent Ag uptake (Chapter 4, Figure 6. 2). The same results were obtained for AuNPs with a concentration-dependent rather than a sizedependent Au uptake. A surface coating-dependent bioaccumulation of Ag and Au was observed with CIT-AgNPs and CIT-AuNPs being more taken up by G. fossarum than PEG-AgNPs and PEG-AuNPs. Our results were consistent with previous studies that reported a coating dependent bioaccumulation of CIT-AgNPs and CIT-AuNPs in aquatic organisms (Oliver et al., 2014;Park et al., 2015;Sakka et al., 2016). These differences may be linked to the behaviour of CIT-NPs in the water column. As they appeared to aggregate more than PEG-NPs, it could be expected that CIT-NPs settle down and reach the water/sediment interface where G.

fossarum tend to be found. Therefore, it could be expected that CIT-NPs may be more bioavailable for benthic macro-invertebrates than PEG-NPs. It has been reported that G. roeseli accumulated more cerium (Ce) than

Dreissena polymorpha exposed to CeO-NPs (Garaud et al., 2015). The higher bioaccumulation could be linked to the ingestion of aggregate that may settle in the aquarium or via the ingestion of faeces and pseudo-faeces of contaminated bivalves by gammarids (Garaud et al., 2015). However, in chapter 2, we showed that the bare AgNPs 20 and 200 nm were less absorbed by G. fossarum than biological AgNPs 23 and 27 nm despite a higher aggregation [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. This result enhances the key role played by surface coating of One important step to understand NPs' fate, behaviour and adverse effects is by investigating their internal distribution in tissues. Usually, transmission electron microscopy (TEM) is used for internal localization of NPs (Heinlaan et al., 2008;Lovern et al., 2008). However, this method does not allow a direct elemental identification of NPs leading to ambiguous results (Georgantzopoulou et al., 2013). In the beginning of the Interestingly, the chemical composition of the studied NPs appeared also as a critical factor determining their internal distribution. Indeed, different uptake routes were observed (Chapter 2, 4 and 5). AgNPs were found in the gills (cuticle and epithelial tissue) while AuNPs were observed in the epithelial tissue of intestinal caeca (Chapter 4, Figure 6. 2). The sub-chronic exposure of G. fossarum to CIT and PEG-AgNPs and CIT and PEG-AgNPs 40 nm in the presence of food confirmed the different uptake routes as AgNPs were observed in the gills while AuNPs were observed in the gut area (Figure 6. 3). However, the presence of the food led to the localization of AuNPs within the lumen on intestinal caeca indicating a potential elimination with faeces while in the absence of the food, it seems that AuNPs were able to cross the gut barrier.

SYNTHESIS METHODS AND CHEMICAL COMPOSITION INFLUENCE AGNPS AND AUNPS EFFECTS

The NPs synthesis method proved to be an important parameter in determining their toxicity. The biological nm (Georgantzopoulou et al., 2013;[START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. These observations confirm once more the importance of surface coating on bioaccumulation potential of AgNPs. Even though both AgNPs 23 and 27 nm led to a significant mortality of G. fossarum, the sub-lethal effects were different. Only AgNPs 23 nm led to a higher mortality rate, osmoregulation impairment and a decrease in locomotion [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. In the same way, the chemical composition played an important role on the sub-individual effects of It is important to note that these effects were independent from AgNPs and AuNPs size and surface coatings.

Gene expression appear as a very sensitive biomarker level. Although the effects at the protein and enzyme activity level were not performed in the experiments described in Chapter 4 and 5, the observed effects at the gene level allow to highlight that AgNPs and AuNPs induced different responses. The analysis of the gene expression in G. fossarum also revealed the importance of the exposure route. For instance, acute exposure of G. fossarum to AgNPs led to the induction of SODs while AuNPs led to their down-regulation. The chronic exposure led to the up-regulation of Na + K + ATPase by AgNPs whereas no effects were observed on this gene when G. fossarum were exposed to AuNPs. However, it can be suggested that both AgNPs and AuNPs might activate antioxidant defense, which is coherent with literature as oxidative stress via ROS generation was reported as the main mechanism of action of NPs (Vale et al., 2016).

CONTRIBUTION OF SOLUBLE IONS TO THE EFFECTS

In the present work, AgNO3 was used as a positive control in order to compare AgNPs effects to Ag ions effects while ion release from AuNPs was not expected. Ions release from AgNPs is size, surface coating and exposure media dependent (Georgantzopoulou, 2015). In the present thesis, significant ions release was observed only with biologically synthetized AgNPs 23 nm (Chapter 2) with a dissolution rate of up to 29% in Volvic water [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. Bare AgNPs 20 and 200 nm, AgNPs 27 nm, CIT and PEG-AgNPs and CIT and PEG-AuNPs showed a dissolution rate of maximum 6% (24h) with very low concentration of Ag and Au ions (chapter 2 and 4). According to the results obtained in Chapter 2 and 4, it seems that surface coating is the main factor influencing ions release as bare, CIT and PEG-AgNPs in addition to AgNPs 27 nm appeared to be more stable in the exposure medium (Volvic water) than AgNPs 23 nm.

Interestingly, AgNPs 23 nm were more toxic to G. fossarum than AgNPs 20 and 27 nm. Indeed, the EC50s causing effects were similar for AgNPs 23 nm and AgNO3. Both of them led to a decrease in survival rates and locomotion in addition to an osmoregulation impairment at similar concentrations [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF].

These results highlight the implication of Ag ions in the potency of AgNPs to G. fossarum. However, ion release seems to be not the only mechanism of effects of AgNPs on G. fossarum. Indeed, gene expression results showed that AgNPs affect G. fossarum in a different way compared to AgNO3 (chapter 4 and 5)

although common mechanisms were reported. For instance, both AgNPs and AgNO3 led to a down-regulation of hemocyanin and an up-regulation of CuZnSOD and Chitinase whereas only AgNPs increased MnSOD gene expression and decreased GST, Cathepsin L and AgNO3 led to an up-regulation of TUB, GST and Cathepsin L and to a down-regulation of NfkB. These results are in accordance with results observed on the MXR responses of in vitro gastrointestinal co-culture model exposed to AgNPs (Georgantzopoulou et al., 2016).

AgNPs 23 nm were more potent than AgNO3 and AgNPs 27 nm while the level of dissolved Ag in the media were comparable for AgNO3 and AgNPs 23 nm (Georgantzopoulou et al., 2016). This suggest that the differences in the observed effects are not only linked to Ag ions release as AgNPs appeared to be sometime more toxic than AgNO3 at the same nominal exposure concentrations (García- Alonso et al., 2014;Ivask et al., 2014). Moreover, different gene expression profiles were observed in D. magna exposed to AgNO3 and AgNPs (Poynton et al., 2012) which is in support of our findings for the gene expression study (Chapter 4).

LIMITS OF THE MULTI-BIOMARKERS APPROACH

The application of a multi-biomarkers approach allowed the assessment of effects of AgNPs and AuNPs on different biological levels (from molecular to behavioural responses). Biomarkers need to be sensitive indicators and are defined as early warning of pollution-induced stress on ecosystems (Lagadic, 2002;Vasseur and Leguille, 2004). The results obtained in the present work allowed to confirm the sensitivity of subindividual and individual responses (behaviour) as effects were observed at very low and environmentally realistic concentrations of AgNPs and AuNPs (from 0.5 µg. L -1 ). Behavioural responses allow obtaining rapid and non-invasive responses even though no effects on ventilation could be detected in the present work (Chapter 2 and 5). However, locomotion was one of the most sensitive responses as effects were detected at very low concentrations of AgNPs and AuNPs (0.5 µg. L -1 ). The effects on locomotion may suggest an energy reallocation strategy in favour of defense mechanisms in G. fossarum. Our results were in accordance with previous studies performed within the ANR MESONNET project by exposing G. roeseli to different sizes of CIT-AgNPs (Andreï et al., 2016). Effects on locomotion may also allow predicting the effects of AgNPs and AuNPs at the population and community level. Indeed, locomotion is a highly ecologically relevant biomarker as it is necessary for foraging, mate finding and escaping from predators. By interfering with locomotion AgNPs and AuNPs may reduce the fitness of the organism and have a potential effect at the population level.

The use of numerous stress-related genes allowed to highlight the influence of chemical composition on the effects of AgNPs and AuNPs on G. fossarum. However, the obtained results should be considered with precaution as one of the difficulties of the target genes approach is the important number of potential isoforms present encoding for each protein family. As no functional studies (proteomic analyses, enzymatic analyses; Chapter 4 and 5) were performed, no clear conclusions can be formulated as an induction of a given gene does not systematically result in the expression/activation at the protein level. Hence, further analyses are still needed in order to better define and predict the effects of AgNPs and AuNPs on G. fossarum and to better link responses observed at the tissue level to those observed at the whole individual level.

Furthermore, the responses studied in chapter 2 seem not to be the most appropriate endpoints for studying the effects of NPs on G. fossarum. The absence of significant effects may be due to exposure time and the chemical composition of the studied materials. Indeed, it has been reported that antioxidant responses were significantly impacted in goldfish after 6h of exposure to a mixture of pesticides while no significant effects on antioxidant responses were observed after 96h or 16 days of exposure (Gandar et al., 2017). This may suggest the setting up of different sampling times in order to unsure detection of early effects on G. fossarum.

CONCLUDING REMARKS AND FUTURE PERSPECTIVES

The present work provides a substantial amount of data which open new windows for further exploratory work. The results of this thesis highlight the importance of considering on one hand the NPs characteristics such as size, methods of synthesis, surface coating and chemical composition and on the other hand, the exposure mode of the studied AgNPs and AuNPs regarding their significant influence on the behaviour of NPs in the exposure medium and uptake routes.

It can be concluded that the chemical composition is the main factor influencing the effects of NPs on aquatic organisms. It is important to keep in mind that for a specific NP, physico-chemical characteristics should be considered as these parameters play a crucial role in modulating the behaviour of NPs in the environment and their interactions with organisms. The results of the present thesis show that both the NPs and the released ions play a role for the toxicity to G. fossarum. It seems that surface coating and chemical composition, and to a lower extent size, are the main factors favouring uptake, strong interaction with biological sites and thus relative toxicity of AgNPs and AuNPs.

The knowledge acquired in the present work through the exposure of G. fossarum to realistic concentrations of NPs contributed to a better understanding of mechanisms of action of AgNPs and AuNPs. However, establishment of more realistic exposure scenarios including river water and organic matter should provide complementary information with a biological continuum linking molecular to functional responses as these latter appeared as sensitive responses (Andreï et al., 2016). Linking molecular to individual and functional responses will allow a better prediction of the effects of NPs at the population and community level. With the acquirement of new sequences of G. fossarum, it might be valuable to apply NGS methods like RNAseq (Illumina) in order to identify new biomarkers in nano-ecotoxicology. This highly sensitive method might allow a better coverage and determination of mechanisms of action of NPs. The use of SIMS in combination with Cytoviva allows localisation of AgNPs and AuNPs within G. fossarum. However, these techniques do not allow a determination of effects of the studied NPs on the studied tissues. Hence, the use of histopathological methods might also bring complementary data to better link responses at the molecular level to those observed at the individual level.

Introduction

Nanotechnology has emerged as a fast growing sector impacting key economical fields and providing new engineered nano-enabled products, constituted by nanoparticles (NPs), with novel and unique functions that reach the market every day (Bour et al., 2015). NPs are defined as materials with a size between 1 and 100 nm on at least one dimension, having unique physicochemical properties differing from their bulk forms due to their greater surface area to volume ratio. This size related-properties results in larger reactivity and higher mobility [START_REF] Rauscher | Towards a review of the EC recommendation for a definition of the term nanomaterial[END_REF], leading to numerous applications in medical diagnostics, electronics, computers, cosmetics and environmental remediation. The worldwide consumption of NPs is expected to grow from 225,060 metric tons in 2014 to nearly 584,984 metric tons in 2019 representing an annual growth rate of 21.1% [START_REF] Research | Global Markets for Nanocomposites, Nanoparticles, Nanoclays and Nanotubes[END_REF]. Although impressive, these numbers are in fact "expected" values obtained by estimation or modeling. The lack of legislation for nanotechnologies gives the manufacturers no onus to reveal the real figures, thus, indeed, these predicted values are most probably significantly higher. The absence of real numbers hinders the prediction of the NPs amount that are actually being released into the environment (Piccinno et al., 2012). Even though several studies have been performed with the goal of modeling NPs environmental concentrations (Gottschalk et al., 2013), they should only be considered as guidelines, since they derive from uncertain data about the NPs production (often obtained by surveys to the producers) and extrapolations used to scale up regional to worldwide amounts (Piccinno et al., 2012;Gottschalk et al., 2011;Keller et al., 2013).

When released in natural media NPs will be subjected to a dynamic physical and chemical environment that consequently results in different and unknown endpoints far from their pristine or as released state. Therefore, environments and humans are not facing pristine manufactured NPs but rather transformed nanoenabled products, which is factually accepted but so far neglected. In fact, the large majority of the physicochemical and toxicity data obtained so far was focused on simple nanoscale particles and not on relevant nano-enabled products. This includes not only the NP embedded in the manufactured matrix but also the materials resulting from the interaction with biotic and abiotic (bio) molecules composing the natural systems. To further complicate the interpretation of the NPs studies, there are two distinct mechanisms that should be considered but are not easily differentiated: (i) chemical toxicity by the release of possible ions and/or formation of reactive oxygen species (ROS) (Fu et al., 2014), and (ii) physical stress or stimuli caused by NPs size, shape and surface properties (Vale et al., 2014;Libralato et al., 2013). These materials are generally associated with cellular perturbations such as ROS generation, and gene expression and proteome profiles alterations. For these reasons, the NPs escalating production and applications has raised concerns about their environmental and human safety, which have led to large investments in nanosafety-related projects resulting in a considerable amount of data assessing their potential hazard (Savolainen et al., 2013). However, the establishment of relationships between bioavailable NP-containing species and the specific bioadverse or biocompatible endpoints is still lacking, mainly since, the effects are NP-dependent and also specie-dependent (Buric et al., 2015).

