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Introduction

Nocardia are Gram-positive facultative intracellular bacteria responsible for nocardiosis. Manifestations of disease range from cutaneous infection caused by traumatic inoculation of the organism in a normal host to severe pulmonary or central nervous system (CNS) disease in an immunocompromised host [START_REF] Brown-Elliott | Clinical and Laboratory Features of the Nocardia spp. Based on Current Molecular Taxonomy[END_REF]. Pulmonary infection is the most frequent clinical form which is similar to pneumonia in 80% of cases and that can be fatal in patients who are immunocompromised or affected by chronic pulmonary diseases [START_REF] Rodriguez-Nava | A French multicentric study and review of pulmonary Nocardia spp. in cystic fibrosis patients[END_REF][START_REF] Heise | Diseases Associated with Immunosuppression[END_REF]. Nocardia cells are ubiquitous in the environment but distribution biases per species are still poorly documented. Nocardiosis are caused by inhalation of these bacteria from aerosolized soils.

Nocardia cells are metabolically versatile, and some species such as N. cyriacigeorgica can harbor genes involved in the degradation of petrol-derivatives [START_REF] Luo | Insights into the Microbial Degradation of Rubber and Gutta-Percha by Analysis of the Complete Genome of Nocardia nova SH22a[END_REF][START_REF] Luo | Functional diversity of Nocardia in metabolism[END_REF][START_REF] Quatrini | Isolation of Grampositive n-alkane degraders from a hydrocarbon-contaminated Mediterranean shoreline[END_REF]. This property likely explains the tropism of Nocardia cells for polluted environments [START_REF] Nhi-Cong | Oxidation of aliphatic, branched chain, and aromatic hydrocarbons by Nocardia cyriacigeorgica isolated from oil-polluted sand samples collected in the Saudi Arabian Desert[END_REF]. N. cyriacigeorgica is also known for its ability to propagate in alveolar macrophages, inducing pulmonary damage. Some more virulent strains are able to disseminate and reach the brain [START_REF] Pujic | Chapter 40 -Nocardia and Actinomyces[END_REF]. Prevalence of N. cyriacigeorgica in nocardiosis was estimated to be around 20% in the USA [START_REF] Schlaberg | Nocardia cyriacigeorgica, an Emerging Pathogen in the United States[END_REF], 25% in Spain [START_REF] Valdezate | Epidemiology and susceptibility to antimicrobial agents of the main Nocardia species in Spain[END_REF] and 13% in France with a global nocardiosis incidence between 0.33 and 0.87 / 100 000 inhabitants [START_REF] Lebeaux | Antibiotic susceptibility testing and species identification of Nocardia isolates: a retrospective analysis of data from a French expert laboratory, 2010-2015[END_REF]. The environmental occurrence, persistence and enrichment of N. cyriacigeorgica remain to be defined. Here, the hypothesis of a tropism of Nocardia cells, and N. cyriacigeorgica, for biotopes found in a city, was tested because of their ability at using petrol-derivatives as carbon sources. Furthermore, we have tested the hypothesis of an ongoing evolution in the virulence traits of these urban Nocardia cells. The hypothesis was that city strains should have a reduced but significant virulence in comparison with clinical isolates, when tested on mice as an alternative host system.

Nocardia cells together with other microorganisms such as Pseudomonas aeruginosa, Aeromonas caviae and fecal indicators, have recently been shown to be recurrent contaminants of the urban deposits of a detention basin of a Stormwater Infiltration System (SIS) located in the Lyon area (France). Presence of Nocardia cells at the outflow of this basin redirecting to an Urban Infiltration Basin (UIB) were also observed, but the transferred species from the detention to the UIB remained to be defined [START_REF] Bernardin-Souibgui | Incidence of hydrological, chemical, and physical constraints on bacterial pathogens, Nocardia cells, and fecal indicator bacteria trapped in an urban stormwater detention basin in Chassieu, France[END_REF]. To decrease the environmental impacts of runoff flooding, SISs have been constructed all over the world to manage runoff transfers and favor the recharging of local aquifers. Today, more than 5000 SISs are monitored around the world [START_REF] Rahmati | Development and analysis of the Soil Water Infiltration Global database[END_REF]. Runoff waters getting into SISs are loaded with organic and mineral particles such as PAHs (Polycyclic Aromatic Hydrocarbons), PCBs (Polychlorinated Biphenyls), heavy metals and microorganisms [START_REF] Sébastian | Accumulated sediments in a detention basin: chemical and microbial hazard assessment linked to hydrological processes[END_REF], which accumulate on the surface of the infiltration basins to generate the so-called "urban sediments" [START_REF] Badin | Structural Stability, Microbial Biomass and Community Composition of Sediments Affected by the Hydric Dynamics of an Urban Stormwater Infiltration Basin: Dynamics of Physical and Microbial Characteristics of Stormwater Sediment[END_REF].

The presence of pathogenic microorganisms in these sediments constitutes a public health risk because they can contribute in multiple ways at disseminating hazardous biological agents either through (i) a transfer into natural water systems such as an aquifer which can be used for gardening [START_REF] Marti | Bacteriome genetic structures of urban deposits are indicative of their origin and impacted by chemical pollutants[END_REF], (ii) a contamination of animals feeding in these systems that can come into contact with humans (dogs, cats, rats, birds), or (iii) through an aerosolization towards environments with environmental characteristics (moisture, pollutants, etc.) that may also favor their growth (moist urban zones, gas-stations, major road axes, petrochemical factories, etc.) and the consequent inhalation of these microbial cells by the local populations.

It has to be noted that aerosolized bacterial cells can migrate over large distances as observed for P. aeruginosa, Escherichia coli, and Klebsiella pneumoniae [START_REF] Kaushik | Influence of Air Quality on the Composition of Microbial Pathogens in Fresh Rainwater[END_REF].

Moreover, the interest of studying UIBs is that, due to their heterogeneity (gradient of pollutants and moisture), they can mimic various environments that can be found in many other different locations, such as urban water areas (blue-zones), green areas or puddles after a rainfall event.

The aims of this study were thus to determine the spatiotemporal distribution biases of Nocardia cells and pathogenic species such as N. cyriacigeorgica in an urban SIS, and to evaluate their hazards for local populations. Epidemiological molecular investigations were performed to define the phylogenetic relations between SIS N. cyriacigeorgica isolates and clinical strains. The virulence of these isolates was then compared using a double-hit murine model of transient immunoparalysis, but also through an analysis of virulence gene content or virulome.

Materials and Methods

Stormwater Infiltration System

The studied SIS (named Django-Reinhardt) is part of a long term monitoring site of OTHU (Field Observatory for Urban Water Management; http://www.graie.org/othu/) [START_REF] Barraud | Implementation of a monitoring system to measure impact of stormwater runoff infiltration[END_REF]. It is located in Chassieu, France (eastern part of Lyon). This system has been operational for approximately 40 years and consists of a detention basin receiving runoff water from the stormwater network, and discharging its waters into an Urban Infiltration Basin (UIB), hereafter named DRIB (Django-Reinhardt Infiltration Basin) (Figure 1). The DRIB has a 1 ha surface and a volume of 61,000 m 3 . The drained surfaces are in a stabilized industrial area, and the main pollutants found in the accumulated sediments are heavy metals, cyanides, inks, fats, hydrocarbons and solvents [START_REF] Winiarski | Fonction filtration d'un ouvrage urbain -consequence sur la formation d'un anthroposol[END_REF].

