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Highlights  41 

Urban infiltration basins are a reservoir of a high diversity of Nocardia encompassing both 42 

pathogenic and not-pathogenic species. 43 

Relative abundance of pathogenic Nocardia species presents a positive correlation with metal 44 

trace elements.  45 

High infraspecific variability within N. cyriacigeorgica, forming three phylogroups. 46 

Immunosuppressive window may be enough to infect immunocompetent mice.  47 

To better understand the ecology of Nocardia to elucidate sources of clinical infections.  48 

First isolation of N. cyriacigeorgica in Europe in a polluted urban environment.  49 

Environmental N. cyriacigeorgica strains may be as virulent as clinical GUH-2 strain.  50 

hsp65 marker can be used by metabarcoding approach for assessment of environmental 51 

Nocardia biodiversity.  52 

 53 

Abstract 54 

Urban Infiltration Basins (UIBs) are used to manage urban runoff transfers and feed aquifers. 55 

These UIBs can accumulate urban pollutants and favor the growth of potentially pathogenic 56 

biological agents as Nocardia.  57 

Objectives: To assess the spatio-temporal dynamics of pathogenic Nocardia in UIBs and to 58 

stablish phylogenetic relationships between clinical and UIB N. cyriacigeorgica strains. To 59 
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assess pathogenicity associated with environmental N. cyriacigeorgica using an animal 60 

model, and to identify genetic elements that may be associated to its virulence. 61 

Methods: A well-characterized UIB in terms of chemical pollutants from Lyon area was used 62 

in this study during a whole year. Cultural and Next-Generation-Sequencing methods were 63 

used for Nocardia detection and typing. Clinical and environmental isolates phylogenetic 64 

relationships and virulences were compared with Multilocus-Sequence-Analysis study 65 

together with a murine model. 66 

Results: In autumn, N. cyriacigeorgica and N. nova were the pathogenic most prevalent 67 

species in the UIB. The complex N. abscessus/asiatica was also detected together with some 68 

other non-pathogenic species. The presence of pathogenic Nocardia was positively correlated 69 

to metallic trace elements. Up to 1.0×103 CFU/g sediment of N. cyriacigeorgica and 6 OTUs 70 

splited in two different phylogroups were retrieved and were close to clinical strains. The 71 

EML446 tested UIB isolate showed significant infectivity in mice with pulmonary damages 72 

similar to clinical clone (GUH-2).  73 

Conclusion:  Hsp65 marker-based metabarcoding approach allowed detecting N. 74 

cyriacigeogica as the most abundant Nocardia pathogenic species in a UIB. Metal trace 75 

elements-polluted environments can be reservoirs of pathogenic Nocardia which may have a 76 

similar virulence to clinical strains. 77 

Keywords: Nocardia; Opportunistic pathogen; Environment; Murine model of transient 78 

immunoparalysis; Urban pollution; hsp65 metabarcoding 79 

  80 
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1. Introduction 81 

 Nocardia are Gram-positive facultative intracellular bacteria responsible for 82 

nocardiosis. Manifestations of disease range from cutaneous infection caused by traumatic 83 

inoculation of the organism in a normal host to severe pulmonary or central nervous system 84 

(CNS) disease in an immunocompromised host (1).  Pulmonary infection is the most frequent 85 

clinical form which is similar to pneumonia in 80% of cases and that can be fatal in patients 86 

who are immunocompromised or affected by chronic pulmonary diseases (2, 3). Nocardia 87 

cells are ubiquitous in the environment but distribution biases per species are still poorly 88 

documented. Nocardiosis are caused by inhalation of these bacteria from aerosolized soils. 89 

Nocardia cells are metabolically versatile, and some species such as N. cyriacigeorgica can 90 

harbor genes involved in the degradation of petrol-derivatives (4–6). This property likely 91 

explains the tropism of Nocardia cells for polluted environments (7). N. cyriacigeorgica is 92 

also known for its ability to propagate in alveolar macrophages, inducing pulmonary damage. 93 

Some more virulent strains are able to disseminate and reach the brain (8). Prevalence of N. 94 

cyriacigeorgica in nocardiosis was estimated to be around 20% in the USA (9), 25% in Spain 95 

(10) and 13% in France with a global nocardiosis incidence between 0.33 and 0.87 / 100 000 96 

inhabitants (11). The environmental occurrence, persistence and enrichment of N. 97 

cyriacigeorgica remain to be defined. Here, the hypothesis of a tropism of Nocardia cells, and 98 

N. cyriacigeorgica, for biotopes found in a city, was tested because of their ability at using 99 

petrol-derivatives as carbon sources. Furthermore, we have tested the hypothesis of an on-100 

going evolution in the virulence traits of these urban Nocardia cells. The hypothesis was that 101 

city strains should have a reduced but significant virulence in comparison with clinical 102 

isolates, when tested on mice as an alternative host system. 103 

 104 



 6

Nocardia cells together with other microorganisms such as Pseudomonas aeruginosa, 105 

Aeromonas caviae and fecal indicators, have recently been shown to be recurrent 106 

contaminants of the urban deposits of a detention basin of a Stormwater Infiltration System 107 

(SIS) located in the Lyon area (France). Presence of Nocardia cells at the outflow of this 108 

basin redirecting to an Urban Infiltration Basin (UIB) were also observed, but the transferred 109 

species from the detention to the UIB remained to be defined (12). To decrease the 110 

environmental impacts of runoff flooding, SISs have been constructed all over the world to 111 

manage runoff transfers and favor the recharging of local aquifers. Today, more than 5000 112 

SISs are monitored around the world (13). Runoff waters getting into SISs are loaded with 113 

organic and mineral particles such as PAHs (Polycyclic Aromatic Hydrocarbons), PCBs 114 

(Polychlorinated Biphenyls), heavy metals and microorganisms (14), which accumulate on 115 

the surface of the infiltration basins to generate the so-called “urban sediments” (15). 116 

The presence of pathogenic microorganisms in these sediments constitutes a public 117 

health risk because they can contribute in multiple ways at disseminating hazardous biological 118 

agents either through (i) a transfer into natural water systems such as an aquifer which can be 119 

used for gardening (16), (ii) a contamination of animals feeding in these systems that can 120 

come into contact with humans (dogs, cats, rats, birds), or (iii) through an aerosolization 121 

towards environments with environmental characteristics (moisture, pollutants, etc.) that may 122 

also favor their growth (moist urban zones, gas-stations, major road axes, petrochemical 123 

factories, etc.) and the consequent inhalation of these microbial cells by the local populations. 124 

It has to be noted that aerosolized bacterial cells can migrate over large distances as observed 125 

for P. aeruginosa, Escherichia coli, and Klebsiella pneumoniae (17). 126 

Moreover, the interest of studying UIBs is that, due to their heterogeneity (gradient of 127 

pollutants and moisture), they can mimic various environments that can be found in many 128 
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other different locations, such as urban water areas (blue-zones), green areas or puddles after 129 

a rainfall event. 130 

The aims of this study were thus to determine the spatiotemporal distribution biases of 131 