This work provides an overview of the latest studies on the impact of NPs onto freshwater ecosystems, considered by many as the ultimate sink of these particles, with a special focus on (i) NPs transformations and characterization in the different test media, and (ii) toxicological effects such as generation of ROS, genotoxicity, metallomic and proteomic changes. This survey is focused on metallic NPs including nAg, nTiO 2 , nZnO and nCuO, mostly due to the great number of studies dedicated to these particles.

NPs transformations in aquatic systems

NPs can enter in an aquatic compartment from (i) wastewater treatment plants effluents, (ii) direct use (e.g., application of NPs-containing paintings on boats), and (iii) deposition from the air compartment. When entering aquatic compartment, NPs will be exposed to a highly dynamic physical and chemical environment that leads to several transformations that will change their pristine or as released physicochemical properties (Fig. 1). These transformations, including dissolution, aggregation and sedimentation, are dependent on both physicochemical properties of the NP (and nanoforms thereof) and those of the environment into which they were released.

Colloidal particles, including organic and inorganic matter, are ubiquitous in the aquatic environment and can be originated from both natural and anthropic sources. These colloids can strongly interact with NPs, thereby determining their forms over space and time (dynamic speciation), and greatly affecting their bioavailability. Thus, the NP will have a specific speciation in each environmental compartment, and this speciation is always dynamic with reaction rates that depend upon the chemical nature and physical sizes of the engineered and natural colloids. Although it is clear that dynamic speciation must be considered in order to make relevant predictions of NPs fate, toxicity and risk, until now this critical issue, was mostly neglected (see detailed explanation on [START_REF] Pinheiro | Nanomaterials for Environmental Protection[END_REF].

Dissolution, which is one of the main transformations of metallic NPs such as nZnO, nCuO, and nAg, is mainly due to (i) the formation of partially soluble metal-oxide (Heinlaan et al., 2008;Domingos et al., 2013a;Wang et al., 2015), (ii) the oxidation of the particle constituents [START_REF] Ma | [END_REF]Wang et al., 2013a;Dale et al., 2013;Lok et al., 2007;Derfus et al., 2004), and (iii) the complexation of the particle constituent metal by complexants present in the environmental compartment or even in the NPs embedded matrix (including the manufactured stabilizers) (Domingos et al., 2013b;Domingos et al., 2014). The sulfidation of the metallic NPs can retard their oxidation and, thus, their dissolution [START_REF] Ma | [END_REF]Wang et al., 2013a;Dale et al., 2013;Thalmann et al., 2014). This dissolution mechanism results in the release of toxic cations, such that their persistence is reduced but the toxicity is increased. Evidently, complete dissolution of the NPs allows the prediction of their impact using already existing models for metal speciation and toxicity.

Photoreactions can also be important transformations affecting the NPs coatings, oxidation state, generation of ROS, and persistence, which is the case of the innately photoactive TiO 2 and ZnO particles (Hund-Rinke and Simon, 2006;Zhang et al., 2007a).

Aggregation is other critical transformation, which mainly by interaction with naturally occurring bio-or geomacromolecules affect NPs size and surface chemistry. For example, organic matter (OM) provides both charge and steric stabilization (Mohammed et al., 2008;Domingos et al., 2009a) of the NPs, although they may also result in bridging flocculation when in presence of multiple charged cations and anions (Domingos et al., 2010). OM effects are complex and difficult to predict, however, is of extremely importance to explore these interactions since, OM concentrations are typically orders of magnitude higher in concentration than engineered NPs, and, thus, likely to substantially modify their properties and behaviors. Despite the significance of these interactions, with both organic and inorganic matter, and to the best of our knowledge, no relevant toxicity studies are available.

Dissolution and aggregation are dynamic processes that can decrease the NPs available surface area, thereby decreasing their reactivity. However, this decrease is dependent on the surface properties, particle number, size distribution, and the fractal dimensions of the aggregate (Hotze et al., 2010). The NP size will affect its bioavailability to the organisms; when aggregates become too large for direct transport across the cell wall and/or membrane, uptake may be prevented, whereas partial dissolution, which will lead to smaller sizes, would facilitate this cellular transport. Since these transformations are most often not in equilibrium, they require real-time kinetic measurements, limiting the methodology to be used: (i) the storage of whole unfractionated samples for ion analysis may not be possible since the dissolution rate may be fast or not attain the equilibrium during the experimental time, and (ii) the aggregation rate can be fast or the aggregates size distribution may not reach equilibrium within the experimental time window.

Despite the large number of studies focused on nanotoxicology, most of them disregard the particles kinetic physicochemical characterization under the exposure conditions, hindering the establishment of crucial predictive structure-activity relationships that can be used afterwards in the categorization and function for risk assessment studies. In absence of these realistic studies, two less constrain conditions were used to select the literature studies that will be discussed in this critical overview: i) studies where the NPs characterization was performed in the same media as the bioassays. ii) quantification of the NPs dissolution for studies using metallic NPs with propensity for dissolution such as nAg and nZnO.

Nanotoxicity toward aquatic organisms

Generation of ROS

Despite the large number of studies on NPs toxicity both in cell line systems and organisms, a complete understanding about the mechanisms behind is still lacking (see reviews (Manke et al., 2013;Fu et al., 2014;Bour et al., 2015;Schultz et al., 2014)). ROS generation, whose overproduction can lead to oxidative stress (OS) in the organism tissues, is unquestionably the most studied nanotoxicity mechanism.

Molecular oxygen is used as an oxidizing agent for the production of adenosine triphosphate (ATP) in the organism cells, being afterwards reduced to water. The non reduced oxygen results in the formation of superoxides O -

2

• that can be further converted to hydroxyl radicals (HO • ), which has the highest reduction potential of all the physiological relevant ROS. When under control, these species are easily scavenged by (i) antioxidant agents such as polyphenols (Fu et al., 2014;Lipinski, 2011) (e.g., elimination of HO • ), and (ii) enzymes such as superoxide dismutase (SOD), catalase (CAT) and glutathione peroxidase (GPx). The SOD enzymes catalyze the dismutation of O -

2

• into oxygen or hydrogen peroxide (H 2 O 2 ), which is decomposed by CAT into water and oxygen. Even though H 2 O 2 is less reactive than the radical species, is still a strong oxidant that needs further elimination. The GPx, also plays a role in the detoxification of H 2 O 2 by using glutathione (GSH) as a reductant. During the process, GSH is oxidized and converted to glutathione disulfide (GSSG) being latter reduced back to GSH by glutathione s-transferase enzymes (GST), thus completing the cycle (Brigelius-Flohe and Maiorino, 2013;Deponte, 2013). The antioxidant-enzymes activity is considered a reflection of the redox state of the cells and is frequently studied as a biomarker of OS.

When ROS is overproduced beyond the organism antioxidant response capacity, it leads to several deleterious effects on the cells components such as lipids, proteins and DNA, possibly resulting in lipid peroxidation, apoptosis and/or cancer initiation processes, respectively. The production of ROS can be enhanced by the presence of NPs, depending mainly on their size, aggregation, solubility and coating. It is commonly accepted that smaller particles can easily penetrate cell membranes, and thus induce cytotoxicity (Sakai et al., 2011;Buzea et al., 2007). However, this correlation between size and toxicity is still controversial. Shi et al. (2013) reported that 5-10 nm nAg had higher toxicity to Tetrahymena pyriformis when compared to slightly larger nAg (15-25 nm), while no sizedependent response on Danio rerio was obtained when exposed to 20, 50 and 110 nm (Bowman et al., 2012). Most studies show that toxicity increases with decreasing particle size. However, others reported that either the size has no role on toxicity or that smaller NPs are less toxic (Ivask et al., 2014). A consensus about the size effect is still lacking, and, most probably, will be unlikely to be attained since the effects seem to be NP-and even speciedependent (Buric et al., 2015).

The dissolution of metallic NPs such as nCuO and nAg results in the release of Cu and Ag ions, which are known to catalyze Fenton, Fenton-like and Haber-Weiss reactions, leading to the formation of ROS (Fu et al., 2014;Lipinski, 2011;He et al., 2012;Wang et al., 2013b,c). Moreover, the highly reactive surface of NPs and the presence of manufactured and/or natural coatings can lead to the adsorption/complexation of trace metals present in the environmental compartment also acting as a catalyzer platform to the above-mentioned reactions, and thus increasing the concentration of ROS in the system. Photoactive NPs such as nTiO 2 and nZnO, can also induce the formation of ROS. When exposed to visible or UV light, these NPs can be photo excited resulting in the formation of electron-holes, which are powerful oxidants that can react with surface bounded molecules forming radicals (Clemente et al., 2014). All these processes are schematized in Fig. 2.

Omics endpoints

The omics tools, such as toxicogenomic, metallomic and proteomic, are very useful on the establishment of toxic endpoints. A toxicogenomics approach allows the identification of gene and protein activities in the organisms cells induced when in the presence of a certain xenobiotic. A central assumption is that chemicals generating toxicity by the same mechanism will produce similar gene expression responses under a given set of conditions, bringing new insights about their mode of action that can be linked to their specific physicochemical properties. A metallomic and proteomic approach will allow a complete analysis on the metal and metalloid species composition within a cell or tissue and the establishment of metalloproteins profiles leading to the identification of new biomarkers (e.g., proteins expressed by the NP itself (Shepard et al., 2000)). This will allow a better understanding and profiling of NPs toxic mechanisms discriminating them from their bulk components.

Despite the large number of studies about nanotoxicology, only a few number have reported the use of omics tools to evaluate the NPs toxic effects at the molecular level on freshwater organisms (Rainville et al., 2014;Kuznetsova et al., 2014). Indeed, the "omics" approach generates a huge amount of data whose interpretation is not always straightforward, being, most probably, the main reason moving nanotoxicologists away from using these tools. This large amount of data together with the fact that usually an appropriate physicochemical characterization prior to the biological assays is not performed, results in an escalating number of unknown variables impeding a comprehensible understanding of the biochemical responses.

NPs toxicity on freshwater organisms

4. 1. Silver NPs (nAg) nAg are known for their antifungal and antimicrobial properties, being extensively used in several products such as clothing, cosmetics, medical devices, paints, humidifiers and refrigerators (Reidy et al., 2013;Fabrega et al., 2011), leading to predicted concentrations of 0.088-2.16 ng L -1 in European and North American surface waters (Gottschalk et al., 2009).

Despite nAg is one of the most studied NPs, the toxicity mechanisms are still not fully clear; some assign the nAg toxicity to the release of Ag + ions to the media, while others assume that intact nAg particles are responsible for the induction of toxic responses in the organisms (Schultz et al., 2014). It is well known that Ag + ions has a great propensity to bioaccumulate in the tissues leading to ROS generation, genotoxicity and inhibition of Na + /K + -ATPase activity by blocking the Na + uptake by the cells [START_REF] Luoma | Silver Nanotechnologies and the Environment: Old Problems or New Chalenges? Woodrow Wilson international center for scholars or the PEW charitable trusts[END_REF]Morgan et al., 1997). Similar toxic effects were also observed in juvenile Oncorhynchus mykiss fishes exposed to citrate coated nAg, with claimed low propensity for dissolution (Schultz et al., 2012). However, it was not possible to confidently establish if these inhibitions were caused by the nAg per se or by dissolved Ag + . In fact, it is very difficult to distinguish between the toxic effects induced by particulate or ionic Ag, and, thus, is crucial not only to evaluate the size distribution but also to quantify the nAg dissolution in the bioassay (Table 1).

It was possible to identify two distinct routes that could induce biochemical responses in freshwater organisms (Table 1) (1) presence of the NPs per se, and (2) presence of both nAg and dissolved Ag + . For the first route the identification of responses that are uniquely due to the presence of nAg and do not occur in matched Ag + exposures is crucial. This is possible by (i) using nAg with low dissolution rates, so, that the leached Ag + in the media is insufficient to induce toxicity to the organisms, or (ii) identifying endpoints specific to nAg, such as internalization of NPs, cytotoxicity and genotoxicity. The work performed by Kumar et al. (2014) is an example on the application of these strategies. They reported a significant increase of ROS and SOD and morphological alterations on freshwater bacteria exposed to nAg coated with PVP. Since the NPs dissolution was very low (leached Ag + < 1 g L -1 ), it was concluded that the results were related to the silver particulate form. Morphological changes and alteration in genes profiles, related to the presence of nAg itself, were also observed in Cyprinus carpio (Lee et al., 2012), zebrafish (Griffitt et al., 2009;Choi et al., 2010), Daphnia magna (Poynton et al., 2012), medaka fish (Pham et al., 2012) and rainbow trout (Gagne et al., 2012). The exposure of 7 day old D. magna to citrate-coated nAg (size 10 nm, 30 g L -1 ) and AgNO 3 (2.5 g L -1 ) during 24 h showed that both Ag forms act through different pathways; both forms increased proteins thiol content, but only particles increased proteins carbonyl levels (Gundel et al., 2007).

For the second route, both forms, particulate and ionic Ag, can induce OS and genotoxicity being the distinction between these effects a truly challenge. For example, in Chlorella vulgaris a positive correlation between ROS production and LPO on the tissues after 24 h of exposure to uncoated nAg (1 and 10 mg L -1 ) (Oukarroum et al., 2012) was found, but with no possibility to establish a positive 2) Dissolution of the NPs leads to an increase concentration of metal ions in the media; some of these metals can also be uptake by the organisms. ( 3) NPs and/or their surrounding coatings can adsorb/complex other metals present in the media, being taken up by the cells. ( 4) Photocatalytic activity of the NPs in the presence of UV and/or natural light. correlation with solely the particulate or ionic Ag. Similar difficulties were also observed in the snail Lymnaea luteola (Ali et al., 2014), where the exposure to nAg resulted in DNA damage and induction of OS but without the possibility to identify which Ag forms has the dominant role on the observed effects. In these situations, a complete physicochemical characterization of the NP in the exposure media along with the use of controls containing ionic Ag are crucial to understand which Ag form (or both) is responsible for the observed biochemical responses.

Although in the majority of the studies is not possible to establish if the nAg potential toxicity is due to its particulate or ionic form, it is clear that the presence of nAg in freshwater systems presents a high risk to aquatic life.