The DRIB has been extensively studied. Some of its sediments properties were characterized according to normalized procedures such as ISO10390 for pH and ISO13320 for granulometry. Soil moisture was determined by comparative weighing before and after 24 h at 105°C. Additional DRIB data were also extracted from the Gessol report, and indicated a mean of 2-3.5 mg for the sum of the 16 well-defined PAHs /kg dry sediment [START_REF] Winiarski | Fonction filtration d'un ouvrage urbain -consequence sur la formation d'un anthroposol[END_REF]. These values were found equivalent to those of industrial soils, e.g. 3.5 mg/kg according to Muntean et al. [START_REF] Li | Polycyclic aromatic hydrocarbons in water, sediment, soil, and plants of the Aojiang River waterway in Wenzhou, China[END_REF], while PAHs levels in unpolluted soils were 4-12 µg/kg [START_REF] Muntean | Polycyclic Aromatic Hydrocarbons in Soil[END_REF].

Sampling

Urban sediments of the DRIB were sampled during three different sampling campaigns in, one per season (autumn (November), spring (April) and summer (July) 2015-2016) in three contrasted areas: near the detention basin discharging pipe (inflow zone), in the middle of the basin (bottom zone), and at the southern end of the basin (upper zone, five samples per area). These positions match different concentration of pollutants, distinct hydrological behaviors, soil moisture and vegetation (Figure 1). 

Physical-chemical parameters statistical analyses

All datasets were analyzed with the R software (V.3.1.3) [START_REF] Verzani | Using R for Introductory Statistics[END_REF]. The distribution of the physical-chemical parameters (PAHs, trace metal elements (Cd, Cu, Hg, Pb and Zn), granulometry, water content) and relative abundance of Nocardia (pathogenic vs nonpathogenic) was represented by a between-class analysis (BCA) allowing a longitudinal analysis. Packages ade4 [START_REF] Charif | Online synonymous codon usage analyses with the ade4 and seqinR packages[END_REF], mixOmics and RVAideMemoire (29) were used. Trace elements and metals were log transformed because they are not normally distributed. All the other parameters were normally distributed according to a Shapiro test. The diversity within each individual sample was estimated using the non-parametric Shannon index. Statistical analyses were performed using ANOVA2 and normality of the residues was tested in order to establish the significance of the groupings. Only p-values lower to 0.05 were considered as statistically significant. The correlogram and p-values were obtained on R software using the ade4, corrplot and Hmisc packages [START_REF] Friendly | Corrgrams: Exploratory Displays for Correlation Matrices[END_REF].

Identification approaches

Culture-independent approach

A metabarcoding approach by using hsp65 gene was used. Genomic DNA from environmental samples of the DRIB was extracted using the FastDNA SPIN Kit for Soil (MP Biomedicals, France) according to the manufacturer's instructions. Amplifications were performed on the hsp65 gene (Table 1) using PuReTaq TM Ready-To-Go PCR Beads (GE Healthcare) in a final volume of 50 μL and sequenced (together with purification and quality control) by Biofidal (https://www.biofidal.com/) using high-throughput Illumina MiSeq with 2x250 bp, paired-end chemistry to obtain 20,000 paired reads per sample. Bioinformatics analysis were performed using the MOTHUR pipeline [START_REF] Schloss | Introducing mothur: Open-Source, Platform-Independent, Community-Supported Software for Describing and Comparing Microbial Communities[END_REF], and according to the protocol previously defined by Marti et al., [START_REF] Marti | Bacteriome genetic structures of urban deposits are indicative of their origin and impacted by chemical pollutants[END_REF]. The number of sequences was normalized between the samples and was set to 7,128 sequences. Hsp65-OTUs at a 99% cutoff for species level identification were used.

Culture-dependent approach

Diluted suspensions of the urban sediments from the DRIB were cultured on Bennett and Middlebrook 7H10 agar (Thermo Fisher ®) semi-selective medium, and colonies with morphological features typical of Nocardia (presenting a white and powdery aspect and embedded in the agar) were purified, and then identified at the species level by sequencing and analysis of the 16S rRNA gene, according to Rodriguez-Nava et al. [START_REF] Rodriguez-Nava | Use of PCR-Restriction Enzyme Pattern Analysis and Sequencing Database for hsp65 Gene-Based Identification of Nocardia Species[END_REF] and following the CLSI guidelines of similarity percentages greater than or equal to 99.6% [START_REF] Verzani | Using R for Introductory Statistics[END_REF]. When facing ambiguity or when identification is not possible with this gene we decided to use a more discriminative one according to Sanchez-Herrera et al. [START_REF] Sánchez-Herrera | Molecular identification of Nocardia species using the sodA gene[END_REF].

N. cyriacigeorgica isolates were obtained from the 2015-2016 sampling campaign. An additional N. cyriacigeorgica isolate (EML446), obtained from a bottom area sediment sample in a previous campaign in 2013, was added to our work. It is the first strain of the pathogenic N. cyriacigeorgica species that has been isolated in an anthropized environment in Europe. Sampling conditions for this last isolate were identical, just the culture media changed as the Actinomytes isolation Agar (DifcoTM) culture media was used in that case.

The list of isolates is presented in Table 2. and N. cyriacigeorgica GUH-2, the reference pathogenic strain isolated from a fatal case of nocardiosis after a renal transplant in the 1970s [START_REF] Beaman | Effect of cyclophosphamide on experimental Nocardia asteroides infection in mice[END_REF]. These reference strains chosen in this study are phylogenetically closely related to N. cyriacigeorgica according to Yassin et al. [START_REF] Yassin | Nocardia cyriacigeorgici sp. nov[END_REF]. Clinical N. cyriacigeorgica were obtained from OFN (French Observatory of Nocardiosis, http://ofn.univ-lyon1.fr/), and originated from French patients affected by nocardiosis (cutaneous, pulmonary, and cerebral infections) (Table 2). By selecting these strains, we obtained a good representation of the main clinical forms of this disease that encompassed the environmental sampling period of this study (2015)(2016).

Bacterial DNAs of these strains were extracted by the boiling method using achromopeptidase (10 U.μL -1 , Sigma-Aldrich). Amplifications of the following genes were performed: 16S rRNA (rrs) (positions 64 to 663, N. cyriacigeorgica DSM 44484 T ), hsp65 (positions 398 to 836, N. cyriacigeorgica DSM 44484 T ), sodA (positions 99 to 505, N. cyriacigeorgica DSM 44484 T ), secA1 (positions 396 to 864, N. cyriacigeorgica DSM 44484 T ). PCR were performed using PuReTaq TM Ready-To-Go PCR Beads (GE Healthcare) in a final volume of 25 μL with 200 ng of DNA. Primers and PCR conditions are listed in Table 1. PCR products were sequenced by Biofidal (Vaulx-en-Velin, France). Multiple alignments were generated by ClustalW using Seaview version 4.4.2 [START_REF] Gouy | SeaView Version 4: A Multiplatform Graphical User Interface for Sequence Alignment and Phylogenetic Tree Building[END_REF]. Only for the phylogenetic analysis of N. cyriacigeorgica species based on hsp65-gene, we added to our sequences dataset i) some sequences from the historically known hsp65-based genotypes [START_REF] Schlaberg | Nocardia cyriacigeorgica, an Emerging Pathogen in the United States[END_REF][START_REF] Mctaggart | Phylogeny and Identification of Nocardia Species on the Basis of Multilocus Sequence Analysis[END_REF][START_REF] Rudramurthy | Molecular identification of clinical Nocardia isolates from India[END_REF][START_REF] Xiao | Accurate Identification of Common Pathogenic Nocardia Species: Evaluation of a Multilocus Sequence Analysis Platform and Matrix-Assisted Laser Desorption Ionization-Time of Flight Mass Spectrometry[END_REF] that are available on Genbank, and ii) some sequences coming from our metabarcoding analysis of strains isolated from the DRIB. For MLSA (Multilocus Sequence Analysis), the rrs-hsp65-sodA-secA1 sequences were concatenated (1845 bp). Phylogenetic relationships were resolved using the maximum-likelihood method through the MEGA software, version 7.0.16 [START_REF] Kumar | MEGA7: Molecular Evolutionary Genetics Analysis Version 7.0 for Bigger Datasets[END_REF]. A cutoff of 99.5% was used for MLSA-phylogroups differentiation. Bootstrapping using 1,000 replicates was performed for each analysis (single locus or multiple ones).