Nocardia cells and pathogenic species such as N. cyriacigeorgica in an urban SIS, and to 132 

evaluate their hazards for local populations. Epidemiological molecular investigations were 133 

performed to define the phylogenetic relations between SIS N. cyriacigeorgica isolates and 134 

clinical strains. The virulence of these isolates was then compared using a double-hit murine 135 

model of transient immunoparalysis, but also through an analysis of virulence gene content or 136 

virulome. 137 

2. Materials and Methods 138 

2.1. Stormwater Infiltration System 139 

The studied SIS (named Django-Reinhardt) is part of a long term monitoring site of 140 

OTHU (Field Observatory for Urban Water Management; http://www.graie.org/othu/) (18). It 141 

is located in Chassieu, France (eastern part of Lyon). This system has been operational for 142 

approximately 40 years and consists of a detention basin receiving runoff water from the 143 

stormwater network, and discharging its waters into an Urban Infiltration Basin (UIB), 144 

hereafter named DRIB (Django-Reinhardt Infiltration Basin) (Figure 1). The DRIB has a 1 ha 145 

surface and a volume of 61,000 m3. The drained surfaces are in a stabilized industrial area, 146 

and the main pollutants found in the accumulated sediments are heavy metals, cyanides, inks, 147 

fats, hydrocarbons and solvents (19). 148 

The DRIB has been extensively studied. Some of its sediments properties were 149 

characterized according to normalized procedures such as ISO10390 for pH and ISO13320 150 

for granulometry. Soil moisture was determined by comparative weighing before and after 24 151 
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h at 105°C. Additional DRIB data were also extracted from the Gessol report, and indicated a 152 

mean of 2-3.5 mg for the sum of the 16 well-defined PAHs /kg dry sediment (19). These 153 

values were found equivalent to those of industrial soils, e.g. 3.5 mg/kg according to Muntean 154 

et al. (20), while PAHs levels in unpolluted soils were 4-12 µg/kg (21). 155 

2.2. Sampling 156 

Urban sediments of the DRIB were sampled during three different sampling 157 

campaigns in, one per season (autumn (November), spring (April) and summer (July) 2015-158 

2016)  in three contrasted areas: near the detention basin discharging pipe (inflow zone), in 159 

the middle of the basin (bottom zone), and at the southern end of the basin (upper zone, five 160 

samples per area). These positions match different concentration of pollutants, distinct 161 

hydrological behaviors, soil moisture and vegetation (Figure 1). 162 
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Table 1. PCR primers and DNA amplification conditions for rrs, hsp65, sodA, secA1 genes and Nocardia specific PCR. 163 
 164 
  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) 

 165 
Note: Y=C or T, W=A or T and S=C or G, * NG = Nocardia Genus 166 

 167 
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2.3. Physical-chemical parameters statistical analyses 168 

All datasets were analyzed with the R software (V.3.1.3) (27). The distribution of the 169 

physical-chemical parameters (PAHs, trace metal elements (Cd, Cu, Hg, Pb and Zn), 170 

granulometry, water content) and relative abundance of Nocardia (pathogenic vs non-171 

pathogenic) was represented by a between-class analysis (BCA) allowing a longitudinal 172 

analysis. Packages ade4 (28), mixOmics and RVAideMemoire (29) were used. Trace 173 

elements and metals were log transformed because they are not normally distributed. All the 174 

other parameters were normally distributed according to a Shapiro test. The diversity within 175 

each individual sample was estimated using the non-parametric Shannon index. Statistical 176 

analyses were performed using ANOVA2 and normality of the residues was tested in order to 177 

establish the significance of the groupings. Only p-values lower to 0.05 were considered as 178 

statistically significant. The correlogram and p-values were obtained on R software using the 179 

ade4, corrplot and Hmisc packages (30). 180 

2.4 Identification approaches 181 

2.4.1. Culture-independent approach 182 

A metabarcoding approach by using hsp65 gene was used. Genomic DNA from 183 

environmental samples of the DRIB was extracted using the FastDNA SPIN Kit for Soil (MP 184 

Biomedicals, France) according to the manufacturer’s instructions. Amplifications were 185 

performed on the hsp65 gene (Table 1) using PuReTaqTM Ready-To-Go PCR Beads (GE 186 

Healthcare) in a final volume of 50 μL and sequenced (together with purification and quality 187 

control) by Biofidal (https://www.biofidal.com/) using high-throughput Illumina MiSeq with 188 

2x250 bp, paired-end chemistry to obtain 20,000 paired reads per sample. Bioinformatics 189 

analysis were performed using the MOTHUR  pipeline (31), and according to the protocol 190 
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previously defined by Marti et al., (16). The number of sequences was normalized between 191 

the samples and was set to 7,128 sequences. Hsp65-OTUs at a 99% cutoff for species level 192 

identification were used. 193 

 194 

2.4.2. Culture-dependent approach 195 

Diluted suspensions of the urban sediments from the DRIB were cultured on Bennett 196 

and Middlebrook 7H10 agar (Thermo Fisher ®) semi-selective medium, and colonies with 197 

morphological features typical of Nocardia (presenting a white and powdery aspect and 198 

embedded in the agar) were purified, and then identified at the species level by sequencing 199 

and analysis of the 16S rRNA gene, according to Rodriguez-Nava et al. (32) and following 200 

the CLSI guidelines of similarity percentages greater than or equal to 99.6% (27). When 201 

facing ambiguity or when identification is not possible with this gene we decided to use a 202 

more discriminative one according to Sanchez-Herrera et al. (24). 203 

N. cyriacigeorgica isolates were obtained from the 2015-2016 sampling campaign. An 204 

additional N. cyriacigeorgica isolate (EML446), obtained from a bottom area sediment 205 

sample in a previous campaign in 2013, was added to our work. It is the first strain of the 206 

pathogenic N. cyriacigeorgica species that has been isolated in an anthropized environment in 207 

Europe. Sampling conditions for this last isolate were identical, just the culture media 208 

changed as the Actinomytes isolation Agar (DifcoTM) culture media was used in that case. 209 

The list of isolates is presented in Table 2. 210 
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Table 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 06/2010 Pus from cerebral abscess Yes Brain Bron PI 
OFN.7 06/2015 Bronchial aspirate No Braind Bron PI 
OFN.13 02/2015 Pus from skin abscess Yes Lungd Montpellier 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 07/2011 Pus from cutaneous abscess No Cutaneous Belley PII 
OFN.12 04/2014 Blood culture Yes Braind Réunion island PII 
OFN.1 02/2013 Blood culture No Lungd La Roche sur Yon 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 
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DjR.11 04/2016 UIB polluted sediments - Upper Chassieu PIII 
DjRm.13 07.2016 UIB hsp65 metabarcoding - Bottom Chassieu PIII 

 213 
Note: d indicates a disseminated case of nocardiosis, NA: data not available, MLSA: multilocus sequence analysis, SIS: stormwater infiltration 214 
system 215 
 216 
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2.5. Phylogenetic analysis 217 