Titanium dioxide NPs (nTiO 2 )

nTiO 2 is one of the most produced NPs in the world, with an expected production of 201,000 tons during 2015 [START_REF] Epa | Laser detection of nanoparticles in the environment[END_REF]Markets, 2015). Some studies have reported evidences that this NP have a low toxicity toward aquatic organisms even at concentrations higher than the ones expected to occur in the freshwater systems (3 ng L -1 to only 1.6 g L -1 ) (Gottschalk et al., 2013). Federici et al. (2007) have showed that even at 0.1-1 mg L -1 of nTiO 2 the rainbow trout, defense system can naturally scavenge ROS species avoiding OS. For this reason, most of the nanotoxicology studies (if not all) uses much higher concentrations with the objective of obtain more straightforward acute toxicity responses. Evidently, as used NPs concentrations are largely higher than the above predicted values, the environmental impact of these studies decreases significantly. Moreover, higher nTiO 2 concentrations impacts on their own undergone transformations; the presence of a higher number of particles can lead to homoaggregation (see Section 2), most probably, resulting in a misinterpretation of the obtained results. Dalai et al. (2013) showed that for nTiO 2 concentrations larger than 16 mg L -1 , ROS levels in the Ceriodaphnia dubia decreased significantly due to the agglomeration of the NPs becoming less bioavailable to the organisms. The exposure of O. mykiss (rainbow trout) to fairly low concentrations of nTiO 2 (0.1-1 mg L -1 ) resulted in biochemical disturbances, respiratory distress and several organ pathologies (Federici et al., 2007;Boyle et al., 2013). However, the same did not occur, when other organisms were exposed to higher concentrations (Dalai et al., 2013;Hao et al., 2009). Table 2 resumes the biochemical responses of freshwater organisms, mostly daphnids and fishes exposed to nTiO 2 . In most of these studies, the nTiO 2 characterization was solely based on the evaluation of the NPs size distribution since aggregation is the most important transformation for this particle.

Three main routes leading to nTiO 2 toxicity were identified: (i) physical stress, associated with the NPs size and surface properties (cytotoxicity), (ii) photocatalytic activity (phototoxicity), and (iii) NPs capacity do adsorb xenobiotics in the media.

The internalization of nTiO 2 by an organism may result in its accumulation in different organs leading to physical stress and tissues damage. For instance, accumulation of nTiO 2 in daphnid's guts (Dalai et al., 2013;Tan and Wang, 2014;Zhu et al., 2010), bivalve's digestive gland (Vale et al., 2014) and fish's gills (Federici et al., 2007;Boyle et al., 2013;Hao et al., 2009) constricts their alimentary canal affecting their breathing capacity. The possible mechanisms involved in the NPs internalization in the organisms were already described (Reidy et al., 2013;Chen and Bothun, 2014;Shang et al., 2014), and will not be further discussed here.

Due to their photocatalytic activity, nTiO 2 can generate radical species when exposed to natural and/or UV light radiation. A linear relationship between illumination and the hydroxyl radical generation in the media was established in presence of nTiO 2 , with the extracellular radical species generated inducing oxidative damage on the gill tissue cells of D. rerio (Xiong et al., 2011). Similar effects were also observed in other freshwater organisms such as zebrafish (Bar-Ilan et al., 2013), rainbow trout (Boyle et al., 2013) and daphnids (Dalai et al., 2013). Moreover, nTiO 2 can lead to toxicity assumed to be promoted by OS under dark conditions in laboratory and in microcosm study (Jomini et al., 2012).

The nTiO 2 can adsorb or interact with different elements, (e.g., Cd, Zn, Pb, Cu, Ni and As (Vale et al., 2014; Engates and Shipley, Table 1 Impact of nAg in freshwater organisms, including physicochemical characterization of the NPs in the media and biochemical responses. The biomarkers of response expressed as ↑ and ↓, indicates an increase or decrease on the biomarkers activity or concentration, respectively, when compared with the control groups (organism not exposed to nAg). The biomarkers here listed are: superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), glutathione-s-transferase (GST), total glutathione peroxidase (GPx), metallothioneins (MTs), lipid peroxidation (LPO) and reactive oxygen species (ROS). d Culture medium for Cyanobacteria [START_REF] Rippka | [END_REF]). e Freshwater. f Filtered and sterile lake water. g Bottled water.

2011; Gao et al., 2004;Sun et al., 2006)), changing their speciation in the media and affecting their bioavailability and toxicity to organisms. For instances, it was shown a correlation between the decrease on Cd toxicity to the green algae Pseudokirchneriella subcapita and the presence of nTiO 2 not internalized by the algae. But on the other hand, if nTiO 2 is already present in the organism tissues, an increased bioaccumulation of xenobiotics due to adsorption onto the internalized NPs can occur (Tan and Wang, 2014). Dispersed nTiO 2 can also act as a carrier of xenobiotics in the media increasing the metal uptake rate (Zhang et al., 2007b). Independently of the route taken, nTiO 2 toxicity is mostly associated with ROS generation, and the most common biochemical endpoints are related with the anti-oxidant enzymes activity (see Table 2). In D. magna, an increase of CAT, GST and GPx activity was observed when animals were exposed to 5-10 mg L -1 of nTiO 2 (Kim et al., 2010), whereas in C. dubia an increase in SOD activity was also observed after exposure to 1-64 mg L -1 nTiO 2 (Dalai et al., 2013). Similar responses were also found in fishes, D. rerio (Clemente et al., 2014;Xiong et al., 2011), C. carpio (Hao et al., 2009) and O. mykiss (Federici et al., 2007).

Zinc oxide NPs (nZnO)

As for nTiO 2 also, nZnO are among the most used NPs with an estimated production of 30,000 metric tons per year (2015), originating predicted environmental concentrations in surface waters ranging from 0.008 to 0.055 g L -1 in Europe and 0.001 to 0.003 g L -1 in US (Gottschalk et al., 2013(Gottschalk et al., , 2009)). However, and as for the other NPs, the concentrations used in ecotoxicology studies are in general far higher than the ones predicted (Table 3).

Besides being an essential microelement, when at higher concentrations Zn 2+ is known to be toxic to aquatic organisms (Brun et al., 2014;Mortimer et al., 2010a). Being dissolution one of the main transformations of this particle is necessary to consider that toxicity effects may be provoked by the NP per se and/or by the ionic fraction (Bondarenko et al., 2013;Franklin et al., 2007). Whereas dissolution of nZnO is hindered by the increase of the particle size or agglomerates size (Brun et al., 2014), the presence of proteins can enhance it due to the proteins binding ability toward Zn [START_REF] Reed | [END_REF]. The presence of manufactured stabilizers can also greatly affect the NPs dissolution, with largest dissolved Zn usually observed for uncoated nZnO followed by polymer-stabilized par-Table 2 Impact of nTiO2 in freshwater organisms, including physicochemical characterization of the NPs in the media and biochemical responses. The biomarkers of response expressed as ↑ and ↓, indicates an increase or decrease on the biomarkers activity or concentration, respectively, when compared with the control groups (organism not exposed to nTiO2). The biomarkers here listed are: superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), glutathione-s-transferase (GST), total glutathione peroxidase (GPx), metallothioneins (MTs), lipid peroxidation (LPO) and reactive oxygen species (ROS). ticles (Merdzan et al., 2014). These NPs can also dissolve after its internalization in the extra-or intracellular compartments (Fig. 2), dramatically changing the organism's metallome profile. The exposure of the algae P. subcapitata to nZnO, ZnSO 4 , ZnCl 2 and bulk ZnO resulted in similar toxic effects indicating that ionic Zn was the responsible for the observed toxicity (Franklin et al., 2007;Aruoja et al., 2009a;[START_REF] Neale | [END_REF]. Dose-dependent adverse effects of nZnO on D. rerio embryos and eleuthero-embryos were observed (Brun et al., 2014), resulting in hatching and inflammation reactions (Yu et al., 2011;Xia et al., 2011). Zn may act as a competitor with Ca influx in skin chloride cells by blocking its transport through the pore canals and affecting a large surface of the skin. The observed toxic effects were related to the ionic Zn, since the NPs size distribution was too large to pass through the chorion pores. In contrast, zebrafish embryos showed a greater acute toxicity to nZnO than when in presence of ionic Zn (Zhu et al., 2008).

nZnO can establish hydrogen bonds and ligand exchanges with the bacterial cell wall, modifying the protein structure and consequently changing its function (Jiang et al., 2010). These particles can also bind to the cytoplasmic bacterial membrane possibly disrupting its integrity, and interrupt the fundamental role of electron transport phosphorylation and energy transduction process [START_REF] Lyon | Environmental Nanotechnology: Applications and Impacts of Nanomaterials[END_REF]. nZnO can generate ROS due to its photocatalytical properties (Suresh et al., 2015), but can also suffer photocorrosion Table 3 Impact of nZnO in freshwater organisms including physicochemical characterization of the NPs in the media and biochemical responses. The biomarkers of response expressed as ↑ and ↓, indicates an increase or decrease on the biomarkers activity or concentration, respectively, when compared with the control groups (organism not exposed to nZnO). The biomarkers here listed are: superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), glutathione-s-transferase (GST), total glutathione peroxidase (GPx), lipid peroxidation (LPO), nitric oxide (NO), reactive oxygen species (ROS), tumor necrosis factor ␣ (TNF␣), myxovirus-resistance protein A (MxA), interleukin-1 beta (IL-1␤), mitochondrial uncoupling protein 2 (Ucp-2), heat shock proteins (HSP) and macrophage scavenger receptor (MSR). when exposed to UV light, decreasing their photocatalytic activity in aqueous suspensions (Hariharan, 2006). OS induced by both nZnO and/or released Zn 2+ , has already been observed in several freshwater organisms, such as bacteria [START_REF] Lyon | Environmental Nanotechnology: Applications and Impacts of Nanomaterials[END_REF]Cabiscol et al., 2000;Adams et al., 2006;Zhang et al., 2014;Gunawan et al., 2013), algae (Simon et al., 2013), crustacean (Mwaanga et al., 2014), mussel (Gagné et al., 2013), snail (Fahmy et al., 2014), frog (Bacchetta et al., 2012(Bacchetta et al., , 2013;;[START_REF] Nations | SECOTOX Conference & Second International Conference on Environmental Management, Engineering, Planning and Economics (CEMPE 09) Pollutant effects on aquatic and terrestrial organisms SECOTOX Conference & Second International Conference on Environmental Management, Engineering, Planning and Economics[END_REF] and fish (Brun et al., 2014;Xia et al., 2011;Hao and Chen, 2012;Zhu et al., 2009;Bai et al., 2010;Zhao et al., 2013;Nel et al., 2006). In bacteria, the OS effect of nZnO may occur under dark conditions as well as under natural or artificial light and affect both gram-positive and negative bacteria (Barnes et al., 2013). After exposure to UV light radiation, a loss of viability in Escherichia coli and ROS generation results in the expression of genes encoding SoxS and CAT, which are part of the OS response mechanism (Gunawan et al., 2013;Kumar et al., 2011). In the algae Chlamydomonas reinhardtii, the presence of nZnO led to elevated levels of transcripts genes, GSTS1, HSP22C, and HSP70A, and the transcripts encoding sub units MSR1, MSR2, and HSP90 which are involved in the organism defense response against ROS (Simon et al., 2013). In bivalves, the presence of nZnO led to an increase of LPO in the digestive gland (Gagné et al., 2013). Similar findings were also observed in snails (Fahmy et al., 2014), with a decrease in GSH content, a significant inhibition of SOD and CAT activity and a decrease in total protein and albumin contents. A significant increase of LPO levels and a decrease of GSH activity in the gills, liver and brain of carps were also reported after a 14 days exposure to 50 mg nZnO L -1 (Hao and Chen, 2012). A concentration-time exposure effect on SOD, CAT, GPx, and Ucp-2 expression with an increase in MDA content was shown for zebrafish embryos (Brun et al., 2014;Zhao et al., 2013).

As found for nTiO 2 , nZnO can also adsorb several elements such as As, Al, Mo, Hg, Pb, Cu, Ni and Cd (Gagné et al., 2013;Ghiloufi, 2013;Hua et al., 2012;Mahdavi et al., 2012;Sheela et al., 2012), changing their speciation in the media and thereby their bioavailability. When internalized, these NP-metal complexes may undergo dissociation followed by NPs dissolution due to the acidic conditions found internally resulting in the release of the adsorbed xenobiotics, and drastically increasing their concentration in organism tissues.

Overall, these studies highlight the fact that, despite the vast literature, more investigation is needed to fully elucidates the mechanisms of nZnO toxicity from the cellular level to the organisms or population level.

Copper oxide NPs (nCuO)

nCuO is a widely used metal oxide presenting biological activity (Moschini et al., 2013;Blinova et al., 2010;Chen et al., 2008; Table 4 Impact of nCuO in freshwater organisms including physicochemical characterization of the NPs in the media and biochemical responses. The biomarkers of response expressed as ↑ and ↓, indicates an increase or decrease on the biomarkers activity or concentration, respectively, when compared with the control groups (organism not exposed to nCuO). Lipoprotein (LP) and reactive oxygen species (ROS). n Synthetic freshwater (Frankart et al., 2002). o Electrophoretic mobility. Midander et al., 2009), and producing DNA damages and cell death compared to micro-sized particles, and nTiO 2 and nZnO (Midander et al., 2009;Ahamed et al., 2010;Nel et al., 2009). However, its environmental hazard has been poorly investigated (Kahru and Dubourguier, 2010) as can be observed in Table 4.

The presence of nCuO (0.1 mg Cu L -1 ) induced formation of superoxide anions, hydrogen peroxide and single-stranded DNA in different recombinant luminescent E. coli (Bondarenko et al., 2012). However, the dissolution of these particles was the key factor triggering ROS and DNA damage. In other study is was also observed that the presence of nCuO and released Cu 2+ induced an approximately 5-fold increase in ROS in E. coli compared to the bacteria-only control (Gunawan et al., 2011). The levels of nonviable cells exposed to nCuO and released Cu 2+ were very similar suggesting that adverse effects were originated by the ionic form as found by (Ivask et al., 2010). Also Hu et al. (2009) showed that particles significantly inhibited viable count of bacteria (36.8 -81.9%) when using 25-200 mg nCuO L -1 .