Comparative analysis of virulence genes among a SIS N. cyriacigeorgica isolate

The EML446 strain was selected to represent the SIS N. cyriacigeorgica isolates. This strain was chosen as it has been extensively studied in our laboratory. It was grown on BHI agar medium (Difco BD), and its genomic DNA was extracted with the standard phenolchloroform-isoamyl alcohol method [START_REF] Gilbert | Molecular Analysis of the pmo (Particulate Methane Monooxygenase) Operons from Two Type II Methanotrophs[END_REF]. Genome sequencing was performed on a HiSeq2000 Illumina system by GATC (Mulhouse, France). Assemblage and annotation were performed on MicroScope [START_REF] Vallenet | MicroScope in 2017: an expanding and evolving integrated resource for community expertise of microbial genomes[END_REF]. Contigs are available from the BioProject PRJNA542857 [START_REF] Vautrin | Genome Sequences of Three Nocardia cyriacigeorgica Strains and One Nocardia asteroides Strain[END_REF]. Comparative analyses were performed against N. farcinica IFM 10152 T , Mycobacterium tuberculosis H37Rv (both already available on NCBI) and the GUH-2 genome reported by Zoropogui et al. (43). This strain has been chosen as representative of clinical strains because it has been commonly used as model strain in many physiopathology studies [START_REF] Pujic | Chapter 40 -Nocardia and Actinomyces[END_REF]. Virulence genes targeted were those identified by Zoropogui et al. in the genomic study of GUH-2 strain (43).

Virulence tests with a double-hit murine model of transient immunoparalysis

General issues

All experiments presented below were approved by the Institutional Animal Care and Use Committee at VetAgro Sup (proposal 1403) in accordance with the European Convention for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes.

Male mice C57BL/6J (Charles River, L'Arbresle, France) of 7-9 weeks of age (20-25 g) were housed for one week before beginning the experiments at the Veterinary school (VetAgro Sup, Marcy l'Etoile, France). A 12 hours' dark/light cycle was applied over all experiments. Immunoparalysis of some mice was induced via a moderate cecal ligation and puncture (CLP 30%), and Nocardia cells (the SIS EML446 or GUH-2 clinical isolate) were then instilled in the pulmonary airways to test their virulence properties. The CLP procedure (externalization, puncture, antibiotic treatment and pain control) was performed as described in Restagno et al. (45). Sham (control-operated mice) underwent laparotomy with exposition of the cecum but without CLP.

The starting mouse population was made of 144 individuals. Animals were randomly split into six groups: 1) Sham-NaCl mice which received a saline solution; 2) Sham-GUH-2 mice instilled with GUH-2; 3) Sham-EML446 mice instilled with EML446; 4) CLP-NaCl mice which received a saline solution; 5) CLP-GUH-2 mice instilled with GUH-2; and 6) CLP-EML446 mice instilled with EML446. Due to the unpredictable exact mortality rate induced by CLP, more mice were CLP-treated than Sham-treated to reach the right number of CLP subjects. The aim of the "Nocardia-free" groups (i.e., Sham-NaCl and CLP-NaCl) was to ensure that mortality was not CLP-dependent. The final experimental design is shown in

Figures 2A & B.
Prior studies were performed with three different bacterial concentrations (data not shown) to determine the sublethal dose. Strains GUH-2 and EML446 were cultivated in BHI medium and adjusted to 2.0×10 7 CFU/mL to provide an instillation of 1.0×10 6 bacteria in 50 μL of physiological saline.

Mouse survival monitorings

After instillation, the mice were monitored and weighed every day until death or at the end of the experiment, i.e. 41 days. In agreement with the Remick laboratory report [START_REF] Nemzek | Humane endpoints in shock research[END_REF], mice were systematically euthanized when they reached the cutoff point, i.e. when they were found in a moribund state identified by the inability to maintain an upright position associated or not with labored breathing and cyanosis. Classical signs of distress, such as anorexia and weight loss (> 20%), hunching, prostration, impaired motility, labored breathing, ruffled haircoat, and dehydration, were assessed. Mice exhibiting at least four of these criteria were euthanized via isoflurane (5%) anesthesia followed by cervical dislocation. Mice exhibiting less than four of these criteria were re-inspected each 8 hours. Then, if the conditions of the mice worsened, they were euthanized. Surviving mice were used for detection of Nocardia cells at days 33 and 41. Survival curves (Kaplan-Meier plots) were compared by log rank test and performed on Prism8 software. P-values < 0.05 were considered statistically significant.

Detection and visualization of Nocardia cells among mouse organs

Organ histologic examinations were performed on the dead or euthanized mice. The inflammatory response and tissue damages due to Nocardia were evaluated at 4, 10, 33 and 41 days according to animal mortality curve due to animal ethical reasons linked to the concept of reduction (Figure 2B). Small pieces of kidneys, spleen and liver were removed and fixed in formalin. For brain analysis and lung, the organs were removed and fixed by intratracheal infusion of paraformaldehyde (4%). They were kept in 4% paraformaldehyde for at least 36 hours, dehydrated in successive baths with 30, 50 and 70% ethanol, embedded in paraffin, cut into 8 μm sections and stained with hematoxylin and eosin [START_REF] Feldman | Tissue Processing and Hematoxylin and Eosin Staining[END_REF].

Crushed organs (lung, kidneys, brain, spleen and liver) diluted in 4.5 mL of a saline physiological solution, and serially diluted (10 -1 to 10 -4 ) were used to estimate Nocardia plate count numbers. These plate counts were performed on BHI agar medium after a validation of the bacterial colonies using a Nocardia-specific PCR (NG1/NG2 primers (Table 1)). DNA extracts were produced from 200 μL of the above crushed organs using the NucleoSpin ® Tissue kit (Macherey-Nagel, France). The Nocardia-specific PCR was then applied on these extracts to verify the presence of Nocardia cells in these organs.

Results

Spatio-temporal diversity of Nocardia cells in soils from an infiltration basin

Regarding physical-chemical parameters, soil water content of the SIS was quite variable between the three sampled areas and campaigns, varying from 9% in the upper zone in summer to saturation (155%) in the inflow zone in spring (Figure 3). General trend was a higher moisture, at least 115%, in the inflow zone, and a lower water content, not higher than 56%, in the upper zone. Granulometry did not exhibit much variability between samples, with a relative mean sand content of 55-60% and a clay content of 40-45% (data not shown).

Regarding metal trace elements, they have been shown to be constant over the time: Zn concentration remained around 0.5 mg/L and it was the highest concentration detected when comparing to other elements that respect the following relationship: Cd < Pb < Cu < Zn (data not shown). These pollutants were more abundant in the bottom zone than in the inflow and upper zones (p-value = 0.0195) (Figure 4 A). The PAHs, taken individually, harbored two clusterization patterns for 12 out of 16. So they were clustered according to the zone (fluoranthene, pyrene, phenanthrene, benzo(a)anthracene, benzo(a)pyrene, hereafter "5

PAHs") or the period of sampling (naphthalene, acenaphthene, fluorene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene, hereafter "7 PAHs"). The 4 remaining PAHs (acenaphthylene, anthracene, chrysene and benzo(k)fluoranthene) were not considered in this study because they don't exhibit any variability. The 5 PAHs were significantly more abundant in the inflow zone (p-value = 0.0157), while the 7 PAHs were significantly more abundant during the summer (p-value = 6.97x10 -6 ) (Figure 4 B &C).

