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Gut microbial communities constitute a compartment of crucial importance in regulation of homeostasis of multiple host physiological functions as well as in resistance towards environmental pollutants. Many chemical contaminants were shown to constitute a major threat for gut bacteria. Changes in gut microbiome could lead to alteration of host health. The access to high-throughput sequencing platforms permitted a great expansion of this discipline in human health while data from ecotoxicological studies are scarce and particularly those related to aquatic pollution. The main purpose of this review is to summarize recent body of literature providing data obtained from microbial community surveys using high-throughput 16S rRNA sequencing technology applied to aquatic ecotoxicity. Effects of pesticides, PCBs, PBDEs, heavy metals, nanoparticles, PPCPs, microplastics and endocrine disruptors on gut microbial communities are presented and discussed. We pointed out difficulties and limits provided by actual methodologies. We also proposed ways to improve understanding of links between changes in gut bacterial communities and host fitness loss, along with further applications for this emerging discipline.

Introduction

Role of the gut microbiota in the regulation of host physiology

The gut microbiota is a complex and dynamic biological system composed by commensal, symbiotic and pathogenic microbial communities regrouping a majority of bacteria but also including archaea, fungi, protozoa and viruses. These microorganisms, tolerated by host immune system [START_REF] Hooper | Interactions between the microbiota and the immune system[END_REF], regroup as much individuals as host own cell number and possess millions of unique genes (Ley et al., 2006a;[START_REF] Sender | Revised Estimates for the Number of Human and Bacteria Cells in the Body[END_REF]. Thus, microbiota performs a large number of metabolic functions through production of metabolites, peptides and proteins to interact with host organism and to complete host metabolic capacities [START_REF] Nicholson | Host-Gut Microbiota Metabolic Interactions[END_REF]. Thereby, microbiota plays a central role in host health though the regulation of multiple physiological functions such as nutrient absorption and energy metabolism, improving host fitness [START_REF] Krajmalnik-Brown | Effects of Gut Microbes on Nutrient Absorption and Energy Regulation[END_REF][START_REF] Rowland | Gut microbiota functions: metabolism of nutrients and other food components[END_REF]. In addition, it is known to closely interact with host immune system and to participate in its induction and maturation leading to further optimal functioning of immunity, improving infectious diseases prevention [START_REF] Belkaid | Role of the Microbiota in Immunity and Inflammation[END_REF][START_REF] Hooper | Interactions between the microbiota and the immune system[END_REF][START_REF] Ubeda | Roles of the intestinal microbiota in pathogen protection[END_REF]. Gastro intestinal microbial consortium may also enhance host protection towards environmental pollutant. Toxicity of xenobiotics can be modulated after bacterial metabolization. [START_REF] Claus | The gut microbiota: a major player in the toxicity of environmental pollutants?[END_REF]. Indeed, a list of 1369 environmental pollutants were shown to be transformed by microorganisms through 1500 biocatalytic reactions including reduction, hydrolysis, functional group removal, N-oxide cleavage, proteolysis, denitrification, etc [START_REF] Claus | The gut microbiota: a major player in the toxicity of environmental pollutants?[END_REF][START_REF] Haiser | Developing a metagenomic view of xenobiotic metabolism[END_REF]. Biotransformation capacities of gut bacteria were demonstrated to be efficient in the degradation of multiple classes of contaminants such as pharmaceuticals [START_REF] Sousa | The gastrointestinal microbiota as a site for the biotransformation of drugs[END_REF], metals (Diaz-Bone and Van de Wiele, 2010), pesticides [START_REF] Velmurugan | Gut microbial degradation of organophosphate insecticides-induces glucose intolerance via gluconeogenesis[END_REF][START_REF] Yim | Reductive Dechlorination of Methoxychlor and DDT by Human Intestinal Bacterium Eubacterium limosum Under Anaerobic Conditions[END_REF] or polycyclic aromatic hydrocarbons (PAHs) (Van de [START_REF] Van De Wiele | Human Colon Microbiota Transform Polycyclic Aromatic Hydrocarbons to Estrogenic Metabolites[END_REF]. Compared to parent compound, metabolites generated by these processes may modulate the toxicological pathways and toxic potential toward host organism [START_REF] Haiser | Developing a metagenomic view of xenobiotic metabolism[END_REF][START_REF] Hirayama | Effects of human intestinal flora on mutagenicity of and DNA adduct formation from food and environmental mutagens[END_REF][START_REF] Huber | Production of Toxic Volatile Trimethylbismuth by the Intestinal Microbiota of Mice[END_REF][START_REF] Van De Wiele | Human Colon Microbiota Transform Polycyclic Aromatic Hydrocarbons to Estrogenic Metabolites[END_REF]. For these reasons, it is recognized that the gut flora health largely contributes to overall host well-being. Imbalance in microbiota composition, termed dysbiosis, may result in host fitness loss, increased susceptibility to pathogens and/or be responsible for metabolic diseases [START_REF] Carding | Dysbiosis of the gut microbiota in disease[END_REF][START_REF] Degruttola | Current Understanding of Dysbiosis in Disease in Human and Animal Models[END_REF]. Among multiple factors that may possibly affect the gut flora, growing evidences indicate that environmental contamination contributes to modifications of gut bacterial communities and dysbiosis [START_REF] Claus | The gut microbiota: a major player in the toxicity of environmental pollutants?[END_REF][START_REF] Singh | Diet, Environmental Chemicals, and the Gut Microbiome[END_REF].

Contribution of sequencing technology: Are we late in aquatic ecotoxicology?