A low mutagenic potential to Salmonella typhimurium TA 97a and TA100 (marginal effects between 100 and 1600 g/plate) was displayed by nCuO (Pan et al., 2010). The OS provoked by nCuO on diverse Saccharomyces cerevisiae strains was investigated and com pared with CuSO 4 and bulk CuO (Kasemets et al., 2013). The cup2 (Cu stress response-deficient strain) was the most sensitive strain (approximately 16-fold than the wild type), suggesting that nCuO effect proceeds also via dissolved Cu-ions. EC50s of nCuO [START_REF] Arce Funck | Behavioural and physiological responses of Gammarus fossarum (Crustacea Amphipoda) exposed to silver[END_REF][START_REF] Felten | Physiological and behavioural responses of Gammarus pulex (Crustacea: Amphipoda) exposed to cadmium[END_REF][START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF][START_REF] Baudrimont | Trophic transfer and effects of gold nanoparticles (AuNPs) in Gammarus fossarum from contaminated periphytic biofilm[END_REF] mg Cu L -1 ) and CuSO 4 (10-12 mg Cu L -1 ) differed from the bulk CuO (918-1082 mg Cu L -1 ). Effects on yeast growth were also reported (Kasemets et al., 2009a).

The paradigm of nCuO OS (10 mg L -1 ) was also investigated on C. reinhardtii (von Moos et al., 2015), with results (24 h exposure) showing an immediate cell size increase, OS, and chlorophyll bleaching, while membrane permeabilization was observed after 5 h. Agglomerated nCuO was toxic and the exposure media was decisive in whether or not particles or ionic Cu act as the main toxicity mediators. C. reinhardtii was also used to show the effect of the presence of a manufactured coating on nCuO (polystyrene-cobutyl acrylate) comparing the outcomes with bare nCuO (Perreault et al., 2012). Higher toxicity was obtained in presence of coated nCuO mainly due to its internalization in the cytosolic membrane structures. ROS formation was observed at 4 mg L -1 of coated nCuO reaching (392 ± 12)% at 40 mg L -1 , whereas 4 mg L -1 of bare nCuO formed ROS that increased only up to (160 ± 15)% compared to the control (Perreault et al., 2012). Coated nCuO was also 10-fold more toxic for Lemna gibba than bare nCuO (Perreault et al., 2014); the 48 h exposure of 0.4 g L -1 of coated-nCuO led to a 50% growth inhi-bition, while 4.5 g L -1 of bare nCuO were required to reproduce the same effect. But particles dissolution played the major role in the toxicity.

Tetrahymena thermophila was used to assess nCuO, bulk CuO and Cu salt effects on fatty acid profiling, ROS and LPO (Mortimer et al., 2011). All Cu forms induced ROS, but a larger induction was obtained in presence of nCuO, which could not be explained solely by the released Cu. Protozoa exposure (24 h) to 80 mg L -1 of nCuO significantly decreased the proportion of the two major unsaturated fatty acids, increasing the relative amount of two saturated fatty acids. Analogous effects were not observed with other Cu forms. Several studies confirmed that ionic Cu contributed only partially to nCuO toxicity (Shi et al., 2011;Kasemets et al., 2009b;Aruoja et al., 2009b;Heinlaan et al., 2011). However, Mortimer et al. (2010b) showed that nCuO is 10-20-fold more toxic for T. thermophila than bulk CuO mainly due to the released Cu.

The D. magna exposed (96 h) to nCuO (<50 nm; 1.97 mg L -1 ) resulted in significant alterations in (i) encoding protein acting in metal ion binding, (ii) OS, and (iii) exoskeleton (Adam et al., 2015). In all cases, the alteration up-regulated the transcription level of the transcripts genes. Glycogen, lipid and protein concentration in exposed daphnids was lower than unexposed organisms, but when comparing nCuO and metal salt exposures, the microarray evidenced no significant differences in transcribed gene fragments. Thus, the toxicity of nCuO to D. magna was caused by Cu ions (Adam et al., 2015). nCuO (26.7 nm; 100 g L -1 ) exposure (48 h) led to significant changes in gills transcriptome of adults D. rerio, with induction of genes involved in apoptosis, mitogenesis and cell proliferation (Griffitt et al., 2009).

Despite the very limited available data about nCuO ROS generation, cytotoxicity and genotoxicity in for freshwater organisms, it can be concluded that nCuO provoke ROS toxicity mediated by ionic Cu.

General remarks and conclusions

Most of the biochemical responses reported are related to the organism's ROS defense mechanisms, mainly through gene expression or changes on anti-oxidant enzymes activities. As mentioned before (Section 3.2), data related with changes in freshwater organism genome and proteome due to the presence of NPs is very scarce. This is indeed surprisingly since omics techniques have already proved a great potential on the recognition of signatures related to specific stress, eventually leading to the discover of new biomarkers. The few data available suggest that the interaction with the organisms is NP-specific. For example, it seems that both nTiO 2 and nAg have similar targets in the organism physiology affecting both protein synthesis and circadian regulation, while nZnO and nCuO effects are generally related with OS.

Photoactive NPs such as nTiO 2 and nZnO, when under natural or UV light, can generate ROS inducing OS. However, NPs composition can also play an important role on ROS generation, since some metals constituting the NP can instigate Fenton and Weiss-type reactions releasing ROS in the intra or extracellular media. Evidently, and as usually performed, the bioassays should contain a control group exposed to the salt form of the metal constituting the NP, allowing the distinction between the effects provoked by the NP per se and/or by the NP dissolution products.

Despite the large number of studies dealing with ecotoxicology of NPs, it is evident that is still not possible to establish crucial predictive structure-activity relationships. This is mainly due to the fact that the majority of the available studies have critical deficiencies on their experimental designs; a comprehensive physicochemical characterization of the particles under the exposure conditions is mostly miscarried or restricted to a secondary task. Despite the scientific community is already aware about the importance of the NPs physicochemical characterization prior and during the bioassay, this is still frequently neglected in the most recent studies giving rise to more confusing and contradictory data. Clearly, this pushes back the possibility to establish a proper environmental risk assessment plan for these current early generations on ENPs (1st and 2nd generation passive and active nanostructures, respectively), while advanced generations of ENPs (3rd and 4th generation nanosystems and molecular nanosystems) may not be far away, bringing additional challenges that require further novel approaches.

The dynamic speciation of the NPs should be assessed in the same exposure media of the bioassay by following key NPs transformations: (i) dissolution, (ii) homo-and heteroaggregation, and (iii) sedimentation. Several analytical tools are nowadays available for the quantification of these physicochemical transformations, each of them having their specific advantages and limitations being able to provide different information on ENPs properties (see reviews [START_REF] Pinheiro | Nanomaterials for Environmental Protection[END_REF]Tiede et al., 2008;Domingos et al., 2009b). This physicochemical characterization approach allows (i) to assess the bioavailable NP-containing species to which the organisms will be exposed, and (ii) to relate the biocompatible or bioadverse effects with the NP-containing species permitting a NP categorization and function. Nanotoxicology is indeed a multidisciplinary field where the study of the NPs physic, chemistry and biological impact is crucial for a complete toxicological assessment. Unfortunately, there is a lack of legislation controlling the production, use and release of these materials to the environment, and new NPs are commercialized every day without an appropriate assessment about their impact in environment and human health. The establishment of national and international laws regulating the production of these materials is mandatory. Furthermore, it is also urgent to increase the number of comprehensive nano(eco) toxicology studies under natural more environmentallyrealistic conditions implying the co-presence of ENPs (at low and environmentally-realistic doses) and environmental constituents such as natural organic and inorganic dissolved and colloidal matter. Only with these approaches a comprehensive risk assessment will be possible with production of environmentally safe-by-design ENPs.

2. Gammarus sp. identification

Genomic DNA extraction and PCR

Gammarids were digested overnight at 56°C in lysis buffer supplemented with proteinase K (10% v/v).

Genomic DNA (gDNA) was extracted using QIAmp DNA mini kit ® (QIAgen), following manufacturer's instructions. The extracted DNA was quantified using Nanodrop. Primers for Gammarus sp. were designed based on a set of six pairs of universal primers: COI, 12S, 16S, 18S and 28S [START_REF] Berschick | One primer pair amplifies small subunit ribosomal DNA from mitochondria, plastids and bacteria. Mitochondria, plastids and bacteria[END_REF][START_REF] Hou | A molecular phylogeny of the genus Gammarus (Crustacea: Amphipoda) based on mitochondrial and nuclear gene sequences[END_REF].

Primers used for amplification are listed in Table . 1. Polymerase chain reactions (PCR) were performed in a reaction volume of 25 µL containing 12.5 µL of 2X Q5 ® master mix, 1.25 µL of each primer (0.5 µM) and 10µL of gDNA (1ng). PCR settings were:

Agarose gel electrophoresis and DNA profile analysis

Electrophoresis of PCR products was performed on a 3% (w/v) agarose gel containing ethidium bromide and they were visualised under UV light. The PCR product sizes were determined by using Mass ruler TM DNA ladder Mix ready to use #SM0403.

Denaturation

98°C 5min

Denaturation

98°C 30s

Hybridization

55°C 60s

Elongation

72°C 60s

Final extension 72°C 5 min PCR products were purified by classical ethanol precipitation method [START_REF] Cambier | Cadmium-induced genotoxicity in zebrafish at environmentally relevant doses[END_REF]. The purified DNA fragments were quantified using Nanodrop, then amplified and purified using BigDye Xterminator ® kit following manufacturer instructions. The obtained fragments were sequenced using ABI genetic Analyser 3500.

Cooling

Results

DNA profile analysis

One Gammarus was used to test the primers. Among the five-targeted genes, 18S was not amplified, and many PCR products were obtained for 28S (Figure 2). This could be linked to the low specificity of the primers allowing the amplification of various gDNA regions. COI, 12S and 16S genes were successfully amplified. Low intensity fragments were obtained for COI (800bp) and 12S (800bp). An amplified fragment of 400bp was obtained for 16S gene (Figure 2). Therefore, these 3 genes were selected for further steps. 

Arrows indicate the amplified fragments

Fragment of about 400 bp with a high intensity were obtained for the amplification of 16S gene for all individuals (Figure 5). This gene was kept for the sequencing analysis and identification step. 
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 11 Figure P1. 1. Representative chemical and physical transformations of NPs when entering in natural aquatic systems: dissolution, phosphatization, sulfidation, homo-and hetero-aggregation, and sedimentation.Important constituents with which NPs can interact governing their fate and transport includes hardness cations (e.g., Ca 2+ , Mg 2+ ), alkalinity, phosphate and sulfide anions, pH, dissolved organic carbon (DOC), organic matter (OM) and mineral surfaces (such as iron and manganese oxides, and clays). Legend: blue circles: Engineered NPs; yellow circles: humic substances (HM); brown circles: natural inorganic colloids; blue lines: rigid biopolymers; gray surroundings: representing sulfidation; M z+ : free metal ion. Adapted from(Domingos et al., 2015b) 
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 3 Figure P1. 3. Potential routes for the generation of ROS due to the presence of NPs. 1) Internalization of NPs ROS generation could occur due to the NPs dissolution inside the cells and/or due to the NPs photocatalytic activity. 2)Dissolution of the NPs leads to an increase concentration of metal ions in the media; some of these metals can also be uptake by the organisms. 3) NPs and/or their surrounding coatings can adsorb/complex other metals present in the media, being taken up by the cells. 4) Photocatalytic activity of the NPs in the presence of UV and/or natural light.

Figure P2. 1 .

 1 Figure P2. 1. (A) Tree of life of the order Amphipoda (Yellow arrow) and its constituents' suborders Gammaridea, Senticaudata and Hyperiidea. (B) Tree of life of Gammarus fossarum (Yellow arrow) (Lifemap)

  (Figure P2.2 A). The most frequent species in Europe are: Gammarus fossarum (Koch, 1835), Gammarus pulex (Linnaeus, 1758) and Gammarus roeseli (Gervais, 1835) with G.

Figure P2. 2 .

 2 Figure P2. 2. Geographical distribution of Gammarus fossarum in (A) Europe and (B) Luxembourg (Dohet et al., 2008; Fauna Europaea).

Figure P2. 4 .

 4 Figure P2. 4. Distribution of Gammarus fossarum cryptic species in Europe (Adapted from Westram et al., 2011). Grey shaded zone indicates the contact zone between Type A and B.

,Figure P2. 5 .

 5 Figure P2. 5. General morphology of Gammarus sp. Adapted from Felten 2003.

Figure P2. 6 .

 6 Figure P2. 6. Lateral view of the anatomy of Gammarus sp. Illustrating the principal organs(Schmitz, 1992). aa: anterior aorta, an: anus, ap: posterior aorta, ba: arterial bulb, cc: circumoesophagial connexion, cd: digestives caeca, cda: anterior digestive caeca, chc: heart chamber, ci: intersegmental connexion, co: heart, cp: posterior caeca, cpy: pyloric chamber, gpe: pereionic ganglion gpl: pereionic ganglion 1, im: midgut, ip: intestinal tract, lds: suspended dorsal ligament, mu: urosomic mass, ms: suboesophagial mass, nan: antennule nerve, nat: antennae nerve, oe: oesophagus, pr: protocerebrum

Figure P2. 7 .

 7 Figure P2. 7. Cross section of (A) Gammarus fossarum illustrating the main organs. (B) midgut and intestinal caeca and (B) gills of G. fossarum observed with optical microscope at 60x magnification. MG: midgut, IC: intestinal caeca (Pictures: Chauvière A. and Mehennaoui K.)

Figure P2. 9 .

 9 Figure P2. 9. Gammarus fossarum male and female forming a prepopulate pair (Picture: Untereiner B. and Mehennaoui K.)
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Fig. 1 .

 1 Fig. 1. Experimental design (adapted from Arce Funck et al., 2013). CAT: Catalase; GPx: Glutathione Peroxidase; TAC: Total Antioxidant Activity; ACP: Acid Phosphatase; GST: Glutathione S-Transferase; CHOL: Cholesterol; TRIG: Triglyceride: PROT: Proteins: ETS: Electron Transport System; LDH: Lactate dehydrogenase; LPO: Lipid peroxidation; CASP-3: Caspase 3.

  N100 5.5 (3.9-8.2) AgNPs 200 nm N1000 N1000 compared to control and animals exposed to 1 μg•L -1 of AgNPs 23, respectively. Ag concentration of gammarids exposed to 3 μg•L -1 of AgNPs 27 nm were increased by 28 and 2.7-fold compared to control animals and those exposed to 1 μg•L -1 of AgNPs 27 nm, respectively. AgNPs 23 nm had the highest bioconcentration factor (BCF = 4238) in G.f2 followed by AgNPs 27 nm (BCF = 2382), AgNO 3 (BCF = 2277) and AgNPs 20 nm (BCF = 147) (Table

Fig. 2 .