DNA sequencing of the hsp65 PCR products yielded good quality reads for each sediment sample (Table 3). Throughout the three sampling sites, the hsp65 metabarcoding analytical scheme revealed a high diversity through the actinobacterial community according to Shannon index higher than 5 in all the samples except of SP2 in autumn (Table 3) and the Shannoneven index at 0.8 indicates that microbial populations are on evenness proportions.

On a total of 320,760 reads allocated to the Actinobacteria class, 125,378 could not be allocated to a defined order. The Mycobacterium genus was the most abundant with 132,379 reads representing about 41.3% of the identified actinobacteria, but 92,757 reads from this genus could not be allocated to a specific species within the Mycobacterium genus. Part of the most abundant Mycobacterium species were not pathogen such as M. neglectum (31.8%) or M. sediminis (19.4%) but some others were opportunistic nontuberculous Mycobacteria (M. doricum: 22.7%, M. fluoranthenivorans: 2.1% or M. manitobense: 1.2%). The Streptomyces genus was another important group representing 2.7% of the identified Actinobacteria but no pathogenic species were recovered. Gordonia and Nocardia genus represented each about 0,4% and 0.2% of identified Actinobacteria, respectively. The hsp65 metabarcoding approach gave a more general view of Nocardia diversity in SIS allowing resolution to the species level (Figure 3). Regarding the Nocardia community detected in the DRIB (Figure 3), on the 507 Nocardia affiliated reads, only 203 reads could not be identified at the species level, indicating part of diversity that still needs to be resolved.

To confirm the accuracy of the Wang text-based Bayesian taxonomic classifications performed with MOTHUR [START_REF] Wang | Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy[END_REF], representative sequences of the Nocardia hsp65-OTUs were analyzed by BLASTn searches using the GenBank database. These searches confirmed all taxonomic inferences and showed that the unclassified sequences did not share enough identities to be clearly allocated to a particular species taking into account the chosen species identification criterion. However, even in these cases, closest results in terms of sequence similarity belonged to Nocardia genus. Hereafter, only reads allocated to well-defined species were analyzed and compared. A total of fourteen Nocardia species (relative abundance >1%) could be tracked using the hsp65 metabarcoding approach (Figure 3). Most of these are opportunistic pathogens which also belong to the species the most clinically relevant in France (the classification of most/intermediate/less frequent pathogens was based on Lebeaux et al. [START_REF] Zoropogui | The Nocardia cyriacigeorgica GUH-2 genome shows ongoing adaptation of an environmental Actinobacteria to a pathogen's lifestyle[END_REF]). In autumn, the most prevalent Nocardia species in the SIS (inflow, bottom, upper zones) were N. cyriacigeorgica and N. nova (clinically-relevant) together with N. asteroides and N. cummidelens. A segregation between zones was observed (Figure 3). N. cyriacigeorgica hsp65 reads were mainly observed in bottom zone (humidity rate = 72%) of the DRIB, while N. nova reads were mainly recovered from the inflow zone (water saturated samples). In spring, N. asteroides hsp65 reads were observed in the three zones, and this species appeared to be the most prevalent in this environment. Reads from nonpathogenic N. globerula and the complex N. abscessus/asiatica (human pathogens) were also obtained in high numbers in the inflow and upper zones. In summer, most of the detected species were non-pathogenic ones: N. globerula showed the highest number of reads over the DRIB, but N. salmonicida (a fish pathogen) reads were higher in the inflow zone (see Figure 3 for a summary of the taxonomic allocations). 382 Regarding the distribution of hsp65-OTUs per species, some were repeatedly observed 389 from one campaign to another. Some hsp65-OTUs were found in multiple areas of the DRIB. 390 Regarding N. cyriacigeorgica, which represents one of the species of most health concern for 391 this genus, a total of 39 sequences was identified, representing 6 hsp65-OTUs. Most of these 392 sequences (n=36) were recovered from the bottom zone of the DRIB, but one sequence was 393 recovered from the upper zone. Only one sequence of this species was recovered over two 394 sampling campaigns. 395

Regarding the relative abundance of Nocardia species, they were clustered according to their potential health hazard or not. The pathogenic species are significantly less abundant in spring and in summer than in autumn and different between these two first seasons (pvalues = 0.04066 for spring vs autumn and 0.02953 for summer vs autumn). The nonpathogenic species, i.e. not recognized as implicated in human nocardiosis, are most present in the upper zone than in the two others (p-value = 0.0294 for the upper zone vs inflow and bottom zones) (Figure 4 D &E).

When we compare both physical-chemical parameters and Nocardia relative abundance, we could see that there exists a clusterization according to the sampling areas.

Humidity and 5 PAHs explained the clusterization in the inflow zone, while only nonpathogenic Nocardia species explained the clusterization in the upper zone. In the bottom zone, the explaining parameters were the pathogen Nocardia species, 7 PAHs, the soil granulometry and the heavy metals content (Figure 5 

A&B).

The correlogram highlighted the potential correlation between metal trace elements and the relative abundance of non-pathogenic and pathogenic Nocardia species (Figure 6). Indeed, a negative correlation was observed between the presence of zinc and mercury (pvalue < 0,03) and the non-pathogenic species while there was a positive correlation between the presence of mercury and cupper and pathogenic species. It could be also noted a negative correlation between the 7 PAHs and the relative abuncance of pathogenic species (p-value < 0,08).

To support the inferences made by the hsp65 metabarcoding approach, attempts at isolating N. cyriacigeorgica strains from the DRIB sediment samples were performed. An averaged N. cyriacigeorgica plate count number of 1.0×10 3 CFU/g dry sediment was obtained (Figure 1). From these platings, some isolates were purified, and twelve were confirmed to be 2).

Several other species were also detected (N. abscessus, N. nova, N. ignorata, N. asteroides, N. salmonicida, etc.) but out of scope in this study. The DjRm13-15 are sequences identified according to the metabarcoding analysis on the sampled sediments of the DRIB (2015-2016).

Location of these SIS isolate community and sequences over the DRIB is indicated on Figure 1. Deeper taxonomic allocations of these strains by phylogenetic analysis are shown below.

Phylogenetic relatedness of SIS and clinical isolates

To go deeper into the evaluation of health hazards that can be associated with SIS N. cyriacigeorgica isolates, we obtained the phylogenetic trees built from individual locus and concatenated genetic loci (rrs, hsp65, sodA, secA1) (Figure 7). The phylogenetic tree based on rrs gene grouped all the clinical and environmental N. cyriacigeorgica strains into a single phylogroup (data not shown). The phylogenetic tree obtained from hsp65 gene sequences of the analyzed strains in this work showed a distribution into three significant phylogroups (PI, PII and PIII) that matched previous groups defined by Schlaberg et al. (9). Thanks to some sequences representatives from the metabarcoding analysis and integrated in hsp65-tree, we could observe that different genotypes were splited onto two different hsp65-phylogroups (I and III) for N. cyriacigeorgica species (Figure 7A: DjRm sequences only). Phylogroup I (PI) harbored the N. cyriacigeorgica type strain hsp65 sequence, environmental sequences obtained from the metabarcoding analysis (DjRm.12 and DjRm.14) and French clinical strains, including one belonging to a patient from Lyon, which was a resident in the geographic area of the DRIB. This phylogroup can be seen as a clonal complex as it encompassed 5 different OTUs issued from the metabarcoding analysis. Phylogroup II (PII) harbored clinical strains including GUH-2. Phylogroup III (PIII) also harbored environmental sequences obtained from the metabarcoding analysis (DjRm.13, SIS N. cyriacigeorgica isolates (EML446, DjR.1 and DjR9) and clinical strains. Only 1 OTU joined this phylogroup.