Studying bacterial phylogeny and taxonomy using analysis of the 16S rRNA gene sequence as genetic marker constitutes the most used methodology in bacterial diversity surveys. Comparison of 16S rRNA sequences provide a convenient method for Bacteria and Archaea classification [START_REF] Janda | 16S rRNA Gene Sequencing for Bacterial Identification in the Diagnostic Laboratory: Pluses, Perils, and Pitfalls[END_REF][START_REF] Kim | 16S rRNA Gene-Based Identification of Bacteria and Archaea using the EzTaxon Server[END_REF]. The emergence of analytical platforms and advances in culture-independent methodologies, especially high-throughput next generation sequencing (NGS) technologies targeting the bacterial 16S rRNA gene allowed significant improvement of knowledge related to microbial diversity and communities [START_REF] Forde | Next-generation sequencing technologies and their impact on microbial genomics[END_REF]. Democratization of this tool permitted significant progress in the area of biomedical researches focusing on link establishment between microbiota disorders and human diseases [START_REF] Cho | The human microbiome: at the interface of health and disease[END_REF][START_REF] Kamada | Role of the gut microbiota in immunity and inflammatory disease[END_REF][START_REF] Tang | The contributory role of gut microbiota in cardiovascular disease[END_REF]. For example, growing evidences indicate that gut dysbiosis and microbiota-host interactions are implied in neurodegeneration associated to Alzheimer's disease [START_REF] Kowalski | Brain-Gut-Microbiota Axis in Alzheimer's Disease[END_REF].

Increasing number of works published over the last years focusing on gut microbiota clearly indicates the growing interest for this topic of research. However, it appears that studies using organisms from aquatic environments such as fish or amphibians are still poorly investigated compared to human or rodent models (Figure 1A). Among these works related to environmental research area, those performed in a context of aquatic pollution, aiming to study the responses of gut microbial communities facing contaminant exposure are scarcer (Figure 1B). Nevertheless, even if microbial ecotoxicity studies highlighted the influence of environmental pollutants on bacterial compartment and further consequences on environmental functioning (Cravo-Laureau et al., 2017), studies emphasizing on the effects of contaminants toward gut flora and further implications in host organism fitness are lacking.

The aim of this review is to provide an overview of recent available data from gut microbiota surveys applied to aquatic ecotoxicology. The case studies presented here were based on 16S rRNA sequencing, constituting actually the most used NGS methodology, to determine the effects generated by anthropogenic pollution toward gut microbiome from environmentally relevant aquatic organisms. This manuscript is organized in several sections describing the effects on gut microbial communities induced by host exposure to different classes of contaminants such as pesticides, PCBs and PBDEs, heavy metals, nanoparticles, pharmaceuticals and personal health-care products, microplastics and other chemicals with endocrine disrupting activity. Challenges and limitations are discussed and future directions are proposed. Results described in the following parts are summarized in Table 1.

Effects of environmental contaminants on gut microbiota from freshwater species

Pesticides

Pesticides are mainly used in agriculture and are deliberately released into the environment to manage pests such as insects, parasites, weeds or fungi, interfering with the metabolism of targeted organism.

Pesticides constitute a very diverse family, regrouping thousands of active compounds [START_REF] Macbean | The pesticide manual: a world compendium[END_REF]. However, these chemical substances are generally not selective enough and also exert adverse effects on non-target organisms in the environment.

Evaluation of gut microbial community responses in relation to hepatic damages and growth inhibition was performed in goldfish, Carassius auratus, after exposure to pentachlorophenol (PCP), a pesticide used as herbicide, insecticide and molluscicide [START_REF] Kan | Correlations of Gut Microbial Community Shift with Hepatic Damage and Growth Inhibition of Carassius auratus Induced by Pentachlorophenol Exposure[END_REF]. Fishes exposed to increasing concentrations of PCP during 28 days accumulated this contaminant in their liver as well as in the intestine and exhibited hepatic histopathological damages associated to oxidative stress. Such exposure led to changes in gut flora composition with increased Bacterioidetes and decreased Firmicutes phyla proportions compared to unexposed group. The core gut microbiota regrouped 12 genera. Exposure to PCP did not influence the presence of these genera while their relative abundances were modified.

According to the results obtained, the authors highlighted a strong negative correlation between the relative abundance of the phylum Bacterioidetes and fish body weight and a significant positive correlation between the fish body weight and the Firmicutes/Bacterioidetes ratio. This finding was corroborated with results from a study that used transgenic Cyprius carpio, exhibiting faster growth rate associated to low Firmicutes/Bacteroidetes ratio compared to wild type [START_REF] Li | Gut Microbiota Contributes to the Growth of Fast-Growing Transgenic Common Carp (Cyprinus carpio L.)[END_REF]. In addition, this study also indicated that transgenic fishes had decreased lipid metabolism and increased carbohydrate metabolism that may be partially attributed to the high efficiency of Firmicutes for polysaccharide fermentation. However, it remains difficult to determine if the increased growth of fishes is the cause or the consequence of gut flora changes.

Effects of the fungicide imazalil (IMZ) on zebrafish gut microbiota in relation to hepatic metabolism were studied in animals exposed during 21 days at concentrations of 100 and 1,000 µg.L -1 [START_REF] Jin | Imazalil exposure induces gut microbiota dysbiosis and hepatic metabolism disorder in zebrafish[END_REF]. Exposure to 1,000 µg.L -1 induced changes in hepatic metabolism as well as gut dysbiosis (decrease of diversity revealed by Shannon index value), mainly through decrease of Proteobacteria relative content and increased proportions of Fusobacteria and Firmicutes. The increasing occurrence of fish pathogens Stenotrophomonas and Mycoplasma in gut communities was underlined. According to metabolome analysis and gene expression quantification performed in host organism, results indicated that hepatic metabolism changes were related to disturbances in glycolysis pathways. However, authors failed to establish a link between changes in gut microbial communities and metabolism-related responses.