 2 Fig. 2. Elemental distribution of 12 C 14 N -cluster and 109 Ag -ion in 300 nm cuts of gills. G. fossarum were exposed to AgNPs (A) 23 nm, (B) 27 nm, (C) AgNO 3 and (D) Control (Volvic® water). Scale bar is 5 μm.

Fig. 3 .

 3 Fig. 3. G.f2 survival rates (Mean ± SD) after 72 h of exposure to Ag, AgNPs 23 nm, AgNPs 27 nm, AgNPs 20 nm. Data were arcsine square root transformed. Letters (a-c) illustrate significant differences (One-way ANOVA + Fisher LSD post hoc test at P b 0.05 level of significance, n =15).

Fig. 4 .

 4 Fig. 4. G.f2 haemolymph osmolality (Mean ± SD) after 72 h exposure to AgNO 3 , AgNPs 20 nm, AgNPs 23 nm and AgNPs 27 nm. Different letters illustrate significant differences between different treatments (One-way ANOVA + LSD Fisher post hoc test at P b 0.05 level of significance, n = 15).

Fig. 5 .

 5 Fig. 5. Behavioural responses of G.f2 after 72 h of exposure to AgNO 3 , AgNPs 20 nm, AgNPs 23 nm, AgNPs 27 nm. (A) Ventilation (Mean pleopod beat frequency ± SD). No significant differences were detected for any of exposure conditions (One-way ANOVA + Fischer LSD post hoc test, P b 0.05, n = 10). (B) Locomotor activities (Mean percentage of moving G.f2 ± SD). Letters illustrate significant differences. (One-way ANOVA + Fisher LSD post hoc test at P b 0.05 level of significance, n =10).
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 1 FIGURE S 1. SIZE DISTRIBUTION OF AG NPS 23 NM (A), 27 NM (B), 20 NM (C) AND 200 NM (D) IN VOLVIC® WATER EXPRESSED AS PARTICLE CONCENTRATION X 106.ML -1 . THE RED ERROR BARS INDICATE THE ± SD OF THE MEAN OF TRIPLICATE MEASUREMENTS.

  Set of six reference genes was tested o Actin, TUB, UB, GAPDH, SDH, Clathrin • One target gene was used to validated the stability of reference genes o HSP90 • Stability of reference genes: o Clathrin > SDH > GAPDH > TUB > Actin > UB • RT-qPCR data normalization o SDH + clathrin: down-regulation of HSP90 in G. fossarum exposed to AuNPs 40 nm o SDH + clathrin + GAPDH: same results when data were normalized only with the two most stable genes o All genes: up-regulation of HSP90 in G. fossarum exposed to AgNPs 40 nm • These results highlight the importance of selection of reference genes to obtain robust RT-qPCR data and Innovation (ERIN) Department, Luxembourg Institute of Science and Technology (LIST), 5, avenue des Hauts-Fourneaux, Esch-sur-Alzette, Luxembourg

Figure 3 . 1 .

 31 Figure 3. 1. Global ranking of candidate reference genes in G. fossarum. A number (from 1 to 6) was assigned to each stability coefficient. A mean rank was generated and error bars

Figure 3 . 2

 32 Figure 3. 2 Determination of the optimal number of reference gens for data normalization in G. fossarum exposed to AgNO3, AgNPs 40 nm and AuNPs 40 nm. The pairwise variation (Vn/Vn+1) was calculated between normalization factors NF/NFn+1. The recommended cut-off threshold of 0.15 was applied in this study.

3 Figure 3 . 3

 333 Figure 3. 3 HSP90 expression analysis using different normalization strategies. Error bars indicate the standard errors of the means (n=4). Different letter (a-c) indicate significant differences at P < 0.05.

  This study aimed at investigating the influence of the size(20, 40 and 80 nm) and surface coating (CIT and PEG) on the uptake, tissue distribution and molecular effects of AgNPs and AuNPs on G. fossarum exposed for 72h to AgNPs and AuNPs, in the absence of food Experimental design Key findings • Coating-dependent uptake of Ag and Au o CIT-AgNPs > PEG-AgNPs o CIT-AuNPs > PEG-AuNPs • No size-dependent effects on bioaccumulation • Concentration-dependent uptake • Influence of chemical composition on the internal distribution was observed as o AgNPs were found only in G. fossarum gills o AuNPs were found only in G. fossarum gut • A metal-dependent effect on gene expression was also observed with (e.g.) o AgNPs leading to an increase in MnSOD and CuZnSOD gene expression o AuNPs leading to a decrease in MnSOD and CuZnSOD gene expression

  Citrate stabilized Ag nanoparticles (CIT-AgNPs 20, 40 and 80 nm) and citrate stabilized Au nanoparticles (CIT-AuNPs 20, 40 and 80 nm) were purchased from Nanocomposix (San Diego, USA). Coating of AgNPs and AuNPs with PEG was performed at the LIST's Material Research and Technology (MRT) Department, (Luxembourg Institute of Science and Technology (LIST), Luxembourg). AgNO3 was purchased from VWR (Leuven, Belgium). Osmium tetroxide (OsO4, CAS no.20816-12-0), glutaraldehyde and the Spurr low viscosity resin embedding kit were purchased from Sigma Aldrich (Bornem, Belgium).

  CIT-AgNPs and CIT-AuNPs were characterized by the manufacturer and the information provided include TEM images (JEOL1010 Transmission Electron Microscope), mass concentration (Thermo Fisher X series 2 ICP-MS), Hydrodynamic diameter and zeta potential (Malvern nanoZetasizer), UV-visible extinction spectrum and pH were provided by Nanocomposix (https://tools.nanocomposix.com:48/cdn/coa/Silver/Spheres/BioPure/AG20-SS-BP-CIT-SCM0069.pdf?202%20903). Functionalization of AgNPs and AuNPs surface was performed at the Material Science and Technology department (MRT) in the Luxembourg Institute of Science and Technology (LIST). AgNPs and AuNPs were coated with PEG (MW layer 3000) following a wet-chemistry (Thiol/metal chemistry) method that allowed functionalization of each isolated NPs. AgNPs and AuNPs coatings were controlled using Scanning Electron Microscopy (SEM, Figure S1 A) and size distribution in MilliQ water was checked using Nanoparticle Tracking Analysis (NTA, measured on a NanoSIGHT instrument, Malvern Instrument Ltd, UK(Hole et al., 2013)), (Figure S1 B).

  for G. fossarum and to reduce as much as possible potential losses linked to cannibalism. Males were exposed to different treatments: AgNO3 (0.5 -1 -2 -4 -8 µg.L -1 ); CIT-AgNPs and PEG-AgNPs 20 nm (1 -2 -4 -8 -10 µg.L -1 ), CIT-AgNPs 40 nm, PEG-AgNPs 40 nm, CIT-AgNPs 80 nm, PEG-AgNPs 80 nm, CIT-AuNPs and PEG-AuNPs 20, 40 and 80 nm(1 -5 -10 -25 -50 µg.L -1 ), and a control for 72h at 12 °C with a photoperiod of 16h lightChapter 4 

Figure 4 . 1 ,

 41 A, B; Two-way ANOVA, F = 237.3, P < 0.05) than for the size (Figure 4. 1A, C; Two-way ANOVA, F = 1721.4, P < 0.05).

Figure 4 . 1 .

 41 Figure 4. 1. G. fossarum Ag bioconcentration (mean ± SD) after 72h exposure to CIT and PEG-AgNPs 20, 40 and 80 nm. (A) Coating x size: mean Ag bioconcentration for each tested coating (CIT vs PEG) and sizes (20, 40 and 80 nm). Vertical bars represent standard deviation (B) Coating effect: Weighted mean Ag bioconcentration for each tested coating (results for all sizes tested were combined). Vertical bars represent 0.95 confidence interval (C) Size effect: Weighted mean Ag bioconcentration for each size tested (results for all coatings tested were combined). Vertical bars represent 0.95 confidence interval. Different letters (from a to l) represent the significant differences in mean Ag bioconcentration values (Two-way ANOVA + Tukey-HSD post hoc test at P < 0.05 level of significance)

Figure 4 . 2 ,

 42 A B, Two-way ANOVA, F = 669.28, P < 0.05) while a trend to increasing Au internal concentrations in a dose-dependent manner is also observed for PEG-AuNPs (Figure4.2, A,B). On the contrary, no clear influence of NPs size on bio-accumulation is observable. (Figure 4.2 , A, C).
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 42 Figure 4. 2. G. fossarum au bioconcentration (mean ± SD) after 72h exposure to CIT and PEG AuNPs 20, 40 and 80 nm. (A) Coating x size: mean Au bioconcentration for each tested coating (CIT vs PEG) and sizes (20, 40 and 80 nm). Vertical bars represent standard deviation (B) Coating effect: Weighted mean Au bioconcentration for each tested coating (results for all sizes tested were combined). Vertical bars represent 0.95 confidence interval (C) Size effect: Weighted mean Au bioconcentration for each size tested (results for all coatings tested were combined). Vertical bars represent 0.95 confidence interval. Different letters (from a to j) represent the significant differences in mean Au bioconcentration values (Two-way ANOVA + Tukey-HSD post hoc test at P < 0.05 level of significance) 3.2.4 Particle uptake 3.2.4.1 NanoSIMS50 analyses Optical microscope images (OM) of the cross section of G. fossarum are presented in Figure 4. 3 A and Figure 4. 4 A. CN pictures are used to identify the anatomical features of G. fossarum (Figure 4. 3 B). Ag could be detectable in gills of G. fossarum exposed to AgNPs 40 nm (Figure 4. 3). A higher signal of Ag was found in gills of G. fossarum exposed to CIT-AgNPs 40 nm, more specifically in the cuticle (Figure 4. 3). A lower Ag signal was found in gills of G. fossarum exposed to PEG-AgNPs 40 nm whereas control animals contained considerably less Ag (Figure 4. 3).
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 43 Figure 4. 3. A) 300 nm cross section of G. fossarum observed under optical microscope. Red square represents the area observed with NanoSIMS 50. Scale bar is 250 µm. B) Elemental distribution of 12 C 14 n -clusters. C) 109 Ag - ions in 300 nm cross sections of G. fossarum gills. Animals were exposed to 10 µg. L -1 of CIT-AgNPs 40 nm and PEG-AgNPs 40 nm in Volvic water. Scale bar is 2 µm.
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 444546 Figure 4. 4. A) 300 nm cross section of G. fossarum observed under optical microscope. Red square represents the area observed with NanoSIMS 50. Scale bar is 250 µm. B) Elemental distribution of 12 C 14 N -clusters. C) 109 Au - ions in 300 nm cross sections of G. fossarum intestinal caeca. Animals were exposed for 72h to 10 µg. L -1 of CIT-AuNPs 40 nm and PEG-AuNPs 40 nm in Volvic water. Scale bar is 2 µm
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 4445 fossarum exposed to 10, 25, 50 µg. L -1 of PEG-AgNPs 80 nm, respectively. Gpx7 was impacted only in G. fossarum exposed to the highest concentrations of PEG-AuNPs 20 nm and CIT-AuNPs 40 nm with a 2-fold increase. However, the observed responses were not coating or size-dependent. Relative gene expression of G. fossarum exposed for 72h to CIT-AgNPs and PEG-AgNPs 20, 40 and 80 nm indicates significant (P < 0.05) up-regulated genes (fold change > 1.5) indicates significant (P < 0.05) down-regulated genes (fold change < 0.5) indicates non-significant effect on relative gene expression. Relative gene expression of G. fossarum exposed for 72h to CIT-AuNPs and PEG-AuNPs 20, 40 and 80 nm indicates significant (P < 0.05) up-regulated genes (fold change > 1.5) indicates significant (P < 0.05) down-regulated genes (fold change < 0.5)indicates non-significant effect on relative gene expression
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 3456 Figure S 3. Size distribution of CIT-AgNPs 20 nm (A), CIT-AgNPs 40 nm (B) and CIT-AgNPs 80 nm (C) in Volvic Water (T0h) and CIT-AgNPs 20 nm (D), CIT-AgNPs 40 nm (E) and CIT-AgNPs 80 nm (F) in Volvic water after 24h of incubation. Size distribution is expressed as particle concentration E6.mL -1 . The red errors bars indicate ±SD of the mean of triplicate measurements
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 7 Figure S 7. Effects AgNO3 on survival of Gammarus fossarum collected in A) June, B) September and C) November after 72h of exposure.
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 51 Figure 5. 1. Survival rates (mean ± SD) of G. fossarum exposed for 15 days to 0.5 and 5 µg. L -1 of CIT and PEG-AgNPs and PEG-AuNPs 40 nm

1 .A

 1 G. fossarum Ag and Au uptake (mean ± SD) after 15 days of exposure to CIT and PEG-AgNPs and AuNPs 40 nm. Different letters (a-d) indicate significant differences (one-way ANOVA + Tukey HSD post hoc test at P < 0.05). Bold values indicate significant differences compared to control G. fossarum. Cytoviva dark field hyperspectral imaging microscope was used in order to localize the internalized AgNPs and AuNPs 40 nm. Currently only results for G. fossarum exposed to CIT-AgNPs and CIT-AuNPs 40 nm are available (Figure 5. 2, Figure 5. 3).

Figure 5 . 2 A

 52 Figure 5. 2 A) 300 nm cross section of G. fossarum observed under optical microscope. Red square represents the area observed with cytoviva darkfield hyperspectral microscope. Scale bar is 250 µm. B) G. fossarum gills or intestinal caeca viewed with Cytoviva (60x oil immersion magnification). C) AgNPs accumulation in G. fossarum gills (red spots and white arrows). Animals were exposed for 72h to 10 µg. L -1 of CIT-AgNPs 40nm and PEG-AgNPs 40 nm in Volvic water. Scale bar is 6µm.