DNA sequences (rrs-hsp65-sodA-secA1) were generated for the DRIB N. 218 

cyriacigeorgica isolates (n=13). These sequences were compared with those of clinical N. 219 

cyriacigeorgica (n=14), and of other Nocardia reference strains (n=10). The following strains 220 

were considered: N. abscessus DSM 44432T, N. anaemiae DSM 44821T, N. asteroides ATCC 221 

19247T, N. brasiliensis ATCC 19296T, N. cyriacigeorgica DSM 44484T, N. farcinica IFM 222 

10152T, N. nova DSM 44481T, N. otitidiscaviarum ATCC 14629T,  N. vinacea JCM 10988T 223 

and N. cyriacigeorgica GUH-2, the reference pathogenic strain isolated from a fatal case of 224 

nocardiosis after a renal transplant in the 1970s (33). These reference strains chosen in this 225 

study are phylogenetically closely related to N. cyriacigeorgica according to Yassin et al. 226 

(34). Clinical N. cyriacigeorgica were obtained from OFN (French Observatory of 227 

Nocardiosis, http://ofn.univ-lyon1.fr/), and originated from French patients affected by 228 

nocardiosis (cutaneous, pulmonary, and cerebral infections) (Table 2). By selecting these 229 

strains, we obtained a good representation of the main clinical forms of this disease that 230 

encompassed the environmental sampling period of this study (2015-2016). 231 

Bacterial DNAs of these strains were extracted by the boiling method using 232 

achromopeptidase (10 U.μL-1, Sigma-Aldrich). Amplifications of the following genes were 233 

performed: 16S rRNA (rrs) (positions 64 to 663, N. cyriacigeorgica DSM 44484T), hsp65 234 

(positions 398 to 836, N. cyriacigeorgica DSM 44484T), sodA (positions 99 to 505, N. 235 

cyriacigeorgica DSM 44484T), secA1 (positions 396 to 864, N. cyriacigeorgica DSM 236 

44484T). PCR were performed using PuReTaqTM Ready-To-Go PCR Beads (GE Healthcare) 237 

in a final volume of 25 μL with 200 ng of DNA. Primers and PCR conditions are listed in 238 

Table 1. PCR products were sequenced by Biofidal (Vaulx-en-Velin, France). Multiple 239 

alignments were generated by ClustalW using Seaview version 4.4.2 (35). Only for the 240 
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phylogenetic analysis of N. cyriacigeorgica species based on hsp65-gene, we added to our 241 

sequences dataset i) some sequences from the historically known hsp65-based genotypes (9, 242 

36–38) that are available on Genbank, and ii) some sequences coming from our 243 

metabarcoding analysis of strains isolated from the DRIB. For MLSA (Multilocus Sequence 244 

Analysis), the rrs-hsp65-sodA-secA1 sequences were concatenated (1845 bp). Phylogenetic 245 

relationships were resolved using the maximum-likelihood method through the MEGA 246 

software, version 7.0.16 (39). A cutoff of 99.5% was used for MLSA-phylogroups 247 

differentiation. Bootstrapping using 1,000 replicates was performed for each analysis (single 248 

locus or multiple ones). 249 

2.6. Comparative analysis of virulence genes among a SIS N. cyriacigeorgica isolate 250 

The EML446 strain was selected to represent the SIS N. cyriacigeorgica isolates. This 251 

strain was chosen as it has been extensively studied in our laboratory. It was grown on BHI 252 

agar medium (Difco BD), and its genomic DNA was extracted with the standard phenol-253 

chloroform-isoamyl alcohol method (40). Genome sequencing was performed on a 254 

HiSeq2000 Illumina system by GATC (Mulhouse, France). Assemblage and annotation were 255 

performed on MicroScope (41). Contigs are available from the BioProject PRJNA542857 256 

(42). Comparative analyses were performed against N. farcinica IFM 10152T, Mycobacterium 257 

tuberculosis H37Rv (both already available on NCBI) and the GUH-2 genome reported by 258 

Zoropogui et al.  (43). This strain has been chosen as representative of clinical strains because 259 

it has been commonly used as model strain in many physiopathology studies (8). Virulence 260 

genes targeted were those identified by Zoropogui et al. in the genomic study of GUH-2 strain 261 

(43). 262 

2.7. Virulence tests with a double-hit murine model of transient immunoparalysis 263 
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2.7.1. General issues 264 

All experiments presented below were approved by the Institutional Animal Care and 265 

Use Committee at VetAgro Sup (proposal 1403) in accordance with the European Convention 266 

for the Protection of Vertebrate Animals used for Experimental and other Scientific Purposes. 267 

Male mice C57BL/6J (Charles River, L’Arbresle, France) of 7-9 weeks of age (20-25 268 

g) were housed for one week before beginning the experiments at the Veterinary school 269 

(VetAgro Sup, Marcy l’Etoile, France). A 12 hours’ dark/light cycle was applied over all 270 

experiments. Immunoparalysis of some mice was induced via a moderate cecal ligation and 271 

puncture (CLP 30%), and Nocardia cells (the SIS EML446 or GUH-2 clinical isolate) were 272 

then instilled in the pulmonary airways to test their virulence properties. The CLP procedure 273 

(externalization, puncture, antibiotic treatment and pain control) was performed as described 274 

in Restagno et al.  (45). Sham (control-operated mice) underwent laparotomy with exposition 275 

of the cecum but without CLP. 276 

The starting mouse population was made of 144 individuals. Animals were randomly 277 

split into six groups: 1) Sham-NaCl mice which received a saline solution; 2) Sham-GUH-2 278 

mice instilled with GUH-2; 3) Sham-EML446 mice instilled with EML446; 4) CLP-NaCl 279 

mice which received a saline solution; 5) CLP-GUH-2 mice instilled with GUH-2; and 6) 280 

CLP-EML446 mice instilled with EML446. Due to the unpredictable exact mortality rate 281 

induced by CLP, more mice were CLP-treated than Sham-treated to reach the right number of 282 

CLP subjects. The aim of the “Nocardia-free” groups (i.e., Sham-NaCl and CLP-NaCl) was 283 

to ensure that mortality was not CLP-dependent. The final experimental design is shown in 284 

Figures 2A & B. 285 
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Prior studies were performed with three different bacterial concentrations (data not 286 

shown) to determine the sublethal dose. Strains GUH-2 and EML446 were cultivated in BHI 287 

medium and adjusted to 2.0×107 CFU/mL to provide an instillation of 1.0×106 bacteria in 50 288 

