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Fish from urban rivers and with high pollutant levels have shorter telomeres
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Environmental pressures, such as urbanization and exposure to pollutants may jeopardize survival of free-living animals. Yet, much remains to be known about such an effect on wild vertebrate ectotherms, since most studies still failed to explore the relationship between levels of currently-released pollutants and physiological responses. This study aims at testing the effect of urbanization and pollution (phthalate, pesticides: organochlorine [OCP] and pyrethroid pesticides, polychlorobiphenyles: PCB, polybromodiphenylethers: PBDE, polycyclic aromatic hydrocarbons: PAH and some of their metabolites) on telomere length, a suggested biomarker of life expectancy, in the European chub Squalius cephalus from urban and agricultural rivers of the Marne hydrographic network, France. Our results show that telomere length was reduced in chub from urban rivers. Moreover, among the wide range of anthropogenic contaminants investigated, high levels of PCBs in muscle and metabolites of phthalates, PAH and pyrethroids in liver were associated with shorter telomeres in chub. This study suggests that urbanization and chemical pollution may compromise survival of wild fish, by accelerating telomere attrition.

Introduction

Chronic exposure to complex mixtures of environmental toxicants may have severe consequences in free-living animals by reducing reproductive outputs and survival [1], thereby leading to population collapse [2]. However, we currently lack robust data to link contaminant burden and survival, probably because studying demographic responses to chemical exposure requires long-term (years to decades) monitoring surveys of numerous marked individuals, which are often difficult to achieve in the wild. Aquatic organisms in urban areas are exposed to a wide array of environmental pollutants, because of sewage and runoff from artificialized surfaces.

In that context, the measurement of telomere length has been recognized as a robust molecular tool to predict life expectancy in endotherms [START_REF] Tricola | The rate of telomere loss is related to maximum lifespan in birds[END_REF][START_REF] Whittemore | Telomere shortening rate predicts species life span[END_REF] and to some extent in ectotherms [START_REF] Olsson | Ectothermic telomeres: it's time they came in from the cold[END_REF] and even population vulnerability in wild lizards [START_REF] Dupoué | Shorter telomeres precede population extinction in wild lizards[END_REF]. Located at the end of eukaryote chromosomes, telomeres shorten through successive cell division. Beyond a critical telomere length, the cell starts to senesce, leading to apoptosis and a decline in tissue function [START_REF] Monaghan | Do telomere dynamics link lifestyle and lifespan?[END_REF].

Importantly, this natural process can be accelerated under stressful environmental conditions reviewed in [START_REF] Angelier | Do glucocorticoids mediate the link between environmental conditions and telomere dynamics in wild vertebrates? A review[END_REF][START_REF] Chatelain | The association between stressors and telomeres in non-human vertebrates: a meta-analysis[END_REF]. In particular, oxidative stress has been recognized as a mechanistic pathway linking environmental stress and telomere erosion in vertebrates [START_REF] Von Zglinicki | Oxidative stress shortens telomeres[END_REF][START_REF] Riechert | Does oxidative stress shorten telomeres in vivo? A review[END_REF].

Chemical pollution is part of multiple stress factors generating or enhancing oxidative stress [START_REF] Yazdani | Comparative toxicity of selected PAHs in rainbow trout hepatocytes: genotoxicity, oxidative stress and cytotoxicity[END_REF], yet the effect of chemical exposure on telomere length is poorly known for wildlife, especially for vertebrate ectotherms [START_REF] Louzon | Telomere dynamic in humans and animals: Review and perspectives in environmental toxicology[END_REF]. To date, studies mostly focused on birds exposed to trace metals [START_REF] Stauffer | Telomere damage and redox status alterations in free-living passerines exposed to metals[END_REF], chlorinated [START_REF] Blévin | Exposure to oxychlordane is associated with shorter telomeres in arctic breeding kittiwakes[END_REF][START_REF] Sletten | Organohalogenated contaminants in whitetailed eagle (Haliaeetus albicilla) nestlings: an assessment of relationships to immunoglobulin levels, telomeres and oxidative stress[END_REF] and halogenated compounds [START_REF] Sletten | Organohalogenated contaminants in whitetailed eagle (Haliaeetus albicilla) nestlings: an assessment of relationships to immunoglobulin levels, telomeres and oxidative stress[END_REF][START_REF] Blévin | Perfluorinated substances and telomeres in an Arctic seabird: Cross-sectional and longitudinal approaches[END_REF], which are classes of organic chemicals either banned or phased-out from use and production.