5 Figure 5 . 3 .

 553 Figure 5. 3. A) 300 nm cross section of G. fossarum observed under optical microscope. Red square represents the area observed with CytoViva darkfield hyperspectral microscope. Scale bar is 250 µm. B) G. fossarum intestinal caeca viewed with CytoViva (60x oil immersion magnification). C) AuNPs accumulation in G. fossarum caeca (red spots and white arrows). Animals were exposed for 72h to 10 µg. L -1 of CIT-AgNPs 40nm and PEG-AgNPs 40 nm in Volvic water. Scale bar is 6µm.

  was tested in order to define the influence of the presence of food and the longer exposure time (15 days) on the molecular responses of G. fossarum to AgNPs and AuNPs 40 nm. Both concentrations (0.5 and 5 µg. L -1 ) of PEG-AgNPs 40 nm led to an up-regulation of catalase and chitinase and CIT-AgNPs and PEG-AgNPs 40 nm led to an up-regulation of Na + K + ATPase. The highest concentrations of CIT and PEG-AuNPs 40 nm (5 µg. L -1 ) led

G

  . fossarum exposed to CIT-AgNPs, PEG-AgNPs 40 nm, CIT-AuNPs and PEG-AuNPs 40 nm and AgNO3 showed a significant reduced locomotor activity when compared to non-exposed animals (Figure5. 4 A, GLM -oneway ANOVA, P < 0.05). Animals exposed to 0.5 µg. L -1 of CIT-AgNPs 40 nm showed a significant reduced locomotion activity when compared to G. fossarum exposed to 5 µg. L -1 CIT-AgNPs 40 nm and 0.5 µg. L -1 of AgNO3 (GLM-Tukey-HSD post-hoc test, P < 0.05). At the highest concentration (5 µg. L -1 ), PEG-AgNPs 40 nm led to a significant decrease in locomotor activity compared to CIT-AgNPs 40 nm (GLM-Tukey-HSD post-hoc test, P < 0.05).

Figure 5 . 4 .

 54 Figure 5. 4. Behavioural responses of G. fossarum exposed for 15 days to CIT and PEG-AgNPs and AuNPs 40 nm. A) Locomotor activity (mean percentage of moving G. fossarum ± SD) and b) Ventilation (mean pleopods beat frequency ± SD). Different letters (a-f) indicates significant differences (one-way ANOVA + Tukey HSD post hoc test at P < 0.05 level of significance, n = 10).

(Chapter 4 )

 4 , chemical composition of AgNPs and AuNPs appear as the main factor influencing the fate and effects of these compounds on G. fossarum. Indeed, different patterns of internal distribution were observed as AgNPs were observed in the gills whereas AuNPs were localized within the lumen of intestinal caeca indicating potential elimination with faeces. Gene expression results may allow an early prediction of effects of AgNPs and AuNPs on G. fossarum. Locomotion may predict effects at the population and community level regarding the central position of G. fossarum in aquatic ecosystems.

  The research conducted within this thesis aimed at the evaluation of potential threats of AgNPs and AuNPs and identification of their key mechanisms of toxicity on G. fossarum. The influence of size, surface coating and chemical composition on the toxicity of AgNPs and AuNPs was assessed. An integrated approach including molecular, enzymatic, physiological and behavioural responses, was applied in order to define and potentially predict effects of AgNPs and AuNPs at higher biological organisation (population, community, ecosystems) regarding the central and important position of G. fossarum in the aquatic ecosystems.

  physiological and behavioural level. Biological endpoints including survival, bioaccumulation, tissue distribution, osmoregulation, antioxidant responses, defence mechanisms, cellular damage, energy reserves and behaviour were investigated and allowed obtaining first information about the effects of AgNPs on G. fossarum (Figure 6. 1).

Figure 6 . 1 .

 61 Figure 6. 1. Physiological and behavioural effects of synthetic and biological AgNPs on G. fossarum exposed for 72h: summary of results presented in Chapter 2. G. fossarum were exposed for 72h to synthetic AgNPs 20 and 200 nm and biologically synthetized from plant leaf extract AgNPs 23 and 27 nm. Effects on antioxidant responses (GPx, TAC, CAT), defense mechanism (GST, ACP), cellular damage (LDH, CASP3, LOOH), energy reserves (Prot, Chol, Trig, ETS), osmoregulation and behaviour (Locomotion and ventilation) were assessed.

  80 nm) with two different coatings (CIT and PEG) on G. fossarum (Chapter 4). This study aimed, firstly, at investigating the influence of the size, chemical composition and surface coating on the uptake, tissue distribution and molecular effects of AgNPs and AuNPs on G. fossarum exposed for 72h to AgNPs and AuNPs, in the absence of food (Figure6. 2). Additionally, in order to obtain accurate results at the molecular level, a set of reference genes for RT-qPCR data normalization was identified. To our best knowledge, this study was the first attempt of identifying a set of reference genes for G. fossarum. Six candidate genes (actin, TUB, UB, SDH, clathrin and GAPDH) were tested in order to determine the most stable ones in different stress conditions and to increase the robustness of obtained RT-qPCR data (Chapter 3).

Figure 6 . 2 .Figure 6 . 3 .

 6263 Figure 6. 2. Influence of size (20, 40 and 80 nm) and surface coating (CIT and PEG) of AgNPs and AuNPs on their uptake, tissue distribution and molecular effects of G. fossarum exposed for 72h: summary of the results presented in Chapter 4.G. fossarum were exposed for 72h to up to 50 µg. L -1 of AgNPs and AuNPs in absence of food. Influence of size and surface coating on bioaccumulation was assessed using ICP-MS, internal distribution of AgNPs and AuNPs were evaluated using NanoSIMS50 and Cytoviva, and molecular effects were assessed using RT-qPCR. A set of stress-related genes expression including genes implied in cytoskeleton trafficking (Actin, TUB, UB), exoskeleton cuticle (Chitinase), antioxidant defence (CAT, MnSOD, CuZnSOD, GPx7), general stress (GST, HSP90, GAPDH), DNA damage and repair (Gadd45, NfkB, c-jun, P53), lysosomes (Cathepsin L), osmoregulation and respiration (Na + K + ATPase, HEM) was used.

  AgNPs and AuNPs bioaccumulation by G. fossarum. Exposing G. fossarum to CIT and PEG-AgNPs 40 nm and -AuNPs 40 nm for 15 days and in the presence of food confirmed the role of surface coating on the bioaccumulation of Ag and Au (Chapter 5, Figure6. 3). Indeed, G. fossarum exposed to the highest concentration of CIT-AgNPs and CIT-AuNPs 40 nm (5 µg. L -1 ) tended to accumulate more Ag and Au than animals exposed to PEG-AgNPs and PEG-AuNPs.

  present thesis, we have used one of the latest generation of Secondary Ion Mass Spectrometry instruments, the NanoSIMS 50. This probe provides information about the elemental distribution of NPs within biological materials. However, it does not allow the distinction between ions and NPs. Later during this work, a darkfield hyperspectral microscope, Cytoviva, was acquired, which allows detection of only the NPs in biological tissues but not of the ions. In Chapter 2, NanoSIMS allowed localization of Ag from AgNPs 23 and 27 nm in the gills of G. fossarum. The other organs could not be analysed due to sample preparation limits. Thus, the protocol of sample preparation for NanoSIMS 50 analyses was optimized and different tissues of G. fossarum were analysed, namely gills, intestines, muscle and external cuticle (Chapter 4, Figure6. 2), when Gammarus were exposed to CIT and PEG AgNPs and AuNPs. NanoSIMS50 and Cytoviva allowed the confirmation of bioaccumulation results from ICP-MS as the signal of Ag and Au obtained in G. fossarum exposed to CIT-AgNPs and CIT-AuNPs was higher than PEG-AgNPs and PEG-AuNPs.

AgNPs 23 and 27

 27 nm synthesised using two different plant leaf extracts, A. indica (AgNPs 27 nm) and O. sanctum (AgNPs 23 nm) were the most potent ones (Chapter 2, Figure 6. 1). Using two different plant leaf extracts led to the presence of different biomolecules on the surface of AgNPs 23 and 27 nm as one additional molecule was observed on the surface of AgNPs 27 which may confer it more stability compared to AgNPs 23

  AgNPs and AuNPs on G. fossarum (Chapter 4 and 5). The acute exposure of G. fossarum to AgNPs led to an up-regulation of MnSOD, CuZnSOD and Chitinase, and a down-regulation of GST, HEM and Cathepsin L gene expression whereas AuNPs led to an up-regulation of GPx 7, and a decrease in MnSOD, CuZnSOD, HSP90 and HEM gene expression (Chapter 4, Figure 6. 2).

Fig. 1 .

 1 Fig.1. Representative chemical and physical transformations of NPs when entering in natural aquatic systems: dissolution, phosphatization, sulfidation, homo-and heteroaggregation, and sedimentation. Important constituents with which NPs can interact governing their fate and transport includes hardness cations (e.g., Ca 2+ , Mg 2+ ), alkalinity, phosphate and sulfide anions, pH, dissolved organic carbon (DOC), organic matter (OM) and mineral surfaces (such as iron and manganese oxides, and clays). Legend: blue circles: engineered NPs; yellow circles: humic substances (HM); brown circles: natural inorganic colloids; blue lines: rigid biopolymers; gray surroundings: representing sulfidation; M z+ : free metal ion. Adapted fromDomingos et al. (2015). For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

Fig. 2 .

 2 Fig. 2. Potential routes for the generation of ROS due to the presence of NPs. (1) Internalization of NPs-ROS generation could occur due to the NPs dissolution inside the cells and/or due to the NPs photocatalytic activity. (2) Dissolution of the NPs leads to an increase concentration of metal ions in the media; some of these metals can also be uptake by the organisms. (3) NPs and/or their surrounding coatings can adsorb/complex other metals present in the media, being taken up by the cells. (4) Photocatalytic activity of the NPs in the presence of UV and/or natural light.

Figure 2 :Figure 3 :

 23 Figure 2: Agarose gel electrophoresis of amplification products generated with universal primers designed for Gammarus sp. White arrows indicate the selected genes for sequencing analyses. Black arrows indicate the size of the amplified fragments

Figure 4 :

 4 Figure 4: Agarose gel electrophoresis of amplification products generated with 12S primers for Gammarus sp.

Figure 5 :

 5 Figure 5: Agarose gel electrophoresis of amplification products generated with 16S primer pair for Gammarus sp.

  

  

  

  

  

  

  

  

TABLE DES MATIERES

 DES / TABLE OF CONTENT ABSTRACT ....................................................................................................................................................

Table P2 . 1. Classification of the species Gammarus fossarum .

 P2 

Table 2 .1. Particles size distribution (mode ± SD, 3 replicates) and ζ potential of AgNPs in Volvic® water………..84Table 2 .2: LC50 values with 95% confidence intervals for G.f1 and G.f2 exposed to AgNO3 and AgNPs20 nm, AgNPs 23 nm, AgNPs 27nm and AgNPs 200 nm for 72h……………………………………………………………………………………84Table 2 .3: Total and dissolved Ag concentrations (mean ± SD) and dissolution rates of AgNO3 and AgNPs after 72h of exposure in Volvic water.

 222 Different letters illustrate significant differences between different treatments (Two-way ANOVA + Tukey HSD post-hoc test at P < 0.05 level of significance, n=3)…………………………………………….85

Table 2 .4: G.f2 Ag Bioconcentration (Mean± SD) after 72h exposure to AgNO3, AgNPs 20 nm, AgNPs 23 nm, AgNPs 27 nm.

 2 Different letters illustrate significant differences between different treatments (Kruskal-Wallis ANOVA + Mann-Whitney U test at P < 0.05 level of significance, n=3)…………………………………………………………………86

Table 3 . 1.Ranking of candidate reference genes according to the five algorithms used

 3 ......................................... 102 

Table 3 . 2 Identification of Gammarus fossarum gene

 3 

Table 5 . 1. G. fossarum Ag and Au uptake (mean ± SD) after 15 days of exposure to CIT and PEG-AgNPs and AuNPs nm.

 5 

The classification of Gammarus fossarum, the model organism

  

	Chapter 1	Part 2: G. fossarum as a model organism
		B
	A	
	used in the present work, is presented below:	
		59

Table P2 . 1. Classification of the species Gammarus fossarum

 P2 

Kingdom Metazoa Phylum Arthropoda Subphylum Crustacea Class Malacostraca sub-class Eumalacostraca Super-order Peracarida Order Amphipoda Sub-order Senticaudata Infra-order Gammarida Parv-order Gammaridira Super-family Gammaroidea Family Gammaridae Genus Gammarus Species fossarum Fauna Europea A B 1.2. Identification of Gammarus fossarum Figure P2. 3. Determination key [in French] of Gammarus fossarum
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Table 1

 1 Size distribution of particles (mode ± SD, 3 replicates) and ζ potential of AgNPs in Volvic® water.

	Particle	Size (nm)	Zeta potential (mV)
	AgNPs 23 nm	56 ± 3.2	-3.49
	AgNPs 27 nm	63 ± 3.2	-3.55
	AgNPs 20 nm	69 ± 8.4	-3.49
	AgNPs 200 nm	135 ± 18.7	-4.55
	Measurements were performed in Volvic® water at 12 °C, pH 7.7. Particle concentration
	used was 100 μg•L -1 (detection limit of NTA).	

Table 2

 2 LC50 values with 95% confidence intervals for G.f1 and G.f2 exposed to AgNO 3 and AgNPs 20 nm, AgNPs 23 nm, AgNPs 27 nm and AgNPs 200 nm for 72 h.

	Compound	G.f1	G.f2
		LC50-72 h (μg•L -1 )	LC50-72 h (μg•L -1 )
	AgNO 3	3.9 (3.3-4.3)	2.3 (2.0-2.6)
	AgNPs 20 nm	835 (590-988)	N1000
	AgNPs 23 nm	7.7 (6.7-8.6)	4.9 (4.2-5.5)
	AgNPs 27 nm		

Table 3

 3 Total and dissolved Ag concentrations (mean ± SD) and dissolution rates (mean ± SD) of AgNO 3 and AgNPs after 72 h of exposure in Volvic®water.