Early-life exposure of amphibian, Osteopilus septentrionalis, to atrazine at 200 µg.L -1 had no impact on alpha diversity or community structure in gut microbiota of the tadpoles whereas it resulted in increased genus Desulfovibrio and decreased Delftia relative abundances in adults (post-metamorphic frogs) (Knutie et al., 2017a). In addition, tadpoles with higher relative abundance of Fusobacteria were associated to reduced susceptibility to pathogenic fungus, Batrachochytrium dendrobatidis (Bd) during adulthood. The authors concluded that Bd infection risk in adults was not influenced by early-life exposure to atrazine while gut microbial community composition of tadpoles constituted a good predictor of later-life resistance to Bd infection. Furthermore, other studies using the same species highlighted that early-life disruption of tadpole microbiota due to diet or water quality treatments, resulted in a decrease of phylum Fusobacteria abundance and led to changes in later-life defences against parasitic nematodes even if adult frogs exhibited similar bacterial gut communities (Knutie et al., 2017b(Knutie et al., , 2017c)). These results strongly support the hypothesis that gut microbiota might prime the development of the amphibian immune system. In addition, cooperative actions between gut microbiota and host immune system were observed using the frog Rana muscosa as host biological model [START_REF] Myers | Synergistic Inhibition of the Lethal Fungal Pathogen Batrachochytrium dendrobatidis: The Combined Effect of Symbiotic Bacterial Metabolites and Antimicrobial Peptides of the Frog Rana muscosa[END_REF]. Synergistic actions of antimicrobial peptides produced by host immune system and metabolites secreted by resident bacteria were shown to inhibit Bd growth and reduce its infectious potential. These results underline the crucial role of a proper microbiota establishment, principally during early stages of amphibian development, that fully depend on aquatic ecosystem quality. Study of larval gut microflora composition in response to environmental disturbances may constitute a good predictive marker of later life host immune efficiency. The alteration of organism immune system may affect the ability of a population to maintain.

PCBs and PBDEs

Polychlorinated biphenyl compounds (PCBs) and Polybrominated diphenyl ethers (PBDEs) are widespread anthropogenic contaminants classified as persistent organic pollutants (POPs) and constitute a great concern due to their known toxicity for human and wildlife [START_REF] Akortia | A review of sources, levels, and toxicity of polybrominated diphenyl ethers (PBDEs) and their transformation and transport in various environmental compartments[END_REF][START_REF] Beyer | Environmental Fate and Global Distribution of Polychlorinated Biphenyls[END_REF][START_REF] Safe | Polychlorinated biphenyls (PCBs): environmental impact, biochemical and toxic responses, and implications for risk assessment[END_REF]. However very few are known regarding their effects on gut microbiota of aquatic species.

A study was performed on Rana pipiens tadpoles fed during about 2 months with PCB-126 spiked diet (7.3 ng.g -1 ) before being fed with uncontaminated diet during 16 weeks after metamorphosis [START_REF] Kohl | Larval exposure to polychlorinated biphenyl 126 (PCB-126) causes persistent alteration of the amphibian gut microbiota: PCB-126 alters the amphibian gut microbiota[END_REF]. 16S amplicon sequencing using Illumina MiSeq performed on digesta from tadpoles highlighted that genus Aminobacter was not detected in exposed group compared to control group as well as a higher prevalence of Pseudomonas that can be possibly pathogenic was observed. PCB-126 exposure during larval stages resulted in post-metamorphic frogs possessing higher species richness and higher Fusobacteria abundance. Authors suggested that such exposure to PCB could select resistant bacteria or members able to degrade PCBs or result from indirect effects by altering host immunity allowing opportunistic microbe colonization. This study also underlined that exposure at larval stage may lead to long term effects persisting during post-metamorphic life.

Effects of pentaBDE mixture (DE-71) were assessed on gut microbial communities of zebrafish exposed to a concentration of 5 ng.L -1 during 7 days (Chen et al., 2018b). Overall intestinal bacteria diversity decreased due to loss of some genera such as Mycoplasma, Ruminiclostridium or Fusobacterium in both male and females after exposure while other genera were impacted only in one of the two sexes.

Bacteroidetes were shown to be differentially impacted depending on host sex, resulting in higher abundance in males and lower abundance in females after DE-71 exposure. This, associated to an increase of Firmicutes in exposed males led to a decreased Firmicutes/Bacteroidetes in males while the ratio increased in females. Functional profiling of metagenomics data highlighted reduced bacterial activities associated to metabolism of vitamins, carbohydrates, lipids and aromatic compounds in both sexes while protein metabolism was increased. Host physiological status in the intestine was analysed through measurement of biomarkers for neural signalling, epithelial barrier integrity, oxidative stress and detoxifying capacity in the intestine. Substantial changes in biomarker responses were observed in intestines from males exposed while no significant effects occurred in females. Authors performed correlation analysis between genera abundance and measured biomarkers. The methodology allowed to establish links between host physiological responses and changes in abundance of some genera. The use of this type of statistical approach appears to be suitable to improve comprehension of physiological responses associated to changes in gut bacterial communities following contaminant exposure.

Heavy metals

Heavy metals from natural or anthropogenic origin are known to be present in a large amount of aquatic ecosystems. Among them, cadmium is known as being toxic for human and wildlife. A study performed using Nile tilapia (Oreochromis niloticus) exposed during 4 weeks to water contaminated with 1 mg/L - 1 of cadmium emphasized a deep change in gut microbial communities [START_REF] Zhai | Effect of dietary probiotic supplementation on intestinal microbiota and physiological conditions of Nile tilapia (Oreochromis niloticus) under waterborne cadmium exposure[END_REF]. In the control group, Fusobacteria constituted the main phylum of gut microbiota followed by Proteobacteria and Bacteroidetes phyla that accounted for about 57%, 31% and 12% of total bacteria respectively. After exposure to Cd, Bacteroidetes and Proteobacteria were the two main phyla accounting for 65% and 34% of the communities, respectively. Authors noticed a decrease of genera Cetobacterium, Plesiomonas and Deefgea, benefiting to bacteria from genera Flavobacterium, Pseudomonas and Acinetobacter that contain pathogenic strains for fishes. These changes in gut microbiota structure were associated to reduced growth performances, reduced antioxidant enzyme activities as well as changes in hematobiochemical parameters. Authors also highlighted that probiotic-based dietary containing Lactobacillus plantarum strain that is able to reduce Cd absorption, decreased toxicological effects of cadmium on gut microbiota as well as growth performances.