Bootstrap values were >80 only for PI (85) and PIII (98) (Figure 7a).

For sodA and secA1, the phylogenetic tree structures were in agreement with the one derived from hsp65 gene (data not shown). The MLSA phylogenetic tree of concatenated gene sequences increased the reliability of the groupings (Figure 7B). This tree better resolved the relatedness of the SIS isolates with the clinical strains. Low infra-specific divergences were observed within PI (similarity mean = 99.7%, min-max = 99.4-100%) and PII (similarity mean = 99.8%, min-max = 99.6-100%). In PIII, infra-specific divergences were higher (mean identities = 99.5%, min-max = 99.2%-100%) (Supplementary Table 1). However, only PI and PIII clustered clinical and environmental strains, instead of PII that clusters only clinical strains. The MLSA tree showed a clear phylogroups distribution harboring SIS and also clinical strains from the French Observatory of Nocardiosis. These phylogroups that matched those of hsp65 ones. So, in the same way as for hsp65 tree, we can state that MLSAphylogroup I represent a clonal complex inside N. cyriacigeorgica species.

EML 446 and GUH-2 genome comparisons

The whole genome sequencing (WGS) of DRIB N. cyriacigeorgica EML446 (MLSA-PIII) resulted in the obtaining of 41 contigs that could be assembled into a circular chromosome of 6,530,670 bp with a G+C content of 68.21%. This genome encodes 51 tRNA, 4). According to these analyses, the EML446 strain from the UIB polluted sediments has the genetic potential to be as virulent as the N. cyriacigeorgica GUH-2 clinical isolates. On the other hand, the MAUVE analysis highlights a decrease in CDSs content in the region of genomic plasticity (RGP) between the two genomes N. cyriacigeorgica EML446 and GUH-2 (Figure 8b) nirBD (nitrite reductase) 2 2 2 2 Note: number of genes were found by keyword search tool on the MicroScope platform (http://www.genoscope.cns.fr/agc/microscope/). Virulence genes were selected according to (43).

Physiopathology of N. cyriacigeorgica in a murine model of transient immunoparalysis

In the present study, 37% of the CLP-operated mice died prior to the instillation step (37/101) in accordance with the model of septic immunoparalysis established by Restagno et al. (45). Five days after the first hit, i.e. the CLP operation, Sham and CLP-operated mice were randomized as described in Figure 2.

The survival results showed a survival rate of 100% after 41 days for Sham-NaCl and CLP-NaCl groups. For mice intratracheally instilled by a load of Nocardia at 1.0×10 6 CFU/mouse, Sham-EML446 showed the same survival rate (Figure 9). In the Sham-GUH-2 group, only one mouse died at D6 (survival rate = 86% (6/7 mice)). For both the CLP-GUH-2 and CLP-EML446 groups, during the first 10 days following intratracheal bacterial challenges, the survival rates were not statistically different (p-value = 0.36): CLP-GUH-2, survival 67% (6/9 mice) and CLP-EML446, survival 64% (7/11 mice). A second episode of mortality occurred at 30 days for CLP-GUH-2, decreasing the survival rate at 44% (4/9 mice).

As compared to respective sham groups survival decreased significantly for CLP-GUH2 (pvalue = 0.02) and CLP-EML446 (p-value = 0.04) groups.

The TCBD (time course bacterial detection) experiment showed that in the Shamoperated group, soon after intratracheal instillation, the lung was the primary infection site of Nocardia, but other organs were also affected. At D4, 4/5 Sham-GUH-2 mice presented Nocardia in the lungs; in two of them, Nocardia was detected in all the studied organs (Table 5). Only in one mouse, Nocardia could not be detected. At D10 and D33, the number of organs positive for Nocardia decreased except in the lungs (2/3 mice at D10 and 3/4 mice at D33) and kidneys (1/3 at D10 and 3/4 at D33). For the Sham-EML446 mice, the occurrence rate and dissemination were lower than for the Sham-GUH-2 mice. At D4, Nocardia was found in the lungs of 3/5 mice, but the incidence in other organs was lower (1/5) and even null in the brain and spleen. At D10, only 1/5 mice presented Nocardia in each organ, and nothing was detected at D33. However, Nocardia was found in all organs of one mouse at D41.

In the CLP-operated group, at D4, the presence of Nocardia was observed in all of the inspected lungs for both strains (5/5 for CLP-GUH-2 and 6/6 for CLP-EML446), but it was almost missing in the other organs (only in 3/5 CLP-GUH-2 and 2/7 CLP-EML446 in the kidneys). At D10, 100% of the inspected lungs were still positive for Nocardia, and all the other organs became progressively positive: 3/5 (CLP-GUH-2) and 4/4 (CLP-EML446) positive in the kidneys, 4/5 (CLP-GUH-2) and 3/4 (CLP-EML446) positive in the brains and spleens, 3/5 (CLP-GUH-2) and 3/4 (CLP-EML446) positive in the livers. At D33, the presence of Nocardia in the lungs remained especially high for CLP-GUH-2 mice (7/8) but relatively low for CLP-EML446 mice (2/5). Dissemination in other organs was almost similar for both strains excepting for the liver. At D41, almost all the organs of CLP-EML446 mice were positive at high rates (Table 5). As expected, no NaCl-operated mice (controls) showed Nocardia cells in their organs.

Table 5.

Heatmap representing rates of contaminated mice by N. cyriacigeorgica and detected with specific Nocardia-genus PCR. Mice were sacrificed 4, 10 and 33 days after instillation for the GUH-2 strain and until 41 days for the EML446 strain. Lungs, brain, kidneys, spleen and liver were sampled for Nocardia detection. Clinical strain GUH-2 is colored in blue, and environmental EML446 is colored in orange. The deeper is the color, the more contaminated are the mice. The heatmap only reveals the presence or absence of Nocardia but is not quantitative. H some organs were used for histological analysis and were not available for bacterial detection since it is not technically possible to do both. n=x corresponds to the number of mice reserved for histological analysis. In the lungs of CLP-EML446 mice (1/1), histological signs of pneumonia similar to nocardiosis were clearly observed, as histologic pictures showed multiple cavity lesions at D4 (Figure 10A &B). A strong mononuclear infiltrate in the periphery of the microabscesses among the collagen fibers was also observed (Figure 10A1, A2 &B3). The presence of numerous filamentous bacteria in the caseous necrosis area suggests that these granulomatous lesions were infectious and that the mice developed nocardiosis (Figure 10B). At D41, 1/3 CLP-EML446 mice exhibited mild pneumonia (Figure 10C). Nothing was observed at D41 in Sham-EML446 mice (0/2) (Figure 10D). As expected, no histological lesions in any organ were observed for Sham-NaCl (n=2 at day 41) or CLP-NaCl (n=2-3 at D4, D10, D33 and n=6 at D41) mice. No lesions were found in the brains of CLP-EML446 mice at D41 (n=2). No specific nocardiosis lesions were found in other organs (kidney, spleen, liver) at D4, D10, D33 of either Sham-EML446 (n=2/organ) or CLP-EML446 (n=2/organ) mice. At D41, no specific nocardiosis lesions were found in kidney, spleen, liver of Sham-EML446 (n=5/organ) mice, but small granulomas were observed in the livers of 5 CLP-EML446 (n=7/organ) mice (Figure 10E).