μL of physiological saline.  289 

2.7.2. Mouse survival monitorings 290 

After instillation, the mice were monitored and weighed every day until death or at the 291 

end of the experiment, i.e. 41 days. In agreement with the Remick laboratory report (46), mice 292 

were systematically euthanized when they reached the cutoff point, i.e. when they were found 293 

in a moribund state identified by the inability to maintain an upright position associated or not 294 

with labored breathing and cyanosis. Classical signs of distress, such as anorexia and weight 295 

loss (> 20%), hunching, prostration, impaired motility, labored breathing, ruffled haircoat, 296 

and dehydration, were assessed. Mice exhibiting at least four of these criteria were euthanized 297 

via isoflurane (5%) anesthesia followed by cervical dislocation. Mice exhibiting less than four 298 

of these criteria were re-inspected each 8 hours. Then, if the conditions of the mice worsened, 299 

they were euthanized. Surviving mice were used for detection of Nocardia cells at days 33 300 

and 41. Survival curves (Kaplan–Meier plots) were compared by log rank test and performed 301 

on Prism8 software. P-values < 0.05 were considered statistically significant. 302 

2.7.3. Detection and visualization of Nocardia cells among mouse organs 303 

Organ histologic examinations were performed on the dead or euthanized mice. The 304 

inflammatory response and tissue damages due to Nocardia were evaluated at 4, 10, 33 and 305 

41 days according to animal mortality curve due to animal ethical reasons linked to the 306 

concept of reduction (Figure 2B). Small pieces of kidneys, spleen and liver were removed and 307 

fixed in formalin. For brain analysis and lung, the organs were removed and fixed by 308 

intratracheal infusion of paraformaldehyde (4%). They were kept in 4% paraformaldehyde for 309 
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at least 36 hours, dehydrated in successive baths with 30, 50 and 70% ethanol, embedded in 310 

paraffin, cut into 8 μm sections and stained with hematoxylin and eosin (47). 311 

Crushed organs (lung, kidneys, brain, spleen and liver) diluted in 4.5 mL of a saline 312 

physiological solution, and serially diluted (10-1 to 10-4) were used to estimate Nocardia plate 313 

count numbers. These plate counts were performed on BHI agar medium after a validation of 314 

the bacterial colonies using a Nocardia-specific PCR (NG1/NG2 primers (Table 1)). DNA 315 

extracts were produced from 200 μL of the above crushed organs using the NucleoSpin® 316 

Tissue kit (Macherey-Nagel, France). The Nocardia-specific PCR was then applied on these 317 

extracts to verify the presence of Nocardia cells in these organs. 318 

3. Results 319 

3.1. Spatio-temporal diversity of Nocardia cells in soils from an infiltration basin 320 

Regarding physical-chemical parameters, soil water content of the SIS was quite 321 

variable between the three sampled areas and campaigns, varying from 9% in the upper zone 322 

in summer to saturation (155%) in the inflow zone in spring (Figure 3). General trend was a 323 

higher moisture, at least 115%, in the inflow zone, and a lower water content, not higher than 324 

56%, in the upper zone. Granulometry did not exhibit much variability between samples, with 325 

a relative mean sand content of 55-60% and a clay content of 40-45% (data not shown). 326 

Regarding metal trace elements, they have been shown to be constant over the time: Zn 327 

concentration remained around 0.5 mg/L and it was the highest concentration detected when 328 

comparing to other elements that respect the following relationship: Cd < Pb < Cu < Zn (data 329 

not shown). These pollutants were more abundant in the bottom zone than in the inflow and 330 

upper zones (p-value = 0.0195) (Figure 4 A). The PAHs, taken individually, harbored two 331 

clusterization patterns for 12 out of 16. So they were clustered according to the zone 332 
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(fluoranthene, pyrene, phenanthrene, benzo(a)anthracene, benzo(a)pyrene, hereafter “5 333 

PAHs”) or the period of sampling (naphthalene, acenaphthene, fluorene, 334 

benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene, 335 

hereafter “7 PAHs”). The 4 remaining PAHs (acenaphthylene, anthracene, chrysene and 336 

benzo(k)fluoranthene) were not considered in this study because they don’t exhibit any 337 

variability. The 5 PAHs were significantly more abundant in the inflow zone (p-value = 338 

0.0157), while the 7 PAHs were significantly more abundant during the summer (p-value = 339 

6.97x10-6) (Figure 4 B & C). 340 

DNA sequencing of the hsp65 PCR products yielded good quality reads for each 341 

sediment sample (Table 3). Throughout the three sampling sites, the hsp65 metabarcoding 342 

analytical scheme revealed a high diversity through the actinobacterial community according 343 

to Shannon index higher than 5 in all the samples except of SP2 in autumn (Table 3) and the 344 

Shannoneven index at 0.8 indicates that microbial populations are on evenness proportions. 345 

On a total of 320,760 reads allocated to the Actinobacteria class, 125,378 could not be 346 

allocated to a defined order. The Mycobacterium genus was the most abundant with 132,379 347 

reads representing about 41.3% of the identified actinobacteria, but 92,757 reads from this 348 

genus could not be allocated to a specific species within the Mycobacterium genus. Part of the 349 

most abundant Mycobacterium species were not pathogen such as M. neglectum (31.8%) or 350 

M. sediminis (19.4%) but some others were opportunistic nontuberculous Mycobacteria (M. 351 

doricum: 22.7%, M. fluoranthenivorans: 2.1% or M. manitobense: 1.2%). The Streptomyces 352 

genus was another important group representing 2.7% of the identified Actinobacteria but no 353 

pathogenic species were recovered. Gordonia and Nocardia genus represented each about 354 

0,4% and 0.2% of identified Actinobacteria, respectively. 355 

 The hsp65 metabarcoding approach gave a more general view of Nocardia diversity 356 
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in SIS allowing resolution to the species level (Figure 3). Regarding the Nocardia community 357 

detected in the DRIB (Figure 3), on the 507 Nocardia affiliated reads, only 203 reads could 358 

not be identified at the species level, indicating part of diversity that still needs to be resolved.  359 

To confirm the accuracy of the Wang text-based Bayesian taxonomic classifications 360 

performed with MOTHUR (48), representative sequences of the Nocardia hsp65-OTUs were 361 

analyzed by BLASTn searches using the GenBank database. These searches confirmed all 362 

taxonomic inferences and showed that the unclassified sequences did not share enough 363 

identities to be clearly allocated to a particular species taking into account the chosen species 364 

identification criterion. However, even in these cases, closest results in terms of sequence 365 

similarity belonged to Nocardia genus. Hereafter, only reads allocated to well-defined species 366 

were analyzed and compared. A total of fourteen Nocardia species (relative abundance >1%) 367 

could be tracked using the hsp65 metabarcoding approach (Figure 3). Most of these are 368 

opportunistic pathogens which also belong to the species the most clinically relevant in 369 

France (the classification of most/intermediate/less frequent pathogens was based on Lebeaux 370 

et al. (43)). In autumn, the most prevalent Nocardia species in the SIS (inflow, bottom, upper 371 

zones) were N. cyriacigeorgica and N. nova (clinically-relevant) together with N. asteroides 372 

and N. cummidelens. A segregation between zones was observed (Figure 3). N. 373 

cyriacigeorgica hsp65 reads were mainly observed in bottom zone (humidity rate = 72%) of 374 

the DRIB, while N. nova reads were mainly recovered from the inflow zone (water saturated 375 

samples). In spring, N. asteroides hsp65 reads were observed in the three zones, and this 376 

species appeared to be the most prevalent in this environment. Reads from nonpathogenic N. 377 

globerula and the complex N. abscessus/asiatica (human pathogens) were also obtained in 378 

high numbers in the inflow and upper zones. In summer, most of the detected species were 379 

non-pathogenic ones: N. globerula showed the highest number of reads over the DRIB, but N. 380 

salmonicida (a fish pathogen) reads were higher in the inflow zone (see Figure 3 for a 381 
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summary of the taxonomic allocations). 382 