	Compound	Nominal	Gammarus	Total [Ag]	Dissolved	Dissolution
		[Ag]	population	(μg•L -1 )	[Ag]	(%)
		(μg•L -1 )			(μg•L -1 )	
	Control	0	G.f1	0.08	0	0 a
			G.f2	000 a
	AgNO 3	2	G.f1	0.6 ± 0.2	0.5 ± 0.1	DNA
			G.f2	1.1 ± 0.1	0.4 ± 0.1	DNA
	AgNPs 23	4	G.f1	1.2 ± 0.1	0.3 ± 0.1	25.1 ± 2.6 b
	nm		G.f2	1.8 ± 0.2	0.5 ± 0	29.1 ± 1.0 b
	AgNPs 27	100	G.f1	61.3 ± 1.2	2.7 ± 0.1	4.4 ± 0.2 a
	nm		G.f2	Na	Na	Na
	AgNPs 20	300	G.f1	42.2 ± 4.1	1.8 ± 0.1	3.2 ± 1.9 a
	nm		G.f2	20.4 ± 2.5	0.6 ± 0.1	0.3 ± 0.5 a
	AgNPs 200	1000	G.f1	26.7 ± 3.7	3.7 ± 0.1	1.9 ± 0.1 a
	nm		G.f2	20.4 ± 2.2	0.8 ± 0.1	3.9 ± 0.4 a
	Different letters illustrate significant differences between different treatments (Two-way
	ANOVA + Tukey HSD post hoc test at P b 0.05 level of significance, n =3 ) ,N a :N o t
	Analysed due to a high mortality rate, DNA = Do not apply.		

Table 4

 4 G.f2 Ag Bioconcentration (Mean ± SD) after 72 h exposure to AgNO 3 , AgNPs 20 nm, AgNPs 23 nm, AgNPs 27 nm. a

	Conditions Nominal
	[Ag]

Table 5

 5 Mean values (±SD) of biomarkers measured in Gf2 exposed for 72 h to AgNO 3 , AgNPs 20 nm, AgNPs 23 nm and AgNPs 27 nm.

	Biomarkers		Energy reserves		Defence mechanisms	Antioxidant responses		Cellular damage
	Conditions	Prot a	Chol a	Tri a	ETS b	ACP c	GST d	GPx e	TAC f	CAT g	LDH h	CSP3 i	LOOH j
	(μg•L -1 )												
	Control 0 21.7 ± 3.6 0.6 ± 0.1 1.8 ± 0.4 1.3 ± 0.1 89.7 ± 15.2 190.1 ± 31.8 68.3 ± 6.3 36.5 ± 2.2 17.5 ± 7.9 1047.4 ± 411.1 1.5 ± 0.7 1511.9 ± 350.9
	AgNO 3	1 24 ± 6.5 0.7 ± 0.2 2 ± 1.1	1.2 ± 0.2	85 ± 7.1	156.1 ± 51.4 62.3 ± 12.2 29.9 ± 6.9 15 ± 6.1 1093.3 ± 327.5 1.2 ± 0.3 1208.2 ± 445.1
	AgNPs	1 22.8 ± 5.9 0.7 ± 0.2 1.9 ± 0.7 1.3 ± 0.2 87.3 ± 10.5 154 ± 58.8 61.1 ± 12.5 32.6 ± 7.5 16.2 ± 8.4 1093.4 ± 276.1 1.4 ± 0.9	1577.1 ± 620
	20 nm	3 24.4 ± 1.4 0.8 ± 0.1 2.1 ± 0.5 1.3 ± 0.1 89.4 ± 13.7 147.5 ± 36.8 74.9 ± 2.5 33.6 ± 4.7 19.1 ± 8.5 1238 ± 167.5 1.4 ± 0.4 1308.8 ± 225.8
	AgNPs	1 24.6 ± 2.6 0.7 ± 0.1 1.2 ± 0.3 1.1 ± 0.1	85 ± 7.9	154.1 ± 28.9 66.6 ± 9.3 31.1 ± 6.5 20 ± 4.6 1090.5 ± 306.6 1.3 ± 0.1 1110.6 ± 178.3
	23 nm	3 23.6 ± 4.1 0.7 ± 0.2 1.7 ± 0.5 1.2 ± 0.1 84.7 ± 3.3 146.2 ± 39.8 59.1 ± 12.3 27.9 ± 3.6 14.7 ± 5.7 963.9 ± 278.4 1.1 ± 0.3 1513.3 ± 566.5
	AgNPs	1 24.1 ± 2.8 0.7 ± 0.1 1.7 ± 0.7 1.2 ± 0.1	87.8 ± 6	146.8 ± 28.1 65.8 ± 14.8 34.6 ± 9.7 19.6 ± 9.4 1056.8 ± 213.3 1.3 ± 0.4 1199.2 ± 204.3
	27 nm	3 24.6 ± 3.3 0.7 ± 0.1 2.4 ± 1.1 1.24 ± 0.1 82.9 ± 11.4 170.6 ± 30.5	71.7 ± 8	31.			

7 ± 6.3 14.6 ± 3.2 1336.1 ± 200.7 1.3 ± 0.2 1241.2 ± 156.6 

TABLE S 1. PHYSICO-CHEMICAL PARAMETERS OF VOLVIC® WATER Mineral content and physic chemical Parameters Volvic water Ca 2+ (mg.L -1 )

 S 

		11.5
	Mg 2+ (mg.L -1 )	8
	Na + (mg.L -1 )	11.6
	K + (mg.L -1 )	6.2
	SO4 2-(mg.L -1 )	8.1
	HCO3 -(mg.L -1 )	71
	NO3 -(mg.L -1 )	6.3
	Cl -(mg.L -1 )	13.5
	SiO2 (mg.L -1 )	31.7
	F (mg.L -1 )	0.22
	pH	7.75 ± 0.07
	Conductivity (µS.cm -1 )	213.67 ± 1.53
	Dissolved oxygen (mg.L -1 )	8.31 ± 0.02
	Alkalinity (meq.L -1 )	1.214 ± 0.1
	Hardness (mg CaCO3.L -1 )	63.3

Table 3 . 1.Ranking of candidate reference genes according to the five algorithms used

 3 

		GeNorm	NormFinder	BestKeeper	Comparative delta Ct	RefFinder
	Ranking										
		Gene	Stability coeff.	Gene	Stability coeff.	Gene	Stability coeff.	Gene	Stability coeff.	Gene	Stability coeff.
	1	Clathrin	0.433	Clathrin	0.105	Clathrin	0.670	Clathrin	1.035	Clathrin	1.000
	2	SDH	0.470	SDH	0.198	Actin	0.624	SDH	1.067	SDH	1.682
	3	GAPDH	0.550	GAPDH	0.265	SDH	0.571	TUB	1.188	GAPDH	3.464
	4	Actin	0.593	Actin	0.292	UB	0.575	GAPDH	1.190	TUB	3.464
	5	TUB	0.652	TUB	0.465	GAPDH	0.459	UB	1.232	UB	5.000
	6	UB	0.703	UB	0.520	TUB	0.395	Actin	3.217	Actin	6.000

Table 3 . 2 Identification of Gammarus fossarum gene sequences Genes

 3 

		Hyalella azteca	G. fossarum consensus sequences		NCBI Blastx	
		Accession number	Accession number	Homology	Identification	Accession number
	Actin	XM_018157137.1	MF940257	97%	actin, partial [Hoplolaimus galeatus]	AEM45650.1
	Tubulin	XM_018153872.1	MF940258	96%	PREDICTED: tubulin alpha-8 chain-like isoform X1	XP_009098159.2
					[Serinus canaria]	
					ubiquitin conjugating	
	Ubiquitin	XM_018170409.1	MF940259	96%	enzyme-3	ADF45343.1
					[Eriocheir sinensis]	
					putative glyceraldehyde-3-	
	GAPDH	XM_018154227.1	MF940254	95%	phosphate dehydrogenase	CAQ60115.1
					[Gammarus locusta]	
					PREDICTED: succinate	
					dehydrogenase	
	SDH	XM_018156499.1	MF940255	96%	[ubiquinone] iron-sulfur	XP_018011988.1
					subunit, mitochondrial-like	
					[Hyalella azteca]	
	Clathrin	XM_018171236.1	Sequence provided in supplementary material	93%	PREDICTED: clathrin light [Hyalella azteca] chain-like isoform X1	XP_018025977.1
					PREDICTED: heat shock	
	HSP90	XM_018155941.1	MF04256	98%	protein HSP 90-alpha-like	XP_018022683.1
					[Hyalella azteca]	

Table 3 . 3 List of primers of the candidate reference genes and target gene HSP90

 3 

	Name	Sequence (5'→ 3')	Amplicon Length (bp)	Amplicon Tm (°C)	PCR Efficiency	Regression Coeff. (R 2 )
	Actin_F	CTCATGCTATCCTTCGTCTTGA	103	78	2.02	0.999
	Actin_R	CGTTCAGCGGTGGTTACAA				
	Tubulin_F	CGGCTGTTGTTGAACCTTAC				
			93	81	2.09	0.999
	Tubulin_R	AGATGGCCTCATTGTCAACC				
	GAPDH_F	GTCCGTCTCGCTAAGGAGTG				
			94	85	1.91	0.999
	GAPDH_R	TGTATCCGAGGTAGCCCTTG				
	SDH_F	GGAAGAAGCTGGATGGTCTG				
			87	84	1.98	0.998
	SDH_R	ACTTGTCTCCGTTCCACCAG				
	Ubiquitin_F	CCCACGATACTCCCTTTGAA				
			82	79	2.01	0.991
	Ubiquitin_R	ACAATCGGTGGCTTGTTAGG				
	Clathrin_F	ATCGCCAAGCTTTGTGACTT				
			107	85	1.99	0.999
	Clathrin_R	GCTTTGATAGGCGGACTCTG				
	HSP90_F	CTGGTTTCTTCTCCCTGCTG				
			135	85	1.99	0,995
	HSP90_R	GATCTCGAGGTGCTTCTTGG				

Table S1 : Identification of Gammarus fossarum gene sequences Table S2: Cq values (mean ± SD) of the different genes regarding the different exposure conditions.

 S1 1,2 , Sylvain Legay1 , Tommaso Serchi 1 , François Guérold 2 , Laure Giambérini 2 , ± 0.57 21.40 ± 0.30 18.69 ± 0.52 19.99 ± 0.40 18.60 ± 0.28 24.16 ± 0.34 18.73 ± 0.48 0,5 20.93 ± 0.30 21.23 ± 0.04 18.93 ± 0.20 19.82 ± 0.13 18.01 ± 0.22 23.86 ± 0.11 18.48 ± 0.20 ± 0.21 21.12 ± 0.57 18.65 ± 0.13 20.21 ± 0.08 18.39 ± 0.11 23.39 ± 0.60 19.22 ± 0.10 CIT 0,5 22.22 ± 0.24 21.32 ± 0.03 18.52 ± 0.38 20.23 ± 0.10 17.97 ± 0.21 23.85 ± 0.12 18.78 ± 0.09 PEG 0,5 21.67 ± 0.10 21.34 ± 0.05 18.60 ± 0.21 20.31 ± 0.03 18.02 ± 0.32 23.94 ± 0.12 19.03 ± 0.29

	Compound a CHAPTER 4 Concentrations (µg.L -1 ) b	Actin	Clathrin	GAPDH	SDH	TUB	UB	HSP90
	AgNO 3 21.60 AgNPs 40 nm 0 0 0 21.55 ± 0.17 21.21 ± 0.13 18.78 ± 0.14 20.17 ± 0.06 18.07 ± 0.30 24.01 ± 0.05 18.57 ± 0.28 CIT 0,5 21.45 ± 0.15 21.25 ± 0.08 18.85 ± 0.18 20.07 ± 0.03 18.14 ± 0.29 24.00 ± 0.11 19.16 ± 0.09 21.35 AuNPs 40 nm AgNPs and AuNPs acute toxicity
	PEG	0,5	21.56 ± 0.15 21.26 ± 0.13 18.71 ± 0.20 19.98 ± 0.08 18.69 ± 0.13 23.58 ± 0.60 19.04 ± 0.17
	a CIT: citrate stabilized NPs, PEG: polyethylene-glycol coated NPs			
	b 0: this condition is the control condition for each compound			
	Arno C. Gutleb 1 , Sébastien Cambier 1*					
	1 Environmental Research and Innovation (ERIN) Department, Luxembourg Institute of Science and
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2 Laboratoire Interdisciplinaire des Environnements Continentaux (LIEC), CNRS UMR 7360, Université de Lorraine -Metz, France Article submitted to Scientific Reports

  . cDNA were amplified using Takyon Low ROX SYBR MasterMix dTTP Blue Kit (Eurogentec, Liège, Belgium) on a ViiA 7 Real-Time PCR System (Thermo Fisher, Waltham, MA, USA) in a final volume of 10 µL (

. 1 cDNAs were diluted to 0.8 ng. µL -1 and used for RT-qPCR analyses in 384-well plates. An automated liquid handling robot (epMotion 5073, Eppendorf, Hamburg, Germany) was used for the preparation of the 384-129 well plate

Table 4 . 1. Specific primer pairs used for RT-qPCR analyses on Gammarus fossarum exposed for 72h to AgNPs and AuNPs (coated with CIT or PEG, sizes: 20, 40 and 80 nm, F: forward sequence, R: reverse sequence)

 4 

	Gene code	Description	Primer sequence (5' -3')	Amplicon size (bp)	PCR efficiency
	Actin	Actin	F: CTCATGCTATCCTTCGTCTTGA R: CGTTCAGCGGTGGTTACAA	103	2.02
	Tub	Tubulin	F: CGGCTGTTGTTGAACCTTAC R: AGATGGCCTCATTGTCAACC	93	2.09
	GAPDH	glyceraldehyde 3-phosphate dehydrogenase	F: GTCCGTCTCGCTAAGGAGTG	94	1.91
			R: TGTATCCGAGGTAGCCCTTG		
	SDH	succinate dehydrogenase	F: GGAAGAAGCTGGATGGTCTG R: ACTTGTCTCCGTTCCACCAG	87	1.98
	UB	Ubiquitin	F: CCCACGATACTCCCTTTGAA R: ACAATCGGTGGCTTGTTAGG	82	2.01
			F: CTACGCCAATCAGTTCGTCA		
	Ca 2+ ATPase	Calcium ATPase		87	2.03
			R: TCACAGCGAGAGGAAGACCT		
	Clathrin	Clathrin	F: ATCGCCAAGCTTTGTGACTT R: GCTTTGATAGGCGGACTCTG	107	1.99
	MnSOD	manganese superoxide dismutase	F: AAACGCGACTTTGGAAGTGT R: TTCTAGCGGATCCTGATTGG	150	1.99
	CuZnSOD	copper zinc superoxide dismutase	F: TTGCCTTGTTGTTGTTGGTG R: GGCCGTGTTGATGTAGAGGT	95	1.92
	P53	Tumour protein P53	F: ACGAGCTCTCCTTCAAGTGC R: CTTGGAAGGTATCCAGTGCAG	104	
	HSP90	heat shock protein 90	F: CTGGTTTCTTCTCCCTGCTG R: GATCTCGAGGTGCTTCTTGG	135	1.99
	Gadd45	Growth arrest and DNA damage 45	F: CACACGACGACAAGTTCCTG R: TGCTGCTTCAATTGCTTCTT	91	1.92
	GPx7	glutathione peroxidase 7	F: AGCGTGCTAGTCCAGCTTTC R: GCATTGATCACGACACCATC	106	1.95

Table 4 . 2. Size distribution of particles (mode ± SD, 3 replicates) and ζ potential of AgNPs and AuNPs in Volvic water (exposure medium) at T0h and T24h.