Effects of cadmium on intestinal microbial communities were also observed in the tadpoles of the amphibian, Rana Chensinensis exposed from Gosner stage 2 to 38 (~70 days) to the metal at 0, 112 or 448 µg.L -1 [START_REF] Mu | The effect of cadmium exposure on diversity of intestinal microbial community of Rana chensinensis tadpoles[END_REF]. Authors observed through calculation of Simpson diversity index, that exposure to the highest Cd concentrations induced decrease of alpha bacterial diversity and restructuration of bacterial communities. Authors suggested that bacteria from operational taxonomic units (OTUs) found in control group were susceptible to Cd while those found in exposure groups were resistant taxa. The main phyla found in the intestine regrouped Bacteroidetes, Proteobacteria and Firmicutes. The latter phylum was shown to be significantly and negatively impacted by Cd exposure on contrary to Bacteroidetes that trended to increase. However, some OTUs from genus Bacteroides were differentially impacted depending on exposure conditions. Although no physiological activity was measured in host organisms, authors suggested that changes in gut flora of R. chensinensis tadpoles might affect the overall host health. Lead (Pb) constitutes another non-essential metal known for its toxicity. Effects of short term exposure to Pb on gut microbiota in relation to hepatic metabolism were assessed using adult male zebrafish [START_REF] Xia | Effects of short term lead exposure on gut microbiota and hepatic metabolism in adult zebrafish[END_REF]. Exposure to 30 µg.L -1 during 7 days resulted in a decrease of phyla Proteobacteria and Fusobacteria while Firmicutes and Bacteroidetes increased. Among these phyla, 30 genera were shown to be differentially impacted by Pb exposure, leading to an increased Shannon diversity index. In a concomitant way, measurement of gene expression in the liver indicated a downregulation of glycolysis and lipid metabolism related genes. Authors underlined that exposure to Pb induced abundance changes of some bacteria genera such as Bacteroides, Flavobacterium, Ralstonia or Alloprevotella that were shown to be involved in human metabolism, diseases and inflammation. Then, they suggested a link between effect of lead exposure on microbiota and further consequences on metabolic activities observed in host fishes.

These studies performed in phylogenetically distinct aquatic organisms were congruent and indicated that phylum Bacteroidetes benefited from decrease of other phyla after non-essential heavy-metal exposure.

As an essential metal, effects of copper (Cu) on liver lipid metabolism as well as on gut microbial communities were investigated in the common carp, Cyprinus carpio L., exposed to waterborne Cu (0.07, 0.14 and 0.28 mg.L -1 ) during 8 weeks [START_REF] Meng | Intestinal microbiota and lipid metabolism responses in the common carp ( Cyprinus carpio L.) following copper exposure[END_REF]. Exposure to Cu led to accumulation of the metal in the liver as well as in the intestine in a dose-dependent manner. Measurement of lipid metabolism related gene expression in the liver indicated that processes of fat synthesis were decreasing on contrary to fat decomposition that increased after host exposure to 0.14 and 0.28 mg.L -1 of Cu.

However, growth performances of fishes were affected only when exposed to the highest tested concentration. Concerning the intestinal compartment, calculation of diversity indexes (ACE value, Chao 1, Shannon and Simpson indexes) showed no effect of exposure to Cu. The same study revealed that Proteobacteria (59, 38%), Firmicutes (7,02%) and Bacteroidetes (6,49%) constituted the three main phyla in the control. Exposure to 0.07 mg.L -1 Cu led to an increase of phylum Fusobacteria abundance to reach the second most dominant group. At 0.14 mg.L -1 , the second and the third dominant phyla after the Proteobacteria were Cyanobacteria and Verrucomicrobia while Fusobacteria and Verrucomicrobia were dominant at 0.21 mg.L -1 . Most of the short-chain fatty acid (SCFA) producers identified in the gut microbiota were affected by Cu exposure and significant correlations were found between these bacteria and responses of lipid metabolism related biomarkers measured in hosts, supporting the hypothesis that disturbances induced in gut microbiota lead to altered metabolic phenotype.

Nanoparticles

Due to their particular properties, increasing effort are made in the field of nanotechnology to develop new engineered nanoparticle-based applications. Thus, some nanoparticles were incorporated in consumer products even if research is still ongoing to study their potential effects on human health and environment [START_REF] Vance | Nanotechnology in the real world: Redeveloping the nanomaterial consumer products inventory[END_REF]. Among known effects, metal or carbon-based nanoparticles were shown to exert antimicrobial activity and are thought to constitute a possible strategy to overcome the bacterial antibiotic resistance [START_REF] Dizaj | Antimicrobial activity of the metals and metal oxide nanoparticles[END_REF][START_REF] Dizaj | Antimicrobial activity of carbon-based nanoparticles[END_REF]. However, they are likely to be released into the environment during material life cycle and exert adverse effects on biological compartments.

Zebrafish were shown to strongly accumulate Few Layer Graphene (FLG) in their gut after being exposed to a concentration of 5000 µg.L -1 for 48h [START_REF] Lu | Biological Uptake, Distribution, and Depuration of Radio-Labeled Graphene in Adult Zebrafish: Effects of Graphene Size and Natural Organic Matter[END_REF]). An almost total depuration of larger nanoparticles (Large-FLG) was observed after 4h in clean water while smaller ones were sparsely excreted resulting in a prolonged contact between nanoparticles and intestinal bacteria. Exposure to small-FLG resulted in a decrease of the relative abundance of members belonging to phylum Proteobacteria such as genus Aeromonas. Authors performed exposure of four isolated bacterial strains of the genus Aeromonas (E. coli, A. caviae, M. extorquens, and S. mutans) to nanoparticles to confirm the antibacterial effects of the tested materials. Results indicated a greater interaction between small-FLG and bacteria compared to Large-FLG as well as a dose-dependent viability loss, explaining differential changes observed in host gut bacterial communities.

Zebrafish exposure to titanium nanoparticles (TiO2) at 100 µg.L -1 during 3 months resulted in a decrease of Proteobacteria relative abundance in both sexes, benefiting to Firmicutes and Bacterioidetes in males while females exhibited higher Actinobacteria abundance (Chen et al., 2018a). Similarly, at genus level, male and female gut flora was shown to possess greater proportions of genus Lawsonia, containing pathogenic species, or Clavibacter respectively. Besides, microbiota was depressed in Hyphomicrobium for both sexes. In addition to the shifts induced in gut bacterial composition, modified neurotransmission through quantification of serotonin, disruption of intestine barrier permeability as well as altered inflammatory and oxidative stress responses were measured. Due to complexity of responses analysed in binary exposure conditions, authors failed to highlight strong relationships between intestinal disturbances generated in the organ and in bacterial communities. In presence of low BPA concentration (2 µg.L -1 ) in exposure media contaminated by TiO2 at 100 µg.L -1 , antagonistic effects were observed compared to exposure to single contaminant at similar concentrations. At the opposite, when TiO2 is associated with BPA at 20 µg.L -1 , synergistic effects on gut flora were observed. Authors suggested that the influence of TiO2 on BPA toxicity could be associated to adsorptive behaviours of BPA on nanoparticles leading to bioavailability and toxicity mitigation (Chen et al., 2018a).