Table 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 

SP1 6.769454 0.850362 14,852 6.417540 0.809400 20,781 6.223242 0.789785 18,477 

SP2 4.599154 0.618105 20,279 5.138384 0.668644 21,826 6.114367 0.767870 20,255 

SP3 6.372891 0.806140 16,725 6.049869 0.776262 19,069 6.129255 0.782352 18,223 

SP4 6.451997 0.807211 17,855 6.105381 0.777861 19,702 5.597741 0.729251 16,189 

SP5 6.147986 0.787445 16,296 5.602082 0.741520 14,079 5.602386 0.734353 21,506 

Bottom 

SP6 5.862727 0.763773 15,311 6.324151 0.800348 15,733 6.416230 0.808466 20,265 

SP7 5.402151 0.710725 21,924 5.654639 0.731502 21,151 6.048270 0.769293 21,551 

SP8 6.374864 0.802821 19,138 6.418229 0.808028 17,795 6.207508 0.782555 22,832 

SP9 6.621081 0.835147 17,992 5.838846 0.752964 16,046 6.156486 0.778947 23,940 

SP10 6.360877 0.810332 19,628 6.180622 0.787997 15,732 6.580971 0.829486 16,981 

Upper 

SP11 6.597122 0.830997 19,100 6.246701 0.788356 18,921 7.194320 0.873336 25,995 

SP12 6.013042 0.764439 19,922 6.188532 0.779951 19,689 7.179103 0.877277 22,632 

SP13 6.879646 0.858737 17,783 6.350625 0.800308 19,069 7.185295 0.878364 24,621 

SP14 6.405939 0.807024 17,387 5.948913 0.754248 19,584 7.126191 0.873712 23,833 

SP15 6.636493 0.833514 17,664 6.278243 0.795136 17,258 6.496152 0.814367 24,676 

Shannon is indicative of microbial community diversity whereas Shannoneven is 385 

indicative of the evenness proportion of different populations within the microbial 386 

community.  387 

  388 

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 
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Regarding the relative abundance of Nocardia species, they were clustered according 396 

to their potential health hazard or not. The pathogenic species are significantly less abundant 397 

in spring and in summer than in autumn and different between these two first seasons (p-398 

values = 0.04066 for spring vs autumn and 0.02953 for summer vs autumn). The non-399 

pathogenic species, i.e. not recognized as implicated in human nocardiosis, are most present 400 

in the upper zone than in the two others (p-value = 0.0294 for the upper zone vs inflow and 401 

bottom zones) (Figure 4 D & E). 402 

When we compare both physical-chemical parameters and Nocardia relative 403 

abundance, we could see that there exists a clusterization according to the sampling areas. 404 

Humidity and 5 PAHs explained the clusterization in the inflow zone, while only non-405 

pathogenic Nocardia species explained the clusterization in the upper zone. In the bottom 406 

zone, the explaining parameters were the pathogen Nocardia species, 7 PAHs, the soil 407 

granulometry and the heavy metals content (Figure 5 A&B). 408 

The correlogram highlighted the potential correlation between metal trace elements 409 

and the relative abundance of non-pathogenic and pathogenic Nocardia species (Figure 6). 410 

Indeed, a negative correlation was observed between the presence of zinc and mercury (p-411 

value < 0,03) and the non-pathogenic species while there was a positive correlation between 412 

the presence of mercury and cupper and pathogenic species. It could be also noted a negative 413 

correlation between the 7 PAHs and the relative abuncance of pathogenic species (p-value < 414 

0,08). 415 

To support the inferences made by the hsp65 metabarcoding approach, attempts at 416 

isolating N. cyriacigeorgica strains from the DRIB sediment samples were performed. An 417 

averaged N. cyriacigeorgica plate count number of 1.0×103 CFU/g dry sediment was obtained 418 

(Figure 1). From these platings, some isolates were purified, and twelve were confirmed to be 419 
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N. cyriacigeorgica strains (by rrs and hsp65 gene-based typing) and named DjR1 to 12 420 

(2015-2016 isolates) and EML1456, already sequenced in Vautrin et al. (42) (Table 2). 421 

Several other species were also detected (N. abscessus, N. nova, N. ignorata, N. asteroides, N. 422 

salmonicida, etc.) but out of scope in this study. The DjRm13-15 are sequences identified 423 

according to the metabarcoding analysis on the sampled sediments of the DRIB (2015-2016). 424 

Location of these SIS isolate community and sequences over the DRIB is indicated on Figure 425 

1. Deeper taxonomic allocations of these strains by phylogenetic analysis are shown below. 426 

3.2. Phylogenetic relatedness of SIS and clinical isolates 427 

To go deeper into the evaluation of health hazards that can be associated with SIS N. 428 

cyriacigeorgica isolates, we obtained the phylogenetic trees built from individual locus and 429 

concatenated genetic loci (rrs, hsp65, sodA, secA1) (Figure 7). The phylogenetic tree based on 430 

rrs gene grouped all the clinical and environmental N. cyriacigeorgica strains into a single 431 

phylogroup (data not shown). The phylogenetic tree obtained from hsp65 gene sequences of 432 

the analyzed strains in this work showed a distribution into three significant phylogroups (PI, 433 

PII and PIII) that matched previous groups defined by Schlaberg et al. (9). Thanks to some 434 

sequences representatives from the metabarcoding analysis and integrated in hsp65-tree, we 435 

could observe that different genotypes were splited onto two different hsp65-phylogroups (I 436 

and III) for N. cyriacigeorgica species (Figure 7A: DjRm sequences only). Phylogroup I (PI) 437 

harbored the N. cyriacigeorgica type strain hsp65 sequence, environmental sequences 438 

obtained from the metabarcoding analysis (DjRm.12 and DjRm.14) and French clinical 439 

strains, including one belonging to a patient from Lyon, which was a resident in the 440 

geographic area of the DRIB. This phylogroup can be seen as a clonal complex as it 441 

encompassed 5 different OTUs issued from the metabarcoding analysis. Phylogroup II (PII) 442 

harbored clinical strains including GUH-2. Phylogroup III (PIII) also harbored environmental 443 
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sequences obtained from the metabarcoding analysis (DjRm.13, SIS N. cyriacigeorgica 444 

isolates (EML446, DjR.1 and DjR9) and clinical strains. Only 1 OTU joined this phylogroup. 445 