Currently-release pollutants that are ubiquitous in the environment, such as polycyclic aromatic hydrocarbons (PAHs), phthalate plasticizers and pesticides [START_REF] Malaj | Organic chemicals jeopardize the health of freshwater ecosystems on the continental scale[END_REF], are known to impair telomere length in human cohorts [START_REF] Hoxha | Association between leukocyte telomere shortening and exposure to traffic pollution: a cross-sectional study on traffic officers and indoor office workers[END_REF][START_REF] Hou | Lifetime pesticide use and telomere shortening among male pesticide applicators in the Agricultural Health Study[END_REF]. Although exposure pathways and concentrations might differ, similar effects are expected on aquatic vertebrates. Indeed, vertebrates share the ability to regulate the level of internal organic pollutant exposure via metabolic processes [START_REF] Barron | Biotransformation of di(2ethylhexyl)phthalate by rainbow trout[END_REF] that have the potential to produce reactive oxygen species through redox cycling or yield more toxic intermediates than the parent pollutant [START_REF] Wang | A structure-based investigation on the binding interaction of hydroxylated polycyclic aromatic hydrocarbons with DNA[END_REF].

In addition, many vertebrates are particularly vulnerable to habitat alterations [START_REF] Ripple | Extinction risk is most acute for the world's largest and smallest vertebrates[END_REF], other than chemical pollution. With the expanding urbanization, urban river systems have suffered from profound changes through damming, banking and channelization exerting additional stress on aquatic organisms. For instance, environmental harshness, disease prevalence and thermal stress have been associated with disturbed oxidative balance and shorter telomeres in fishes [START_REF] Rollings | Telomeric attrition with age and temperature in Eastern mosquitofish (Gambusia holbrooki)[END_REF][START_REF] Jasinska | Assessment of biomarkers for contaminants of emerging concern on aquatic organisms downstream of a municipal wastewater discharge[END_REF][START_REF] Debes | Is telomere length a molecular marker of past thermal stress in wild fish?[END_REF][START_REF] Mclennan | Interactions between parental traits, environmental harshness and growth rate in determining telomere length in wild juvenile salmon[END_REF][START_REF] Stauffer | Telomere length and antioxidant defense associate with parasite-induced retarded growth in wild brown trout[END_REF]. Non-chemical alterations of river systems, combined to environmental pollution, could therefore lead to a cumulative effect on telomere shortening.

In this study, we examined the effect of organic pollutant burden and habitat alteration (urban and agricultural) on relative telomere length of wild populations of European chub, Squalius cephalus. We expected higher chemical pollution on urban rivers, as previously reported [START_REF] Teil | Phthalate Fate in the Hydrographic Network of the River Seine Basin (France) Under Contrasted Hydrological Conditions[END_REF][START_REF] Peng | Spatial Analysis of PAHs in Soils along an Urban-Suburban-Rural Gradient: scale effect, distribution patterns, diffusion and influencing factors[END_REF] and predicted that telomeres would be shorter in fish from urban rivers compared to agricultural ones and would decline with pollutant burden.

Materials and Methods

(a) Samples collection and chemical analyses

A total of 118 chub, S. cephalus, were caught by electrofishing within twelve days in September 2016 from the Marne River and its tributaries, France, on urban and agricultural areas, representing differently-contaminated riverine habitats (Supplementary material, Appendix A, table S1 and figures S1and S2).Physico-chemical and hydrological parameters of each sampling sites are presented in the supplemental material (Appendix A, table S2). Left pelvic fins were consistently sampled for DNA extraction and scales were removed for age determination (see [START_REF] Molbert | in press) Potential benefits of acanthocephalan parasites for chub hosts in polluted environments[END_REF], for details). Muscle samples (n = 118) were used for the quantification of parent organic contaminants and metabolites of pollutants were analyzed in the liver (n = 93), as the primary organ of xenobiotic biotransformation. Samples were stored in polycarbonate tubes to limit phthalate contamination and frozen at -20 °C until subsequent analyses. Metabolites were quantified in fewer individuals (n = 66; Appendix B, table S3) since some of them did not yield sufficient biological material to carry out chemical analyses.

Analyses of organic pollutants (16 polycyclic aromatic hydrocarbons: PAH; 7 phthalate esters; 7 pyrethroids; 4 organochlorine pesticides: OCP; 7 polychlorinated biphenyls: PCB; 6 polybrominated diphenyl ethers: PBDE) and their metabolites (11 hydroxylated PAHs; 9 phthalate monoesters; 4 metabolites of pyrethroids) were performed in muscle and liver respectively, following previously published protocols [START_REF] Molbert | Multi-residue methods for the determination of organic micropollutants and their metabolites in fish tissues[END_REF].