Lungs

Discussion

The dissemination of hazardous biological agents in cities, outside hospital settings, remain largely under explored. Urban soils and waters can offer shelters for some pathogenic microorganisms such as the opportunistic ones. With their increasing contact with human populations, these pathogens might be undergoing selective processes that will make them better fit for a colonization of the human host. Furthermore, urban chemical pollutants seem to generate a "dangerous liaison" with these micro-organisms as demonstrated by Cui et al. [START_REF] Cui | Evaluation of bacterial pathogen diversity, abundance and health risks in urban recreational water by amplicon next-generation sequencing and quantitative PCR[END_REF] who found the presence of 16 bacterial genera harboring pathogenic species such as Aeromonas and Mycobacterium in polluted lakes in an industrial area in China. Furthermore, Chulan et al. [START_REF] Chulan | Characteristics of airborne opportunistic pathogenic bacteria during autumn and winter in Xi'an, China[END_REF] showed a relation between concentrations of chemical pollutants and airborne pathogenic bacteria in air samples. Regarding Nocardia, also, some authors have already described a potential relationship between organic pollutants and presence of Nocardia. As explained by Arrache et al. [START_REF] Arrache | Nocardiose cérébrale et pulmonaire à Nocardia abscessus chez un patient algérien immunocompétent[END_REF] this relationship could explain the infective source associated to a case of cerebral nocardiosis of an immunocompetent individual exposed to the inhalation during a long period of time of dusts rich in hydrocarbons in a refinery which probably hosted the Nocardia cyriacigeorgica species responsible of his pathology.

Nocardia are known to be widely spread among outdoor environments but several species represent a public health concern. This genus includes opportunistic pathogens that primarily cause pulmonary infection following inhalation [START_REF] Garcia-Bellmunt | Pulmonary Nocardiosis in Patients With COPD: Characteristics and Prognostic Factors[END_REF][START_REF] Steinbrink | Manifestations and outcomes of nocardia infections: Comparison of immunocompromised and nonimmunocompromised adult patients[END_REF]. These species can cause pulmonary nocardiosis in immunocompromised individuals associated with high-dose corticosteroids treatments [START_REF] Steinbrink | Manifestations and outcomes of nocardia infections: Comparison of immunocompromised and nonimmunocompromised adult patients[END_REF][START_REF] Eshraghi | Pulmonary nocardiosis associated with cerebral abscess successfully treated by co-trimoxazole: a case report[END_REF]. Non-immunocompromised patients like cigarette smokers, or those affected by bronchiectasis and acute bronchitis, and other chronical pulmonary diseases, are also at risk of pulmonary nocardiosis. These clinical pictures affect about 60 million people around the world, according to the WHO, and are often related to high atmospheric pollution including high content in aerosolized dusts. These dusts can be generated by several urban components such as motor engines, chemical industries, garbage incinerators, stored garbage on sidewalks, plant and animal detritus, etc. They are accumulating on urban surfaces and washed away with the runoff waters during rain events or aerosolized. Polluted urban runoffs are nowadays transferred either to wastewater treatment plants (WWTP), SIS, or natural waterways. These washed urban sediments can thus create novel growth conditions for opportunistic human pathogens that are known to be well-adapted for a growth on chemical pollutants. Results obtained in this study supported this hypothesis as high numbers of N. cyriacigeorgica cells were observed among SIS sediments, and these cells were allocated to a MLSA-phylogroup harboring clinical strains that had been involved in lung infections. Other pathogenic Nocardia species such as N. abscessus (associated mainly with cerebral and pulmonary infections), N. nova (related with pulmonary and cutaneous cases), and N. otitidiscaviarum (causing mainly cerebral infections and multidrug resistant) were also identified among SIS through the use of a novel metabarcoding approach based on the hsp65 gene target. These species can thus also be disseminated through SIS and aerosolized deposits.

Sediments analyzed from the DRIB showed variable water contents, high hydrocarbon pollution and variable plant cover. The main pollution recorded in this urban environment is due to PAHs. The high amount of PAHs has a pyrogenic origin according to the phenanthrene/anthracene <10 and fluoranthene/pyrene >1 ratio for all the samples in accordance with Budzinski et al. [START_REF] Budzinski | Alkylated phenanthrene distributions as maturity and origin indicators in crude oils and rock extracts[END_REF] and Yunker et al. (56). This pyrogenic origin could be explained by the industrial activity in this area and the engine gasoline combustion. No petrogenic origin could be identified in this study, contrary to Marti et al. [START_REF] Marti | Bacteriome genetic structures of urban deposits are indicative of their origin and impacted by chemical pollutants[END_REF] that reported a petrogenic origin for most of the PAHs in the detention basin upstream the infiltration basin, indicating a good performance in removing oils from water and avoiding the plugging of the infiltration basin. Nadudvari & Fabianska (57) reported a pyrogenic origin in sediments in a river in Poland arising from runoff water and city waste combustion. The same phenomenon was first described by Radke & Welte (58) in oil wells in Canada. Five of the detected PAHs (phenanthrene, fluoranthene, pyrene, benzo(a)anthracene and benzo(a)pyrene) were already reported by Sebastian et al. [START_REF] Sébastian | Accumulated sediments in a detention basin: chemical and microbial hazard assessment linked to hydrological processes[END_REF] in the same DRIB as being specially more abundant for the inflow zone which is confirmed by our study. On the other side, we observed a group of 7 PAHs (naphthalene, acenaphthene, fluorene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene) that are more abundant in summer regardless the measured zone which agrees with the study of Belles et al., (2016) also in the same studied system. Regarding the correlation between pollutants and relative abundancy of Nocardia, this high amount of PAHs seems to inhibit the development of Nocardia species, while metal trace elements can be an explicative factor of pathogenic species presence in the bottom zone of this infiltration basin. Regarding the influence of PAHs in pathogenic Nocardia, the upper zone, considered as the less contaminated zone, was the one with lowest counts in N. cyriacigeorgica. So, we could consider that upper zones represent a low risk of infection by aerial pathway as respiratory infections are the most usual in nocardiosis. However, other pathways should not be excluded (e.g. direct contact with water, transmission to phreatic zone below, etc.). Moreover the persistence of pathogenic Nocardia in humid areas could be seen as a reservoir as it could be transmitted by aerosolization in eventually favorable environmental conditions (e.g. dryer period).

Hsp65-based metabarcoding revealed as a powerful tool in the identification at species level of Actinobacteria but showed some limitations evidenced by the number of reads that could not be assigned to this class. This may be possibly due to the lack of hsp65 sequences in used database for many Actinobacteria taxa. However, obtained results from this hsp65 metabarcoding analysis concerning species-level Nocardia taxa, showed that water content was found to be explicative of some distribution patterns. Shannon indices highlighted a high diversity within the sampled sediments but similar values could indicate a low variability between the samples in a same area. The lower diversity within the SP2 sample in autumn (according to its Shannon index) could be explained by the fact that this sample point was the one with the highest humidity rate among those of the other sample points of the inflow area (max humidity ≥115%). Extremely high humidity rates may favor the development of few bacterial communities detrimental to others. In this study, we observed that a high water content (≥112%) was related to the higher number of N. abscessus and N. nova hsp65 reads, and intermediate conditions (around 72% sediment moisture) led to the higher number of N. cyriacigeorgica hsp65 reads. Most of the species found with the metabarcoding tool were also detected by cultural method reinforcing the validity of this first approach. However, no quantification nor comparison of the accuracy of these techniques was in the scope of this work.