Bootstrap values were >80 only for PI (85) and PIII (98) (Figure 7a). 446 

For sodA and secA1, the phylogenetic tree structures were in agreement with the one 447 

derived from hsp65 gene (data not shown). The MLSA phylogenetic tree of concatenated 448 

gene sequences increased the reliability of the groupings (Figure 7B). This tree better resolved 449 

the relatedness of the SIS isolates with the clinical strains. Low infra-specific divergences 450 

were observed within PI (similarity mean = 99.7%, min-max = 99.4-100%) and PII (similarity 451 

mean = 99.8%, min-max = 99.6-100%). In PIII, infra-specific divergences were higher (mean 452 

identities = 99.5%, min-max = 99.2%-100%) (Supplementary Table 1). However, only PI and 453 

PIII clustered clinical and environmental strains, instead of PII that clusters only clinical 454 

strains. The MLSA tree showed a clear phylogroups distribution harboring SIS and also 455 

clinical strains from the French Observatory of Nocardiosis. These phylogroups that matched 456 

those of hsp65 ones. So, in the same way as for hsp65 tree, we can state that MLSA-457 

phylogroup I represent a clonal complex inside N. cyriacigeorgica species.  458 

3.3. EML 446 and GUH-2 genome comparisons 459 

The whole genome sequencing (WGS) of DRIB N. cyriacigeorgica EML446 (MLSA-460 

PIII) resulted in the obtaining of 41 contigs that could be assembled into a circular 461 

chromosome of 6,530,670 bp with a G+C content of 68.21%. This genome encodes 51 tRNA, 462 

3 rRNA and 6,230 CDSs (coding sequences). Analysis on the MicroScope platform with the 463 

Virulome tool highlighted the presence of 130 CDSs (i.e. 2.09% of the CDSs) that can be 464 

involved in virulence in EML446 (MLSA-PIII) while 108 CDSs involved in virulence were 465 

found among GUH-2 (MLSA-PII), the model strain to investigate virulence in Nocardia. 466 

Among these CDSs, 96 were found to be in common. A Venn diagram was drawn to highlight 467 
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the number of shared CDSs between N. cyriacigeorgica EML446 (MLSA-PIII), GUH-2 468 

(MLSA-PII) and DSM 44484T (MLSA-PI), and N. farcinica IFM10152T and M. tuberculosis 469 

H37Rv (Figure 8a). The EML446 genome shared 4,392 CDSs with GUH-2 and 4,883 with 470 

DSM 44484T. GUH-2 and DSM 44484T shared 4,408 CDSs, and the number of shared CDSs 471 

between any N. cyriacigeorgica strain and N. farcinica IFM 10152T or M. tuberculosis 472 

H37Rv was lower. Comparison of 11 gene families between these genomes did not show 473 

many differences except for polyketide synthase (27 for M. tuberculosis compared to 7 for the 474 

three Nocardia genomes), lipoproteins (62 compared to 7-16) and PE_PGRS ((proline-475 

glutamic acid_polymorphic guanine-cytosine-rich sequence) 62 compared to 0-1). Only the 476 

NRPS (nonribosomal peptides synthetases) CDSs were lower for Mycobacterium, having 3 477 

compared to 14-17 for Nocardia (Table 4). According to these analyses, the EML446 strain 478 

from the UIB polluted sediments has the genetic potential to be as virulent as the N. 479 

cyriacigeorgica GUH-2 clinical isolates. On the other hand, the MAUVE analysis highlights a 480 

decrease in CDSs content in the region of genomic plasticity (RGP) between the two genomes 481 

N. cyriacigeorgica EML446 and GUH-2 (Figure 8b)482 
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Table 4. Number of virulence CDSs (coding sequences) per functional categories shared between N. cyriacigeorgica GUH-2, EML446 and two 483 
other pathogenic species N. farcinica IFM10152T and Mycobacterium tuberculosis H37Rv: 484 
 485 

Virulence CDSs 
N. cyriacigeorgica 

EML446 

N. cyriacigeorgica 

GUH-2 

N. farcinica 

IFM10152T 
M. tuberculosis 

H37Rv 

PKS (polyketide synthase) 7 7 7 27 
NRPS (nonribosomal 
peptides synthetases) 

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 
guanine-cytosine-rich 
sequence) 

1 1 0 62 

sod (superoxide 
dismutase) 

2 2 2 2 

mce (mammalian cell 
entry 

6 6 7 4 

cat (catalase) 3 3 3 1 
narBGHIJK (nitrate 
reductase) 

6 6 5 6 

nirBD (nitrite reductase) 2 2 2 2 

 486 
Note: number of genes were found by keyword search tool on the MicroScope platform (http://www.genoscope.cns.fr/agc/microscope/). 487 
Virulence genes were selected according to (43). 488 

 489 
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3.4. Physiopathology of N. cyriacigeorgica in a murine model of transient immunoparalysis 490 

In the present study, 37% of the CLP-operated mice died prior to the instillation step 491 

(37/101) in accordance with the model of septic immunoparalysis established by Restagno et 492 

al. (45). Five days after the first hit, i.e. the CLP operation, Sham and CLP-operated mice 493 

were randomized as described in Figure 2. 494 

The survival results showed a survival rate of 100% after 41 days for Sham-NaCl and 495 

CLP-NaCl groups. For mice intratracheally instilled by a load of Nocardia at 1.0×106 496 

CFU/mouse, Sham-EML446 showed the same survival rate (Figure 9). In the Sham-GUH-2 497 

group, only one mouse died at D6 (survival rate = 86% (6/7 mice)). For both the CLP-GUH-2 498 

and CLP-EML446 groups, during the first 10 days following intratracheal bacterial 499 

challenges, the survival rates were not statistically different (p-value = 0.36): CLP-GUH-2, 500 

survival 67% (6/9 mice) and CLP-EML446, survival 64% (7/11 mice). A second episode of 501 

mortality occurred at 30 days for CLP-GUH-2, decreasing the survival rate at 44% (4/9 mice). 502 

As compared to respective sham groups survival decreased significantly for CLP-GUH2 (p-503 

value = 0.02) and CLP-EML446 (p-value = 0.04) groups. 504 

The TCBD (time course bacterial detection) experiment showed that in the Sham-505 

operated group, soon after intratracheal instillation, the lung was the primary infection site of 506 

Nocardia, but other organs were also affected. At D4, 4/5 Sham-GUH-2 mice presented 507 

Nocardia in the lungs; in two of them, Nocardia was detected in all the studied organs (Table 508 

5). Only in one mouse, Nocardia could not be detected. At D10 and D33, the number of 509 

organs positive for Nocardia decreased except in the lungs (2/3 mice at D10 and 3/4 mice at 510 

D33) and kidneys (1/3 at D10 and 3/4 at D33). For the Sham-EML446 mice, the occurrence 511 

rate and dissemination were lower than for the Sham-GUH-2 mice. At D4, Nocardia was 512 

found in the lungs of 3/5 mice, but the incidence in other organs was lower (1/5) and even 513 
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null in the brain and spleen. At D10, only 1/5 mice presented Nocardia in each organ, and 514 

nothing was detected at D33. However, Nocardia was found in all organs of one mouse at 515 