(b) Telomere analysis

Telomere length was determined by quantitative PCR (qPCR; BioRad CFX 96, Bio-Rad USA) according to [START_REF] Dupoué | Chronic water restriction triggers sex-specific oxidative stress and telomere shortening in lizards[END_REF], adapted for the European chub. Briefly, fin samples were digested with proteinase K and DNA was extracted using the Nucleospin Tissue Kit (Macherey-Nagel), following the manufacturer's instructions. DNA concentration and purity were assessed with a Nanodrop ND1000 spectrophotometer (Thermo Scientific). The telomere primers were similar to those previously used [START_REF] Petitjean | Direct and indirect effects of multiple environmental stressors on fish health in human-altered rivers[END_REF]. The control single-copy gene Recombination Activating Gene 1 (RAG-1) was selected and amplified using specific primers [START_REF] Mclennan | Distinct telomere differences within a reproductively bimodal common lizard population[END_REF] designed for the European chub. Reverse and forward primer sequences for both The efficiency of the telomere and RAG-1 assays ranged from 98.8% to 100% and 88.9% to 92.6%, respectively. All qPCR runs were performed using 2.5 ng of DNA per reaction and using the BioRad SYBR Green Supermix. The universal telomere primers were used at a concentration of 800 nM, and RAG1-F/RAG1-R at 300 nM. To generate a six-point standard curve (from 10.0 ng to 0.31 ng) for controlling the amplifying efficiency of the reactions, serial dilutions of DNA from a pooled sampled of 10 chub were included on the plate. All samples were randomly distributed across the PCR plates. The reference sample ("golden sample") was run in triplicate in all plates to account for inter-plate variation and each sample was run in duplicate on every plate. Intra-plate variation (coefficient of variation: 100 × SD/mean value) for telomere and RAG-1 were 2.07% and 2.80%, respectively. The relative telomere length (expressed as T/S ratio) was calculated as the telomere copy number (T) relative to single-copy gene (S; RAG1), according to [START_REF] Cawthon | Telomere measurement by quantitative PCR[END_REF]. Overall, 20 samples were excluded due to DNA degradation. As a result, telomere length (T/S ratio) was determined for 98 individuals and was relative to the internal single gene control (RAG-1). Additional information about the method are presented in supplemental material (Appendix C).

(c) Statistical analysis

Data were first checked for normality and homogeneity of variances. Differences in agecorrected relative telomere length (RTLc; residuals of RTL against age) between habitats and sampling sites were tested using Student's t-test and analysis of variances (ANOVA), respectively. Prior to analyses, all contaminant concentrations were log-transformed to attain a normal distribution and relationships between contaminant families were assessed using a Pearson's correlation matrix (Appendix D, table S4). To test whether relative telomere length (RTL) was affected by organic pollutant burdens, linear mixed model (LMMs) analyses were conducted using the lme4 and lmerTest packages [START_REF] Pinheiro | Mixed-Effects Models in S and S-PLUS (1st ed)[END_REF][START_REF] Kuznetsova | lmerTest Package: Tests in Linear Mixed Effects Models[END_REF] Indeed, fish from different sampling sites were considered distinct populations given the relatively short-range movements of chubs [START_REF] Penczak | Movement pattern and growth ratio of tagged fish in two lowland rivers of central Poland[END_REF]. Chemicals being highly correlated with each other and being characterized by different chemical properties, we used the sum of each family of organic contaminants to take into account potential mixture effects. Denominator degrees of freedom for fixed effects were calculated using the Satterthwaite approximation.

The significance of random effect was assessed using likelihood ratio tests (Appendix D, tables S5 and S6). We performed diagnostic plots and Shapiro normality tests on residuals to check model assumptions. A significance level of α < 0.05 was used for all tests.

Results

RTL was ~ 9.82% longer in fish near agricultural areas than those closest to Paris, at proximity to urban habitats. Age-corrected relative telomere length (RTLc) of chub significantly differed between habitats (t-test: t = 2.82, p = 0.006, figure 1A) and among sampling sites (ANOVA: F 5,88 = 4.34, p = 0.001; Appendix D, figure S4B). Organic pollutant mean levels ± standard deviation in chub tissues are listed in table S3 (Supplementary material, Appendix B). Fish from urban habitats had higher levels of OCPs (p < 0.001), phthalates (p = 0.045) and pyrethroid pesticides (p = 0.010) relative to agricultural areas, representing a contamination increase of 48.6%, 20.8% and 15.4%, respectively, but not for PAHs, PBDEs, PCBs and ∑metabolites (all p ≥ 0.126).