Effects of silver nanoparticles (AgNPS) were also assessed on gut microbiota of zebrafish exposed for 35 days at concentrations of 10, 33 and 100 µg.L -1 . In this study, authors focused on sex-related differential effects of AgNPS [START_REF] Ma | Sex dependent effects of silver nanoparticles on the zebrafish gut microbiota[END_REF]. Microbiota composition in control groups was different between males and females mainly regarding the diversity indexes and abundance of Fusobacteria and Proteobacteria phyla as well as genus Aeromonas. Fishes exposure led to alteration of male but not female microbiota. Thus, in males, exposure to AgNPS led to an increase in relative abundance of phylum Fusobacteria and genus Cetobacterium on contrary to phylum Proteobacteria that decreased.

This was associated to a decrease of Shannon diversity index. However, no effects were observed on animal length or weight, but intestinal somatic index (percentage of the whole weight represented by intestine) significantly decreased with increasing nanoparticle concentration, whatever the sex considered. Authors suggested that sex-related differential responses to AgNPS may have occurred due to differences observed in composition of male and female microbiota, as a result of hormone-related effects on immunity. They underlined that neglecting host sex may potentially lead to failure in detecting microbiota structural changes.

Pharmaceuticals & Personal Health-Care Products

Pharmaceuticals and personal health-care products (PPCPs), also defined as organic wastewater contaminants regroup a wide range of products including antibiotics, antioxidant, lipid regulators, psychiatric drugs, hormones and much more [START_REF] Caliman | Pharmaceuticals, Personal Care Products and Endocrine Disrupting Agents in the Environment -A Review[END_REF]. Among these PPCPs, antibiotics or antimicrobial agents used for human and veterinary medicines or included in consumer products are continuously released in the environment, constituting a high threat for bacterial compartment [START_REF] Barra Caracciolo | Pharmaceuticals in the environment: Biodegradation and effects on natural microbial communities. A review[END_REF]. Worldwide detection in the environment of these products is of major concern for public health policy due to the growing evidence of their responsibility in dissemination of antimicrobial resistance in bacteria [START_REF] Berendonk | Tackling antibiotic resistance: the environmental framework[END_REF][START_REF] Ebele | Pharmaceuticals and personal care products (PPCPs) in the freshwater aquatic environment[END_REF][START_REF] Ezzariai | Human and veterinary antibiotics during composting of sludge or manure: Global perspectives on persistence, degradation, and resistance genes[END_REF]. Among these contaminants, effects of the antimicrobial agent Triclosan (TCS) remain largely studied because it is widely detected in the environment as well as in human fluids and was shown to exert toxicological effects through various modes of action [START_REF] Carey | The impact of triclosan on the spread of antibiotic resistance in the environment[END_REF][START_REF] Yueh | Triclosan: A Widespread Environmental Toxicant with Many Biological Effects[END_REF]. Towards bacteria, TCS interfere with fatty acids synthesis, resulting in growth inhibition. Thus, disrupting effects on gut microbiota structure can be expected in organisms after TCS exposure. TCS adverse effects were observed in two fish species. The first study was performed using fathead minnow (Pimephales promelas) as model organism exposed for 7 days to environmentally relevant concentrations of TCS in water (100 and 1,000 ng.L -1 ) followed by 14 days of depuration [START_REF] Narrowe | Perturbation and restoration of the fathead minnow gut microbiome after low-level triclosan exposure[END_REF]. Calculation of Shanon diversity index indicated an increase of index values in TCS conditions compared to control after 7 days of exposure while this effect did not persist during the two weeks of depuration. After the first week of exposure, 28 OTUs were observed to be differentially abundant between control and exposed groups at day 7 while no differences remained after depuration at day 21. Authors hypothesized that TCS could exert bacteriostatic effects rather than bactericidal effects, explaining the recovery of microbial populations after depuration. Some taxa such as bacteria from genus Hydrogenophaga, Thauera or Acidovorax benefited from TCS exposure, resulting in an increase of their relative abundance during the depuration time. The second published study was performed using zebrafish fed with control food or with TCS spiked food during 4 days followed by 3 days with control food or during seven days only with spiked food. Analysis of bacterial 16S rRNA gene after Illumina sequencing indicated a destabilization and restructuration of gut microbial communities associated to TCS exposure through food [START_REF] Gaulke | Triclosan Exposure Is Associated with Rapid Restructuring of the Microbiome in Adult Zebrafish[END_REF]. Results highlighted that zebrafish microbiome was composed of sensitive bacteria such as genus Plesiomonas in Enterobacteriaceae family as well as members of Aeromonadaceae family. On contrary, some bacteria from Pseudomonadaceae and Rhodobacteraceae family were considered as resistant to TCS due to an increasing abundance in the gut. OTUs affiliated to the genus Chitinilyticum appeared to be resistant to TCS. In this condition, short term exposure (4 days) did not impact their abundance. The use of correlation network analysis indicated that changes in bacterial microbiome composition resulted in modifications of bacterial interactions in the gut. These studies suggested that triclosan exposure may result in increasing abundance of resistant strains in organism gut. However, none of these studies identified physiological outcomes generated by these gut microbiome disturbances.

The antibiotic rifampicin was shown to profoundly modify gut microbiota of the fish Gambusia affinis exposed during 1 week at a concentration of 25 mg.L -1 [START_REF] Carlson | Microbiome disruption and recovery in the fish Gambusia affinis following exposure to broad-spectrum antibiotic[END_REF]. Authors also studied the recovery of gut microbiota 1 week after antibiotic exposure. The most abundant phyla declined during exposure. The 8 main phyla in the control group represented 46.6% of whole bacteria community while a declined to 0.76% at the end of exposure. On the contrary, 5 OTUs affiliated to family Cetobacterium, genera Varivorax, Myroides, Achamobacter and Vibrio benefited from exposure, representing 4% in pre-treatment animals and reaching 94.2% of gut community after exposure. Treatment effects were persistent during the recovery period of 1 week, leading to a gut flora with reduced diversity and altered composition compared to pre-treatment measurements. This study showed that using exposure of aquatic organisms to contaminants such as antibiotics may constitute a valuable tool to perform screening of drug-resistant bacteria.