D41. 516 

In the CLP-operated group, at D4, the presence of Nocardia was observed in all of the 517 

inspected lungs for both strains (5/5 for CLP-GUH-2 and 6/6 for CLP-EML446), but it was 518 

almost missing in the other organs (only in 3/5 CLP-GUH-2 and 2/7 CLP-EML446 in the 519 

kidneys). At D10, 100% of the inspected lungs were still positive for Nocardia, and all the 520 

other organs became progressively positive: 3/5 (CLP-GUH-2) and 4/4 (CLP-EML446) 521 

positive in the kidneys, 4/5 (CLP-GUH-2) and 3/4 (CLP-EML446) positive in the brains and 522 

spleens, 3/5 (CLP-GUH-2) and 3/4 (CLP-EML446) positive in the livers. At D33, the 523 

presence of Nocardia in the lungs remained especially high for CLP-GUH-2 mice (7/8) but 524 

relatively low for CLP-EML446 mice (2/5). Dissemination in other organs was almost similar 525 

for both strains excepting for the liver. At D41, almost all the organs of CLP-EML446 mice 526 

were positive at high rates (Table 5). As expected, no NaCl-operated mice (controls) showed 527 

Nocardia cells in their organs. 528 

Table 5. Heatmap representing rates of contaminated mice by N. cyriacigeorgica and 529 

detected with specific Nocardia-genus PCR. Mice were sacrificed 4, 10 and 33 days after 530 

instillation for the GUH-2 strain and until 41 days for the EML446 strain. Lungs, brain, 531 

kidneys, spleen and liver were sampled for Nocardia detection. Clinical strain GUH-2 is 532 

colored in blue, and environmental EML446 is colored in orange. The deeper is the color, the 533 

more contaminated are the mice. The heatmap only reveals the presence or absence of 534 

Nocardia but is not quantitative. H some organs were used for histological analysis and were 535 

not available for bacterial detection since it is not technically possible to do both. n=x 536 

corresponds to the number of mice reserved for histological analysis. 537 
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 Lungs Kidneys Brain Spleen Liver 

Sham-
GUH-2 

4 days 4/5 2/5 2/5 2/5 2/5 
10 days 2/3 1/3 0/3 0/3 0/3 
33 days 3/4 3/4 1/4 2/4 0/4 

Sham 
EML446 

4 days 3/5 1/5 0/5 0/5 1/5 
10 days 1/5 1/5 1/5 1/5 1/5 
33 days 0/2 0/2 0/2 0/2 0/2 
41 days 1/3H n=2 1/5 1/5 1/5 1/5 

CLP 
GUH-2 

4 days 5/5 3/5 0/5 0/5 0/5 
10 days 5/5 3/5 4/5 4/5 3/5 
33 days 7/8 4/8 4/8 3/8 0/8 

CLP 
EML446 

4 days 6/6 H n=1 2/7 0/7 0/7 0/7 
10 days 4/4 4/4 3/4 3/4 3/4 
33 days 2/5 3/5 3/5 2/5 3/5 
41 days 4/4 H n=3 7/7 4/5 H n=2 7/7 6/7 
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GUH-2 EML446 
0 – 19 % 0 – 19 % 

20 – 39 % 20 – 39 % 
40 – 59 % 40 – 59 % 
60 – 79 % 60 – 79 % 

80 – 100 % 80 – 100 % 
 540 

In the lungs of CLP-EML446 mice (1/1), histological signs of pneumonia similar to 541 

nocardiosis were clearly observed, as histologic pictures showed multiple cavity lesions at D4 542 

(Figure 10A & B). A strong mononuclear infiltrate in the periphery of the microabscesses 543 

among the collagen fibers was also observed (Figure 10A1, A2 & B3). The presence of 544 

numerous filamentous bacteria in the caseous necrosis area suggests that these granulomatous 545 

lesions were infectious and that the mice developed nocardiosis (Figure 10B). At D41, 1/3 546 

CLP-EML446 mice exhibited mild pneumonia (Figure 10C). Nothing was observed at D41 in 547 

Sham-EML446 mice (0/2) (Figure 10D). As expected, no histological lesions in any organ 548 

were observed for Sham-NaCl (n=2 at day 41) or CLP-NaCl (n=2-3 at D4, D10, D33 and n=6 549 

at D41) mice. No lesions were found in the brains of CLP-EML446 mice at D41 (n=2). No 550 
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specific nocardiosis lesions were found in other organs (kidney, spleen, liver) at D4, D10, 551 

D33 of either Sham-EML446 (n=2/organ) or CLP-EML446 (n=2/organ) mice. At D41, no 552 

specific nocardiosis lesions were found in kidney, spleen, liver of Sham-EML446 (n=5/organ) 553 

mice, but small granulomas were observed in the livers of 5 CLP-EML446 (n=7/organ) mice 554 

(Figure 10E). 555 

4. Discussion 556 

The dissemination of hazardous biological agents in cities, outside hospital settings, remain 557 

largely under explored. Urban soils and waters can offer shelters for some pathogenic micro-558 

organisms such as the opportunistic ones. With their increasing contact with human 559 

populations, these pathogens might be undergoing selective processes that will make them 560 

better fit for a colonization of the human host. Furthermore, urban chemical pollutants seem 561 

to generate a “dangerous liaison” with these micro-organisms as demonstrated by Cui et al. 562 

(49) who found the presence of 16 bacterial genera harboring pathogenic species such as 563 

Aeromonas and Mycobacterium in polluted lakes in an industrial area in China. Furthermore, 564 

Chulan et al. (50) showed a relation between concentrations of chemical pollutants and 565 

airborne pathogenic bacteria in air samples. Regarding Nocardia, also, some authors have 566 

already described a potential relationship between organic pollutants and presence of 567 

Nocardia. As explained by Arrache et al. (51) this relationship could explain the infective 568 

source associated to a case of cerebral nocardiosis of an immunocompetent individual 569 

exposed to the inhalation during a long period of time of dusts rich in hydrocarbons in a 570 

refinery which probably hosted the Nocardia cyriacigeorgica species responsible of his 571 

pathology.  572 

Nocardia are known to be widely spread among outdoor environments but several 573 

species represent a public health concern. This genus includes opportunistic pathogens that 574 
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primarily cause pulmonary infection following inhalation (52, 53). These species can cause 575 

pulmonary nocardiosis in immunocompromised individuals associated with high-dose 576 

corticosteroids treatments (53, 54). Non-immunocompromised patients like cigarette smokers, 577 

or those affected by bronchiectasis and acute bronchitis, and other chronical pulmonary 578 

diseases, are also at risk of pulmonary nocardiosis. These clinical pictures affect about 60 579 

million people around the world, according to the WHO, and are often related to high 580 

atmospheric pollution including high content in aerosolized dusts. These dusts can be 581 

generated by several urban components such as motor engines, chemical industries, garbage 582 

incinerators, stored garbage on sidewalks, plant and animal detritus, etc. They are 583 

accumulating on urban surfaces and washed away with the runoff waters during rain events or 584 