 4 

Table 4 . 3. Total ag concentrations (mean ± SD) and recovery rates (mean ± SD) of AgNO3, CIT-AgNPs and PEG- AgNPs in Volvic water (exposure medium).

 4 

µg.L -1 ) Control AgNO 3 AgNPs 20 nm CIT PEG Total silver in water (µg.L -1 ) Recovery (%) AgNPs 40 nm CIT PEG

  

	Compounds	Nominal concentrations (		
		0	<LOQ	N.D
		0.5	0.20 ± 0.01	39.54 ± 2.78
		1	0.45 ± 0.08	44.71 ± 7.91
		2	0.91 ± 0.09	45.40 ± 4.38
		4	2.76 ± 0.29	68.91 ± 7.29
		8	4.92 ± 0.14	61.56 ± 1.77
		1	0.80 ± 0.02	80.48 ± 2.08
		2	1.68 ± 0.07	84.11 ± 3.67
		4	3.22 ± 0.18	80.44 ± 4.38
		8	5.91 ± 0.57	73.91 ± 7.16
		10	8.70 ± 0.20	87.04 ± 1.98
		1	0.47 ± 0.04	46.87 ± 3.83
		2	1.10 ± 0.35	54.82 ± 17.56
		4	1.94 ± 0.06	48.87 ± 3.83
		8	5.17 ± 0.59	64.57 ± 7.33
		10	6.97 ± 0.29	69.66 ± 2.86
		1	0.49 ± 0.04	48.67 ± 3.91
		5	3.21 ± 0.25	64.10 ± 7.91
		10	6.79 ± 0.90	67.91 ± 9.04
		25	12.58 ± 1.28	50.33 ± 5.12
		50	20.26 ± 2.89	40.52 ± 5.77
		1	0.97 ± 0.20	97.36 ± 20.15
		5	4.33 ± 0.08	86.65 ± 1.51
		10	9.01 ± 0.46	90.14 ± 4.57
		25	14.67 ± 1.42	56.68 ± 5.66
		50	27.60 ± 2.58	55.21 ± 5.16
		1	0.77 ± 0.02	77.00 ± 2.34
		5	4.37 ± 1.32	87.49 ± 26.42
	CIT	10	7.21 ± 0.69	72.07 ± 6.93
		25	12.17 ± 1.22	48.70 ± 4.86
	AgNPs 80 nm	50 1	20.38 ± 1.76 1.10 ± 0.07	40.77 ± 3.51 >100
		5	5.46 ± 0.14	>100
	PEG	10	10.34 ± 0.55	>100
		25	23.68 ± 1.11	94.71 ± 4.45
		50	24.43 ± 6.36	48.86 ± 12.72

Table S 2 D. magna reference test

 S 

	Concentration (mg/L) 0	0.58 0.67 0.78	0.9	1.04 1.2	1.39
	K2Cr2O7 (µL)	0	290	335	390	450	520	600	695
	ISO medium (mL)	10	9.71 9.66 9.61	9.55 9.48 9.5	9.3
	Daphnia (n)	5	5	5	5	5	5	5	5
									164

Table S 3. EC50 values obtained after 48h exposure of D. magna to AgNPs and AuNPs

 S 

	4-		
	NPs	AgNPs	AuNPs
	Size	EC50 (µg. L -1 )	EC50 (µg. L -1 )
	20 nm	6.7 (5.1 -8.5)	> 100
	40 nm	30.8 (25.9 -36.07)	> 100
	80 nm	> 50	> 100

Acute toxicity of AgNO3 on Gammarus fossarum

  

Table 5 . 2. Relative gene expression of G. fossarum exposed for 15 days to CIT-and PEG-AgNPs 40 nm and CIT and PEG-AuNPs 40 nm

 5 

	Exoskeleton

Table 5 . 3. Haemolymph [Cl -], [Na + ] and [Ca 2+ ] of G. fossarum exposed for 15 days to CIT and PEG-AgNPs 40 nm and CIT and PEG-AuNPs 40 nm.

 5 

SIZE, SURFACE COATING AND CHEMICAL COMPOSITION INFLUENCE THE UPTAKE As

  reported in many different studies, NPs size, surface coating and chemical composition appeared as critical factors controlling the uptake and effects of AgNPs and AuNPs

	1. NPS		
			• ↓ Locomotion
	40	40	• Ventilation
	40	40	

Table 3 (

 3 Continued) 

	Supplier information	nZnO characterization	Bioassay			
	(supplier; chrystal	(Size (nm);				
	phase)	concentration				
		(mg L -1 ); medium)				
			Organism	Medium	Biomarkers of response	Ref.
					(nTiO2 concentration	
					(mg L -1 ))	
	Sigma-Aldrich	264.8 (DLS) d ; 1000;	L. luteola L.	DW l	Digestive gland cells	Ali et al. (2012)
		DW l			↑ DNA Damage (10-32)	
					24 h and 96 h	
					↑ LPO (21-32) 24 h; ↑	
					LPO (10-32) 96 h	
					↑ CAT (21-32) 24 h and	
					96 h	
					↓ GPx (21-32) 24 h; ↓	
					GPx (10-32) 96 h	
					↓ GST (21-32) 24 h; ↓	
					GST (10-32) 96 h	
					↓ GSH (21-32) 24 h and	
					96 h	
	Sigma-Aldrich	71.11 (DLS) d ; 1000;	B. alexandrina	DW l	Hemolymph: ↓ CAT	Fahmy et al. (2014)
		DW l			(7-35); ↓ SOD (7) and ↑	
					SOD (35);	
					↓ GSH (7-35); ↓ GST	
					(7-35); ↑ NO (7-35)	
					↑ LPO (7-35)	
					Tissues: ↓ CAT (7) and ↑	
					CAT (35); ↓ SOD (7) and	
					↑ SOD (35); ↓ GSH	
					(7-35); ↓ GST (7-35); ↑	
					NO (7-35)	
					↑ LPO (7-35)	

a Nanoparticle tracking analysis. b Holtfreter's medium. c Holtfreter's medium with alginate. d Dynamic light scattering. e Zebrafish culture medium. f Transmission electron microscopy. g Neidhardt's medium. h Fluorescence correlation spectroscopy.

i Experimental media. j Analytical ultra centrifugation

(Saison et al., 2010)

. k Moderately hard reconstituted water. l Destilated water.

Table 1 : primers used for amplification and sequencing

 1 

	Gene	Primer	Sequence (5' -3')	Reference
	COI *	HCO2198_F LCO1490_R	TAAACTTCAGGGTGACCAAAAAATCA GGTCAACAAATCATAAAGATATTGG	Folmer et al., 1994
	12S	12S-2-SSU _ F 12S-2-SSU_ R	GTGGATCCATTAGATACCC ACTGGTACCTTGTTACGACTT	Berschick, 1997 Hou et al., 2007
	16S	16ST_F 16SB_R	GGTAWHYTRACYGTGCTAAG CCGGTTTGAACTCAGATCATGT	MacDonald et al., 2005 Palumbi, 1996
	18S	18S_ F 18S_R	CCTAYCTGGTTGATCCTGCCAGT TAATGATCCTTCCGCAGGTT	Englisch et al., 2003)
	28S	28S _F 28S_R	TTAGTAGGGGCGACCGAACAGGGAT GTCTTTCGCCCCTATGCCCAACTGA	Hou et al., 2007
	* COI : cytochrome c oxidase subunit 1	

Table 2 : Species identification and GenBanK Accession number

 2 

	Individual	Gene	Description	Query cover	E-value	Identification	Accession number
	G1	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	84%	2e-155	100%	AJ269607.1
	G2	16S	Gammarus fossarum type C mitochondrial partial rRNA 16S gene	82%	1e-124	100%	AJ269622.1
	G3	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	85%	1e-150	99%	AJ269612.1
	G4	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	82%	1e-118	98%	AJ269610.1
	G5	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	81%	1e-112	99%	AJ269607.1
	G6	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	99%	1e-150	99%	AJ269607.1
	G7	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	98%	2e-161	97%	AJ269607.1
	G8	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	84%	2e-142	99%	AJ269610.1
	G9	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	84%	1e-144	99%	AJ269607.1
	G10	16S	Gammarus fossarum type B mitochondrial partial rRNA 16S gene	82%	1e-124	99%	AJ269610.1
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1-Coating of AgNPs and AuNPs by wet chemistry

Commercial citrate stabilized AgNPs and AuNPs (purchased from Nanocomposix) were coated with polyethylene glycol (PEG layer MW 3000) via wet chemistry method that allowed the control of the correct functionalization of isolated NPs. This method relied on the established thiol/metal chemistry.

The amount of added PEG was adjusted to ensure the surface saturation of the NPs (Figure S1 Email : laure.giamberini@univ-lorraine.fr

ABSTRACT

The aim of the present study was the assessment of the sub-chronic effects of silver nanoparticles (AgNPs)

and gold nanoparticles (AuNPs) of 40 nm primary size either stabilized with citrate (CIT-AgNPs and CIT-AuNPs)

or coated with polyethylene glycol (PEG-AgNPs and PEG-AuNPs). AgNO3 was used as a positive control in order to study the contribution of ions potentially released from the AgNPs on the observed effects. A Keywords: Gammarus fossarum, silver nanoparticles; gold nanoparticles; gene expression; osmoregulation; behaviour; Cytoviva; long term exposure.

Silver and gold bioaccumulation

At the end of the exposure period, three pools of 4 gammarids per each condition were rinsed with milliQ water and dried on filter paper. Animals were frozen at -20 °C, freeze-dried and weighed. Samples were then mineralized in HNO3 and H2O2 for Ag measurement and in acidic mixture of HNO3 and HCl for Au measurement at a maximum pressure of 35 bars and maximum temperature of 200 °C using a microwave system (Anton Paar Multiwave Pro) as previously described [START_REF] Mehennaoui | Gammarus fossarum (Crustacea, Amphipoda) as a model organism to study the effects of silver nanoparticles[END_REF]. All measurements were performed in triplicates and are expressed in µg.g -1 of dry weight. A calibration curve was performed following serial dilutions (from 0.01 to 50 µg.L-1 of Ag and from to for Au). Using a multi-element standard solution (Chemlab, certified ISO/IEC 17025). The validity of the analytical method was controlled every 10 measurements within the same series of measurements with 3 quality controls (0.5, 5 and 25 µg.L -1 of Ag and Au) of a second multi-element standard solution (Merck-VWR, ISO/IEC 17025). Ag and Au values were consistent within the certified ranges (Cambier et al., 2018).

2.5.4.

Particles uptake: Cytoviva ® analyses 2.5.4.1.

Sample preparation

At the end of the exposure period, G. fossarum exposed to 5 µg. L -1 of AgNPs and AuNPs were fixed in 5%

(v/v) glutaraldehyde where they were kept at 4 °C until analyses. After a washing step with PBS, samples were post-fixed with 1% osmium tetroxide for 2h at room temperature on a horizontal shaker (180 rpm). After a second washing with PBS, samples were dehydrated with increasing concentrations of ethanol (10%, 20%, 30%, 50%, 70%, 90% and 100% v/v) and a final wash in acetone (100% v/v) before being embedded in Spurr resin for 16h at 60 °C.

Cytoviva® dark field hyperspectral imaging

Semi-thin layers of 300 nm were cut using ultra-microtome and placed on microscope glass slide and let dry for 1 min on a drying workstation. Slides were covered with a glass cover slip, sealed, and kept at 4 °C until analysis. Visualization was performed using a Cytoviva® darkfield hyperspectral imaging system (Cytoviva Inc., Auburn, Alabama, USA) mounted on an Olympus BX-43 optical microscope. Images of the different tissues of G. fossarum were captured at 60x magnification with oil immersion using hyperspectral camera controlled by ENVI software (version 4.8 from Harris Corporation, Melbourne, FL, USA and modified by CytoViva, Inc.).

Spectral libraries of exposed animals were generated manually acquiring about 200 spectra per sample.

Acquired libraries were filtered against non-exposed samples to filter out all spectra non-related to AgNPs or AuNPs using a spectral angle mapper (SAM) algorithm with a 0.1 radians tolerance. Filtered libraries were Gammarus sp. were collected from different unpolluted sites in Luxembourg (Figure 1). Animals were collected using a hand net. They were quickly transported to the laboratory where they were kept at 12 °C.

Only adults were selected. Ten individuals from each site were kept and frozen in liquid nitrogen and conserved at -80 °C until analysis. 

Sequencing results

Sequencing analysis (Figure 6) showed that the obtained PCR products, using 16S primers, corresponded to ~400bp mitochondrial partial rRNA16S gene. The obtained sequences were analysed using the Blastn program available on the NCBI website (http://blast.st-va.ncbi.nlm.nih.gov/Blast.cgi) using the the GenBank database. Results are showed in table 2.

Homology of 97% to 100% with very low e-value were obtained for all 10 Blastn analysis. These Blastn results on these 10 DNA sequences allowed to identify the Gammarus sp. as Gammarus fossarum. Furthermore, among these 10 animals 9 were identified as Gammarus fossarum type B, and only one (G2) was characterised as a Gammarus fossarum type C. These results show that the Gammarus species present in The Attert River at Colmar berg (Luxembourg) is Gammarus fossarum with a majority of the cryptic species B.