Age-corrected telomere length (RTLc) significantly decreased with increasing levels of pollutants, especially for pollutants' by-products (∑ Phthalate metabolites, figure 1B; LMM: F 1,49.9 = 5.57, p = 0.022; ∑metabolites of phthalates, LMM: F 1,71.0 = 9.34, p = 0.003 ).

The other chemical families did not show any significant relationships with RTLc (all F ≤ 2.86, p ≥ 0.101; Appendix E, tables S5 and S6).

Discussion

As previously found in birds [START_REF] Penczak | Movement pattern and growth ratio of tagged fish in two lowland rivers of central Poland[END_REF][START_REF] Meillere | Traffic noise exposure affects telomere length in nestling house sparrows[END_REF][START_REF] Salmón | Urban environment shortens telomere length in nestling great tits, Parus major[END_REF][START_REF] Ibáñez-Álamo | Urban blackbirds have shorter telomeres[END_REF], telomeres were shorter in urban habitats compared to agricultural ones, suggesting higher life-threatening situations for fish in urban rivers. In fact, fish from urban and agricultural rivers did not differ in their pollutant load, except for slightly higher plasticizer and pesticide levels in urban watercourses. Urban river systems have however undergone profound changes, such as damming, banking and channelization that have led to the disruption of longitudinal connectivity, loss of wetlands and spawning grounds, but also increased water temperature, pathogens and boat noise [START_REF] Grunst | Proximity to roads, but not exposure to metal pollution, is associated with accelerated developmental telomere shortening in nestling great tits[END_REF][START_REF] Paul | Streams in the urban landscape[END_REF]. Our study suggest that the diverse and profound degradation of urban streams induce deleterious effects in fish by accelerating telomere attrition and probably jeopardizing their survival. Those results are in line with previous findings, stating that environmental stressors accelerate telomere shortening in avian and fish species [START_REF] Angelier | Do glucocorticoids mediate the link between environmental conditions and telomere dynamics in wild vertebrates? A review[END_REF][START_REF] Jasinska | Assessment of biomarkers for contaminants of emerging concern on aquatic organisms downstream of a municipal wastewater discharge[END_REF][START_REF] Stauffer | Telomere length and antioxidant defense associate with parasite-induced retarded growth in wild brown trout[END_REF].

To the best of our knowledge this is the first evidence that exposure to organic pollutants negatively impacts telomere length in fish. In different species of birds, exposure to environmental contaminants (OCPs, perfluoroalkyl substances: PFAS and trace metals) was associated with a general reduction in telomere length [13,14-16, but see 17]. The originality of this study is to investigate currently-released pollutants and their metabolites in a common freshwater fish species. Among the wide range of analyzed contaminants, the levels of the sum of metabolites (phthalates, PAHs and pyrethroids) were more prone to explain differences in our data than parent pollutants, except for PCBs. In a previous study using the same data set, metabolites of organic pollutants were negatively correlated to antioxidant capacity and peroxidase activity in chub plasma [START_REF] Molbert | in press) Potential benefits of acanthocephalan parasites for chub hosts in polluted environments[END_REF]. Organic pollutants may therefore produce oxidative stress by disrupting the pro-oxidant/antioxidant balance, which is a potential pathway of telomere shortening [START_REF] Riechert | Does oxidative stress shorten telomeres in vivo? A review[END_REF]. Even though the underlying mechanisms are still poorly understood, we hypothesize that electrophilic intermediates generated through the metabolization of parent compounds (PAHs, phthalates and pyrethroid pesticides) could increase oxidative attacks by depleting or weakening defense mechanisms (i.e., antioxidants), ultimately shortening telomeres. Still, some caution is needed to interpret these findings as other factors may mask the effects of environmental contaminants when using a crosssectional approach. Further work is thus advised to support the correlation between levels of organic contaminants and age-corrected telomere length, by using an experimental approach and testing other tissues for telomere length (e.g., liver).

Our results reveal physiological costs to fish living in polluted urban habitats, which may ultimately jeopardize their survival. Moreover, they highlight the importance of considering metabolites of environmental pollutants to better assess the impacts of currentlyreleased chemicals on wildlife. 
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