Microplastics

Increasing production of plastic-containing products and fragmentation of larger plastic pieces lead to the release of particles in the freshwater and marine environments [START_REF] Eerkes-Medrano | Microplastics in freshwater systems: A review of the emerging threats, identification of knowledge gaps and prioritisation of research needs[END_REF][START_REF] Ivar Do Sul | The present and future of microplastic pollution in the marine environment[END_REF]. These particles defined as microplastics when their size is smaller than 5 mm can be ingested by aquatic organisms and interact with gut bacteria.

Effects of different sizes of polystyrene (0.5 and 50 µm) were assessed on zebrafish gut bacteria after 14 days of exposure to concentrations of 1000 µg.L -1 [START_REF] Jin | Polystyrene microplastics induce microbiota dysbiosis and inflammation in the gut of adult zebrafish[END_REF]. Data from 16S rRNA gene sequencing indicated that Proteobacteria constituted the main phylum of zebrafish gut microbiota with approximately 81% of whole bacteria and decreased to about 39% and 58% after exposure to 0.5 and 50 µm particles respectively. In contrast, Firmicutes and Fusobacteria were shown to benefit from Proteobacteria and Bacteroidetes decrease. Even if authors observed that 29 genera were differentially impacted by exposure, only few changes of alpha-diversity were noticed using Shannon index. It was also observed that fish pathogens, Flavobacterium, benefited from microplastic exposure. Exposure to 50-µm particles did not influence protein levels and gene expressions of interleukins in the intestine on contrary to smaller ones that induced increase of interleukin mRNA and protein levels indicating proinflammatory responses. However, authors failed to establish a link between the dysbiosis and inflammation measured in the gut of exposed zebrafish.

Other chemicals with endocrine-disrupting activity

Endocrine disrupting chemicals were reported worldwide and constitute an effect-based contaminant class of concern as they are defined by the property of altering biological functions at environmentally relevant concentrations [START_REF] Wang | Endocrine disrupting chemicals in aquatic environments: A potential reason for organism extinction?[END_REF][START_REF] Windsor | Endocrine disruption in aquatic systems: up-scaling research to address ecological consequences: Endocrine disruption in aquatic systems[END_REF].

A study performed in male zebrafish exposed during 5 weeks to Bisphenol A (BPA) at 2,000 µg.L -1 or to Estradiol (E2) at 2,000 ng.L -1 indicated that exposure induced male feminization and microbiota composition changes [START_REF] Liu | Influence of Endogenous and Exogenous Estrogenic Endocrine on Intestinal Microbiota in Zebrafish[END_REF]. BPA exposure resulted in a decreased proportion of Bacteroidetes, constituting the second most represented phylum in control group, and increased proportion of phylum CKC4. In E2 exposure condition, main bacterial populations found in gut of control zebrafish were replaced by phylum CKC4. A significant increase of triglyceride content was measured in host muscles, suggesting that host metabolism was also affected even if associated mechanism remains unclear. Another study assessing the effect of BPA on zebrafish gut microbiota indicated that 3 months exposure to 2 µg.L -1 of BPA led to a decrease of phylum Proteobacteria, benefiting to Actinobacteria (Chen et al., 2018a). However, gut microbial composition of control fishes from both studies exhibited two completely different distribution patterns. On the one hand, about 95% of bacterial abundance were represented by Proteobacteria (Chen et al., 2018a) while on the other hand, this phylum constituted the third dominant phylum with only 17% of whole bacteria after Fusobacteria (47%) and Bacteroidetes (31%) [START_REF] Liu | Influence of Endogenous and Exogenous Estrogenic Endocrine on Intestinal Microbiota in Zebrafish[END_REF]. Thus, effects of contaminants can potentially be modulated depending on the initial composition of gut microbiota which is modelled by breeding and experimental conditions.

Conclusions and perspectives

Interest for microbiota-related researches associated to environmental toxicology is growing and is supported by the development and democratization of high-throughput sequencing technologies and computational tools. Even if increasing evidences suggest that microbiota health play a critical role in modulation of xenobiotic-induced toxicity [START_REF] Jeong | Role of intestinal microflora in xenobiotic-induced toxicity[END_REF], most of ecotoxicological studies neglected the role of gut microbiota in fate and transformation of contaminants as well as in toxicityrelated responses in host organisms. Data presented in this review highlighted that a wide range of contaminants are able to induce from slight changes to dysbiosis in gut microbiota of aquatic organisms.

Such effects generally result in species richness variations and/or modulations of taxa relative abundance (Figure 2). It can be noticed that some studies only describe the effects induced on the gut microbiota without considering consequences on host physiology. Host metabolism was shown to be influenced by the Firmicutes/Bacteroidetes ratio of gut bacteria. An increase of Firmicutes relative abundance was associated with obesity in species such as mice [START_REF] Ley | Obesity alters gut microbial ecology[END_REF] or humans (Ley et al., 2006b) and in a similar way in fishes [START_REF] Li | Gut Microbiota Contributes to the Growth of Fast-Growing Transgenic Common Carp (Cyprinus carpio L.)[END_REF]. Thereby, efforts are needed to systematically include some easy and inexpensive endpoints such as biometric measurement of organisms. Thus, this parameter could be used as a marker of host metabolic status reflecting host fitness. Generally, the link between gut microbiota composition and host health is limited to the determination of statistical correlations between the parameters. Thus, it is not possible to determine which of the parameter is the cause or the consequence as correlation does not imply causation. In addition, few of the studies followed the recovery of gut bacterial communities after contaminant exposure. However, some obstacles need to be overcome to clearly evidence the part of direct from indirect effect and links between alterations of the gut microbiota composition and host-associated physiological responses following contaminant exposure. Conducting long-term studies would help to determine bacterial resilience by analysing if the communities return to their original states or if the newly established resistant communities are stable on time. Following in a concomitant way the recovery of the gut microbiota and host physiological parameters would help to better characterize the toxic potential of a pollutant by determining the reversibility of the effects.