These observations suggest N. cyriacigeorgica to be the most worrisome species as its environmental conditions for isolation are those present the most part of the year in the studied system and besides, according to Zoropogui et al. [START_REF] Zoropogui | The Nocardia cyriacigeorgica GUH-2 genome shows ongoing adaptation of an environmental Actinobacteria to a pathogen's lifestyle[END_REF] this species presents a likely ongoing evolution towards a higher tropism for the human host. This led us to further investigate the SIS N. cyriacigeorgica isolates. The phylogenetical analysis demonstrated close relationships between the clinical and some of the SIS N. cyriacigeorgica of this study. Moreover, a recent clinical strain from a patient living in the Lyon area was also positioned in one of the MLSA-phylogroups harboring SIS's N. cyriacigeorgica strains, allowing us to wonder of the source of infection of this person. In fact, clinical strains and environmental ones could not be segregated into distinct clusters. This supports the idea that all strains of N. cyriacigeorgica represent a human health hazard. Direct exposures through inhalation could thus result in pulmonary nocardiosis. However, the degree of exposure with the human host could have generated a gradient of virulence potentialities going from mild to severe. This hypothesis was verified with the results of the genomic and 'in vivo' comparison of GUH-2 and EML446 strains.

Regarding the genomic analysis, the genome size of SIS N. cyriacigeorgica EML446 (6,530,670 bp) was found to be larger than the one of clinical GUH-2 (6,194,645 bp). In general, opportunistic pathogens present in an environmental reservoir harbor a larger genome, conferring a greater versatility in the use of nutrients and in the ability to resist at certain environmental constraints [START_REF] Moran | Microbial Minimalism: Genome Reduction in Bacterial Pathogens[END_REF]. However, the differences in genome size between EML446 and clinical GUH-2 are low, and not in favor of a size reduction related to greater interactions with the human host. Furthermore, the content in virulence genes between these strains did not differ substantially but its distribution is variable in both genomes. Indeed, Zoropogui et al. [START_REF] Zoropogui | The Nocardia cyriacigeorgica GUH-2 genome shows ongoing adaptation of an environmental Actinobacteria to a pathogen's lifestyle[END_REF] had already demonstrated that part of the virulence genes of clinical GUH-2 strain is contained in the RGPs (region of genomic plasticity) (Figure 8b). In fact, several CDSs found in N. cyriacigeorgica EML446 could play part in lung colonization. For example, mbt is involved in the development of slow-growing bacteria in tissues under iron limitations, e.g. in the lung [START_REF] Mcmahon | Analyses of MbtB, MbtE, and MbtF Suggest Revisions to the Mycobactin Biosynthesis Pathway in Mycobacterium tuberculosis[END_REF]. In addition, the presence of CDSs coding for lipoproteins may contribute at the intracellular lifestyle of N. cyriacigeorgica. Actually, Li et al. [START_REF] Li | LpqT improves mycobacteria survival in macrophages by inhibiting TLR2 mediated inflammatory cytokine expression and cell apoptosis[END_REF] demonstrated that a large amount of lipoproteins improves survival of another actinobacteria, Mycobacterium smegmatis, in macrophage cells and murine lungs. Finally, CDSs such as PE_PGRS30, PG_PGRS33 and PE_PGRS41, were shown to be essential for entry and intracellular survival in macrophages. These virulence genes were also recorded in clinical N. cyriacigeorgica GUH-2 strain. This suggests that virulence of these two strains on a mouse model (or in human) should be similar. Anyway, our work focused in a limited number of virulence genes (43) so, it would be interesting further complete virulome studies including more genomes from other Nocardia species and from other pathogenic microorganisms in order to obtain more information about the genetic factors of the virulence in Nocardia.

However, changes in regulatory pathways might have generated some changes in the fine-tuning of the expression of virulence genes, and modified the clinical outcomes. This is hardly detected by simple genomic comparisons, and would require gene expression profile analyses as performed by Cruz-Rabadán et al. (64). Nevertheless, it must be noted that the GUH-2 MLSA-phylogroup (PII) diverged from the EML446 MLSA-phylogroup (PIII), suggesting adaptation and selection for distinct context (human vs environment). This ongoing adaptation of the GUH-2 lineage is certainly due to repeated passed through humans, and this hypothesis thus needed to be studied.

The pathophysiology of N. cyriacigeorgica has been extensively studied in immunocompetent murine models [START_REF] Schlaberg | Nocardia cyriacigeorgica, an Emerging Pathogen in the United States[END_REF]. However, nocardiosis has a higher occurrence in immunocompromised patients, and this led us to use a transient immunoparalysis (induced by mild CLP) mouse model to compare the virulence potentialities of GUH-2 and EML446. This is the first report describing the use of this model system with Nocardia cells, but previous validations had been performed with P. aeruginosa cells (45). Compared on this latter study, our Nocardia cell instillations at 1.0×10 6 CFU/ CLP mouse led to a lower survival at D8 (CLP-EML446 = 64%, CLP-GUH2 = 67%) than the one obtained with P. aeruginosa at the same concentration after the same period of time (CLP=93%) (45). Furthermore, in our study, thirty days after GUH-2 instillations, a second mortality wave decreased considerably this survival rate (CLP-GUH-2=44%), which remained much lower than the one obtained with P. aeruginosa. When extrapolated to humans, these differences in behavior become of high importance in diseases in which both N. cyriacigeorgica and P. aeruginosa may cohabit. This has been the case in some patients with cystic fibrosis, as reported by Rodriguez-Nava et al.

(2). Traditionally, in these cases, primary antibiotic treatments will target P. aeruginosa because it is considered the main pathogen associated with lung deteriorations. Our study shows that the infective process of N. cyriacigeorgica must not be underestimated and that a treatment targeting both pathogens should be performed. This strategy has already been applied, and improved the clinical outcomes [START_REF] Rodriguez-Nava | A French multicentric study and review of pulmonary Nocardia spp. in cystic fibrosis patients[END_REF].

It is to be noted that based on this study, a small window of immunoparalysis due to CLP in mice was found sufficient to promote the colonization, persistence and dissemination of N. cyriacigeorgica. This observation could also be extrapolated to humans for which during a period of illness, the immune system of the patients is weak (diabetes, cancer, etc.) allowing the colonization of Nocardia in the infected organ during this "immunosuppressive window". Indeed, some patients considered immunocompetent may have had a history of disease [START_REF] Singh | Pulmonary Nocardiosis in the Immunocompetent Host: Case Series[END_REF]. So, according to our observations, we can state that locations presenting environmental conditions similar to the studied UIB in terms of humidity and metallic trace elements, may suppose an infective risk for weak populations.

Our study presents some limitations. For example, we studied a single UIB with its own geological, hydrological, chemical and vegetative characteristics. We must then be prudent in extrapolating the obtained results to any other UIBs. In this work, we compared the virulence of clinical and environmental strains of N. cyriacigeorgica, however just a single representative of each has been chosen. So, obtained conclusions should be carefully extrapolated to all N. cyriacigeorgica clinical and environmental strains. However, our work has several strengths. For the first time, an urban, humid and polluted environment (an UIB) was used to study the spatiotemporal distribution of pathogens such as N. cyriacigeorgica. Moreover, we used the MLSA approach with precise gene concatenation (rrs-hsp65-sodA-secA1) to identify clonal lineages between clinical and environmental strains of N. cyriacigeorgica. In addition, according to the results obtained in this approach, it may be possible that N. cyriacigeorgica were a complex and not a single species, taking into account the presence of three MLSA-phylogroups whose taxonomy levels remains to be specified. We used, for the first time, the hsp65 marker for the metabarcoding approach, allowing us to evaluate Nocardia biodiversity and to directly detect N. cyriacigeorgica in the urban sediments of an UIB. This new marker could also be used to track Nocardia in other environments. For the first time, the hazardousness of an environmental strain of N. cyriacigeorgica isolated from an UIB was studied by complete genome sequencing and by a murine model of transient immunoparalysis, which better mimics the population most frequently targeted by this pathogen.