Inter species variability following contaminant exposure

According to the results presented in this review, the phylum Proteobacteria was shown to decrease in multiple studies after exposure to various classes of contaminant. On the contrary, other phyla such as Bacteroidetes or Firmicutes exhibited various pattern of responses. In mammalian models, increase of Proteobacteria was shown to be associated with pro-inflammatory or metabolic diseases [START_REF] Rizzatti | Proteobacteria: A Common Factor in Human Diseases[END_REF][START_REF] Shin | Proteobacteria: microbial signature of dysbiosis in gut microbiota[END_REF]. However, discrepancies can be highlighted in the case of the phylum Proteobacteria when comparing the results from this review (Table 2) with gut microbiota survey performed using rodents exposed to similar contaminants. Indeed, when decreases of the phylum Proteobacteria relative abundance were noticed in aquatic species, increase or absence of effects were observed in gut of rodents following exposure to Imazalil [START_REF] Jin | Oral imazalil exposure induces gut microbiota dysbiosis and colonic inflammation in mice[END_REF], lead [START_REF] Wu | Perinatal Lead Exposure Alters Gut Microbiota Composition and Results in Sex-specific Bodyweight Increases in Adult Mice[END_REF], FLG [START_REF] Mao | Biodistribution and toxicity of radio-labeled few layer graphene in mice after intratracheal instillation[END_REF], silver nanoparticles (Chen et al., 2018a), polystyrene microplarticles [START_REF] Jin | Impacts of polystyrene microplastic on the gut barrier, microbiota and metabolism of mice[END_REF], bisphenol A or Estradiol [START_REF] Javurek | Effects of exposure to bisphenol A and ethinyl estradiol on the gut microbiota of parents and their offspring in a rodent model[END_REF]. Thus, even if similarities in gut microbiota taxonomic profiles were underlined between vertebrate species [START_REF] Colombo | Microbiota and Mucosal Immunity in Amphibians[END_REF], unsurprisingly, responses to contaminant exposure lead to different consequences. This might be strongly dependent on host phylogeny, the habitat and the route of exposure (food vs water borne) that strongly influence contaminant bioavailability. Thus, there are strong limitations in the use of available mammalian literature to predict the effects on gut microbiota from aquatic organisms and consequences on the host physiology. To fill this gap, particular efforts have to be made to include routine analysis of the gut microbiota composition as an endpoint in ecotoxicological studies. These data should help to interpret the results obtained from host-related endpoints. In addition, creation of dedicated database regrouping data acquired in multiple contamination contexts should further help to perform meta-analysis. This would allow to have a better overall vision of microbiome change trends resulting from pollutionassociated stress and to determine pollution sensitivity of phyla to contaminants. This could constitute in the future an early-exposure marker.

Intra species variability

Considering studies performed using the zebrafish, we can point out the inter as well as intra laboratory variability of the gut microbiota composition in organisms from control groups (figure 3). This leads to difficulties for experimental repeatability. Besides the influence of technical choices such as extraction method, primers used and 16S rRNA regions targeted [START_REF] Albertsen | Back to Basics -The Influence of DNA Extraction and Primer Choice on Phylogenetic Analysis of Activated Sludge Communities[END_REF][START_REF] Martínez-Porchas | Significant loss of sensitivity and specificity in the taxonomic classification occurs when short 16S rRNA gene sequences are used[END_REF], the variability of the result is probably partly associated to variations in animal husbandry conditions. Indeed, multiple abiotic factors such as water quality (Knutie et al., 2017c), food composition [START_REF] Bolnick | Individuals' diet diversity influences gut microbial diversity in two freshwater fish (threespine stickleback and Eurasian perch)[END_REF]Knutie et al., 2017b;[START_REF] Ringø | Effect of dietary components on the gut microbiota of aquatic animals. A never-ending story?[END_REF], temperature [START_REF] Kohl | Effects of environmental temperature on the gut microbial communities of tadpoles: Effects of temperature on tadpole gut microbiome[END_REF] or pH [START_REF] Sylvain | pH drop impacts differentially skin and gut microbiota of the Amazonian fish tambaqui (Colossoma macropomum)[END_REF] were shown to deeply influence gut bacterial composition in aquatic organisms. In addition, microbiota is evolving along organism development as observed in amphibians (through metamorphosis) as well as in fish species and may constitute an additional source of variation across studies [START_REF] Kohl | Restructuring of the amphibian gut microbiota through metamorphosis: The amphibian gut microbiota[END_REF][START_REF] Stephens | The composition of the zebrafish intestinal microbial community varies across development[END_REF]. From this statement, comparison of zebrafish rearing and exposure conditions from the previously cited studies indicates dissimilarities for 3 main reasons: 1) The age of the organisms that varied from 4 to 9 months; 2) water parameters such as the pH and temperature ranged from 7 to 7.9 and 26 to 28°C respectively. In addition, tap water, which composition may fluctuate over time or depending on region considered [START_REF] Puri | A review of permissible limits of drinking water[END_REF], was used in most of the studies; 3) food type and feeding frequencies differed. Thus, the accumulation of such divergences in the experimental conditions is likely to contribute to gut microbiota composition variations. As Ma and collaborators [START_REF] Ma | Sex dependent effects of silver nanoparticles on the zebrafish gut microbiota[END_REF] suggested, differences in microbiota composition may lead to differential stress-induced responses in bacterial communities as well as in host organisms.

Then, the control of overall experimental conditions from animal facilities to laboratory may constitute a critical point to improve experimental repeatability. Thus, the production of guidelines to define standard conditions such as food type, water composition through the use of reconstituted water as well as PCR conditions could help to reduce inter laboratory variability and increase experimental repeatability. The use of gnotobiotic organisms or manipulations of intestinal microbiota through inoculation of gut content were shown to be efficient to induce shifts in community compositions of amphibians [START_REF] Warne | Manipulation of Gut Microbiota Reveals Shifting Community Structure Shaped by Host Developmental Windows in Amphibian Larvae[END_REF] as well as in fishes [START_REF] Rawls | Gnotobiotic zebrafish reveal evolutionarily conserved responses to the gut microbiota[END_REF] and was also performed between zebrafish and mouse [START_REF] Rawls | Reciprocal Gut Microbiota Transplants from Zebrafish and Mice to Germ-free Recipients Reveal Host Habitat Selection[END_REF]. This may constitute an efficient approach for a better control of gut microbiota composition under laboratory conditions. However, consequences of microbiota manipulations toward the overall gut microbiota functionalities as well as on host physiology are remaining to be determined in order to know if such methodology could be suitable.

To go beyond the structural parameters to define a healthy microbiota

Most of the presented results indicated that dominant phyla were impacted by exposure to pollutants, leading to a decrease of their relative abundance, generally benefiting to less abundant phyla possessing higher resistance to contaminants. Changes in bacterial community composition may potentially lead to modification or loss of biocatalytic capacities that may imbalance host homeostasis. However, these composition changes may also result in unmodified overall functional processes due to functional redundancy [START_REF] Walker | Biodiversity and Ecological Redundancy[END_REF] between different taxa. This contributes to functional stability of the system [START_REF] Allison | Resistance, resilience, and redundancy in microbial communities[END_REF]. Functional changes occurring in gut microbiome have already been explored in mammalian-based studies [START_REF] Heintz-Buschart | Human Gut Microbiome: Function Matters[END_REF]. For example, it was demonstrated using metatranscriptomic analysis that xenobiotics and antibiotics induced changes in gut bacterial gene expression profiles including induction of genes implied in xenobiotic biodegradation and antibiotic resistance [START_REF] Maurice | Xenobiotics Shape the Physiology and Gene Expression of the Active Human Gut Microbiome[END_REF]. However, such approach using aquatic organisms remain poorly investigated in ecotoxicology. The majority of the studies in this field of research performed functional analysis using computational tools such as PICRUSt [START_REF] Langille | Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences[END_REF] or Tax4Fun [START_REF] Aßhauer | Tax4Fun: predicting functional profiles from metagenomic 16S rRNA data: Fig. 1[END_REF] on 16S metagenomics data to "predict", within a certain limit [START_REF] Dhariwal | MicrobiomeAnalyst: a webbased tool for comprehensive statistical, visual and meta-analysis of microbiome data[END_REF], functional profiles. However Thus, the definition of a "healthy" microbiota should not only be based only on the determination of an ideal microbial community structure but should rather consider the ability of the consortium to perform efficiency a full set of functions. For this purpose, the use of omics approaches such as metatranscriptomic (genes), metaproteomic (proteins) and metabolomics (metabolites) must be favoured as much as possible to provide very complementary and valuable tools to complete information obtained from metagenomics data [START_REF] Moya | Functional Redundancy-Induced Stability of Gut Microbiota Subjected to Disturbance[END_REF]. Thus, to go further than studying the effects generated on the gut microbial community structure could allow to disentangle the part of direct effects (alteration of host physiology due to contaminant) from indirect effects (adverse effect of contaminant on gut microbiota leading to host physiology alteration).

Extending the use of OMICs: the case of xenobiotic/antibiotic resistance

To go further in the use of omic tools applied to gut microbiota surveys, the use of metagenomics and metatranscriptomic can help to study changes in gut microbiota gene flux and particularly those associated to antibiotic and chemical resistance [START_REF] Abu-Ali | Metatranscriptome of human faecal microbial communities in a cohort of adult men[END_REF][START_REF] Hu | Metagenome-wide analysis of antibiotic resistance genes in a large cohort of human gut microbiota[END_REF]. Indeed, aquatic ecosystems receive effluents of wastewater treatment plants (WWTPs) that were shown to constitute hotspots favouring horizontal transfer of antibiotic-resistance genes (ARGs) such as tetM, qnrS, qacEΔ1, sul(I) or blaOXA-58. [START_REF] Chu | Metagenomics Reveals the Impact of Wastewater Treatment Plants on the Dispersal of Microorganisms and Genes in Aquatic Sediments[END_REF][START_REF] Hultman | Host range of antibiotic resistance genes in wastewater treatment plant influent and effluent[END_REF][START_REF] Karkman | Antibiotic-Resistance Genes in Waste Water[END_REF][START_REF] Marti | Prevalence of Antibiotic Resistance Genes and Bacterial Community Composition in a River Influenced by a Wastewater Treatment Plant[END_REF][START_REF] Suzuki | Editorial: Antibiotic Resistance in Aquatic Systems[END_REF][START_REF] Taylor | Aquatic systems: maintaining, mixing and mobilising antimicrobial resistance?[END_REF]. Together, these ARGs constitute the resistome of bacteria defined as antibiotic-resistant bacteria (ARB). The emergence of multi-drug-resistant bacteria is of major concern for global public health and aquatic environments constitute a natural reservoir for ARGs and ARBs [START_REF] Singer | Review of Antimicrobial Resistance in the Environment and Its Relevance to Environmental Regulators[END_REF]. In a similar way, gut microflora was shown to also act as a reservoir favouring horizontal transfer of antibiotic-resistance genes to bacteria passing through the digestive tract [START_REF] Huddleston | Horizontal gene transfer in the human gastrointestinal tract: potential spread of antibiotic resistance genes[END_REF][START_REF] Lerner | Potential Effects of Horizontal Gene Exchange in the Human Gut[END_REF][START_REF] Salyers | Human intestinal bacteria as reservoirs for antibiotic resistance genes[END_REF][START_REF] Schjørring | Assessment of Bacterial Antibiotic Resistance Transfer in the Gut[END_REF][START_REF] Sommer | Functional Characterization of the Antibiotic Resistance Reservoir in the Human Microflora[END_REF]. This was mainly studied in human gastrointestinal tract and few data are available in aquatic organisms. Thus, analysis of gut microbiota from aquatic host organisms living in polluted area or exposed under controlled conditions could help to improve comprehension of mechanisms leading to xenobiotic resistance and to estimate the contribution to the spread of bacterial resistance in the aquatic compartment.

Table 1: Summary of microbiota-related ecotoxicological studies performed on aquatic species and main effects observed on gut microbiota composition and consequences for host organism. 

Species