Conclusion

This study presents, for the first time, a complete inventory of Nocardia causative agents of human nocardiosis found in a HAP-polluted urban infiltration system. This study was made possible by the development of an innovative metabarcoding hsp65-based approach. This led to the detection of the highly frequent species found in nocardiosis worldwide such as N. cyriacigeorgica, N. nova, and N. abscessus. The number of reads per species were found related with the field conditions. N. cyriacigeorgica was the most abundant pathogenic species, which makes this species the most worrisome in this kind of environments taking into account its epidemiologic characteristics. This led us to perform rounds of isolation of this bacterial species, and investigate more deeply their molecular epidemiology. A MLSA approach demonstrated a close proximity between the SIS N. cyriacigeorgica isolates and the clinical ones. However, these strains were mostly distributed in MLSA-phylogroup III, and not recorded in the MLSA-phylogroup II harboring the most virulent isolate recorded so far i.e. GUH-2.. This suggested a significant diversification between these strains that could be indicative of a distinct tropism for the human host. This led us to compare the full genome of one SIS isolate with the one of GUH-2. No distinction in their virulence gene contents could be made, suggesting similar virulence potentialities.

Experimentations were performed to test the virulence differences among these strains (and MLSA-phylogroups). GUH-2 strain was shown to be the most virulent isolate in an immunoparalysis CLP mice model but EML446, the SIS isolate, was also confirmed to be significantly virulent. This fact further supports the idea that all strains of this species can be pathogenic but with variable clinical outcomes. The GUH-2 lineage seems to be on-going an adaptation for animal hosts including humans. These differentiations linking MLSAphylogroups and virulence will now need to be tested on a larger number of strains. The presence of pathogenic Nocardia is positively correlated to metallic trace elements and they can be suggested to be indicators of their presence. On the other hand, we have observed a negative correlation between PAHs and relative abundance pathogenic Nocardia, so these pollutants cannot be used as indicators of these bacteria. Overall, this study shows that humid and polluted environments such as UIBs may represent a health hazard for adjacent populations through either direct exposure or through an aerosolization of dusts harboring N. cyriacigeorgica cells. 
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Table 1 .

 1 PCR primers and DNA amplification conditions for rrs, hsp65, sodA, secA1 genes and Nocardia specific PCR.

			Forward primer (5'-3')	Reverse primer (5'-3')		
	Target	Length (bp)	Primer name	Sequence	Primer name	Sequence	PCR cycling conditions Reference
	rrs	569	Noc1	GCTTAACACATGCAAG TCG	Noc2	GAATTCCAGTCTCCCC TG	5 min 94°C; 40x 1 min 94°C, 1 min 58°C, 1 min 72°C; 10 min 72°C	Rodriguez-Nava et al. 2006 (22)
	hsp65	401	TB11	ACCAACGATGGTGTGT CCAT	TB12	CTTGTCGAACCGCATA CCCT	5 min 94°C; 35x 1 min 94°C, 1 min 55°C, 1 min 72°C; 10 min 72°C	Telenti et al. 1993 (23)
	sodA	406	SodV1	CACCAYWSCAAGCAC CA	SodV2	CCTTGACGTTCTGGTA CTG	5 min 94°C; 35x 1 min 94°C, 1 min 52°C, 1 min 72°C; 10 min 72°C	Sánchez-Herrera et al. 2017 (24)
	secA1	469	SecA1	GTAAAACGACGGCCA GGACAGYGAGTGGAT GGGYCGSGTGCACCG	SecA2	CAGGAAACAGCTATG ACGCGGACGATGTAG TCCTTGTC	5 min 95°C; 35x 1 min 95°C, 1 min 60°C, 1 min 72°C; 10 min 72°C	Conville et al. 2006 (25)
	NG*	590	NG1	ACCGACAAGGGGG	NG2	GGTTGTAAACCTCTTT CGA	11 min 94°C; 30x 1 min 94°C, 20 sec 55°C, 1 min 72°C; 10 min 72°C	Laurent et al. 1999 (26)
	Note: Y=C or T, W=A or T and S=C or G, * NG = Nocardia Genus			

Table 2 .

 2 List of SIS and clinical strains used in this study, and their origin, main features and MLSA-phylogroups.

	211						
	212						
	Patient record	Sample date	Sample	Host Immunosuppressed	Tropism of nocardiosis or origin of isolate	Location	MLSA-Phylogroup
	OFN.4	03/2015	Pus from cutaneous abscess	Yes	Cutaneous	Neuilly sur Seine	PI
	OFN.5	10/2017	Bronchial aspirate	Yes	Lung	Lyon	PI
	OFN.6 OFN.7 OFN.13	06/2010 06/2015 02/2015	Pus from cerebral abscess Bronchial aspirate Pus from skin abscess	Yes No Yes	Brain Brain d Lung d	Bron Bron Montpellier	PI PI PI
	OFN.14	03/2015	Cervical biopsy	Yes	Brain	Montpellier	PI
	DjRm.12	11/2015	UIB hsp65 metabarcoding	-	Bottom	Chassieu	PI
	DjRm.14	11/2015	UIB hsp65 metabarcoding	-	Upper	Chassieu	PI
	OFN.8	02/2016	Cervical biopsy	NA	Brain	Metz	PII
	OFN.9	11/2015	Bronchial aspirate	Yes	Lung	Montpellier	PII
	OFN.10	11/2015	Bronchial aspirate	Yes	Lung	Aulney sous Bois	PII
	OFN.11 OFN.12 OFN.1	07/2011 04/2014 02/2013	Pus from cutaneous abscess Blood culture Blood culture	No Yes No	Cutaneous Brain d Lung d	Belley Réunion island La Roche sur Yon	PII PII PIII
	OFN.2	03/2016	Pleural puncture	Yes	Lung	Agen	PIII
	OFN.3	01/2016	Lung biopsy	Yes	Lung	Tours	PIII
	EML446	04/2013	UIB polluted sediments	-	Bottom	Chassieu	PIII
	EML1456 11/2015	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.1	11/2015	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.2	11/2015	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.3	07/2016	UIB polluted sediments	-	Upper	Chassieu	PIII
	DjR.4	11/2015	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.5	07/2016	UIB polluted sediments	-	Upper	Chassieu	PIII
	DjR.6	11/2015	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.7	07/2016	UIB polluted sediments	-	Upper	Chassieu	PIII
	DjR.8	07/2016	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.9	07/2016	UIB polluted sediments	-	Bottom	Chassieu	PIII
	DjR.10	07/2016	UIB polluted sediments	-	Bottom	Chassieu	PIII

Table 3 .

 3 Diversity and richness indices of the hsp65 metabarcoding analysis 383 384

	Zone	Sample	Shannon	Shannon-even	Number of reads	Shannon	Shannon-even	Number of reads	Shannon	Shannon-even	Number of reads
				Autumn			Spring			Summer	
	Inflow										

Table 4 .

 4 Number of virulence CDSs (coding sequences) per functional categories shared between N. cyriacigeorgica GUH-2, EML446 and two other pathogenic species N. farcinica IFM10152 T and Mycobacterium tuberculosis H37Rv:

	Virulence CDSs	N. cyriacigeorgica EML446	N. cyriacigeorgica GUH-2	N. farcinica IFM10152 T	M. tuberculosis H37Rv
	PKS (polyketide synthase) 7	7	7	27
	NRPS peptides synthetases) (nonribosomal	17	17	14	3
	Lipoproteins (Lpps)	16	17	7	62
	Hemolysin		2	2	2	2
	Esterases		18	17	24	15
	PE_PGRS	(proline-				
	glutamic					
	acid_polymorphic	1	1	0	62
	guanine-cytosine-rich				
	sequence)					
	sod dismutase)	(superoxide	2	2	2	2
	mce (mammalian cell entry	6	6	7	4
	cat (catalase)		3	3	3	1
	narBGHIJK reductase)	(nitrate	6	6	5	6
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