aerosolized. Polluted urban runoffs are nowadays transferred either to wastewater treatment 585 

plants (WWTP), SIS, or natural waterways. These washed urban sediments can thus create 586 

novel growth conditions for opportunistic human pathogens that are known to be well-adapted 587 

for a growth on chemical pollutants. Results obtained in this study supported this hypothesis 588 

as high numbers of N. cyriacigeorgica cells were observed among SIS sediments, and these 589 

cells were allocated to a MLSA-phylogroup harboring clinical strains that had been involved 590 

in lung infections. Other pathogenic Nocardia species such as N. abscessus (associated 591 

mainly with cerebral and pulmonary infections), N. nova (related with pulmonary and 592 

cutaneous cases), and N. otitidiscaviarum (causing mainly cerebral infections and multidrug 593 

resistant) were also identified among SIS through the use of a novel metabarcoding approach 594 

based on the hsp65 gene target. These species can thus also be disseminated through SIS and 595 

aerosolized deposits. 596 

Sediments analyzed from the DRIB showed variable water contents, high hydrocarbon 597 

pollution and variable plant cover. The main pollution recorded in this urban environment is 598 

due to PAHs. The high amount of PAHs has a pyrogenic origin according to the 599 
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phenanthrene/anthracene <10 and fluoranthene/pyrene >1 ratio for all the samples in 600 

accordance with Budzinski et al. (55) and Yunker et al. (56). This pyrogenic origin could be 601 

explained by the industrial activity in this area and the engine gasoline combustion. No 602 

petrogenic origin could be identified in this study, contrary to Marti et al. (16) that reported a 603 

petrogenic origin for most of the PAHs in the detention basin upstream the infiltration basin, 604 

indicating a good performance in removing oils from water and avoiding the plugging of the 605 

infiltration basin. Nadudvari & Fabianska (57) reported a pyrogenic origin in sediments in a 606 

river in Poland arising from runoff water and city waste combustion. The same phenomenon 607 

was first described by Radke & Welte (58) in oil wells in Canada. Five of the detected PAHs 608 

(phenanthrene, fluoranthene, pyrene, benzo(a)anthracene and benzo(a)pyrene) were already 609 

reported by Sebastian et al. (59) in the same DRIB as being specially more abundant for the 610 

inflow zone which is confirmed by our study. On the other side, we observed a group of 7 611 

PAHs (naphthalene, acenaphthene, fluorene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, 612 

benzo(ghi)perylene, indeno(1,2,3-cd)pyrene) that are more abundant in summer regardless the 613 

measured zone which agrees with the study of Belles et al., (2016) also in the same studied 614 

system. Regarding the correlation between pollutants and relative abundancy of Nocardia, 615 

this high amount of PAHs seems to inhibit the development of Nocardia species, while metal 616 

trace elements can be an explicative factor of pathogenic species presence in the bottom zone 617 

of this infiltration basin. Regarding the influence of PAHs in pathogenic Nocardia, the upper 618 

zone, considered as the less contaminated zone, was the one with lowest counts in N. 619 

cyriacigeorgica. So, we could consider that upper zones represent a low risk of infection by 620 

aerial pathway as respiratory infections are the most usual in nocardiosis. However, other 621 

pathways should not be excluded (e.g. direct contact with water, transmission to phreatic zone 622 

below, etc.). Moreover the persistence of pathogenic Nocardia in humid areas could be seen 623 
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as a reservoir as it could be transmitted by aerosolization in eventually favorable 624 

environmental conditions (e.g. dryer period).   625 

Hsp65-based metabarcoding revealed as a powerful tool in the identification at species 626 

level of Actinobacteria but showed some limitations evidenced by the number of reads that 627 

could not be assigned to this class. This may be possibly due to the lack of hsp65 sequences in 628 

used database for many Actinobacteria taxa. However, obtained results from this hsp65 629 

metabarcoding analysis concerning species-level Nocardia taxa, showed that water content 630 

was found to be explicative of some distribution patterns. Shannon indices highlighted a high 631 

diversity within the sampled sediments but similar values could indicate a low variability 632 

between the samples in a same area. The lower diversity within the SP2 sample in autumn 633 

(according to its Shannon index) could be explained by the fact that this sample point was the 634 

one with the highest humidity rate among those of the other sample points of the inflow area 635 

(max humidity ≥115%). Extremely high humidity rates may favor the development of few 636 

bacterial communities detrimental to others. In this study, we observed that a high water 637 

content (≥112%) was related to the higher number of N. abscessus and N. nova hsp65 reads, 638 

and intermediate conditions (around 72% sediment moisture) led to the higher number of N. 639 

cyriacigeorgica hsp65 reads. Most of the species found with the metabarcoding tool were also 640 

detected by cultural method reinforcing the validity of this first approach. However, no 641 

quantification nor comparison of the accuracy of these techniques was in the scope of this 642 

work. 643 

These observations suggest N. cyriacigeorgica to be the most worrisome species as its 644 

environmental conditions for isolation are those present the most part of the year in the 645 

studied system and besides, according to Zoropogui et al. (43) this species presents a likely 646 

ongoing evolution towards a higher tropism for the human host. This led us to further 647 
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investigate the SIS N. cyriacigeorgica isolates. The phylogenetical analysis demonstrated 648 

close relationships between the clinical and some of the SIS N. cyriacigeorgica of this study. 649 

Moreover, a recent clinical strain from a patient living in the Lyon area was also positioned in 650 

one of the MLSA-phylogroups harboring SIS’s N. cyriacigeorgica strains, allowing us to 651 

wonder of the source of infection of this person. In fact, clinical strains and environmental 652 

ones could not be segregated into distinct clusters. This supports the idea that all strains of N. 653 

cyriacigeorgica represent a human health hazard. Direct exposures through inhalation could 654 

thus result in pulmonary nocardiosis. However, the degree of exposure with the human host 655 

could have generated a gradient of virulence potentialities going from mild to severe. This 656 

hypothesis was verified with the results of the genomic and ‘in vivo’ comparison of GUH-2 657 

and EML446 strains. 658 

Regarding the genomic analysis, the genome size of SIS N. cyriacigeorgica EML446 659 

(6,530,670 bp) was found to be larger than the one of clinical GUH-2 (6,194,645 bp). In 660 

general, opportunistic pathogens present in an environmental reservoir harbor a larger 661 

genome, conferring a greater versatility in the use of nutrients and in the ability to resist at 662 

certain environmental constraints (60). However, the differences in genome size between 663 

EML446 and clinical GUH-2 are low, and not in favor of a size reduction related to greater 664 

interactions with the human host. Furthermore, the content in virulence genes between these 665 

strains did not differ substantially but its distribution is variable in both genomes. Indeed, 666 

Zoropogui et al. (43) had already demonstrated that part of the virulence genes of clinical 667 

GUH-2 strain is contained in the RGPs (region of genomic plasticity) (Figure 8b). In fact, 668 

several CDSs found in N. cyriacigeorgica EML446 could play part in lung colonization. For 669 

example, mbt is involved in the development of slow-growing bacteria in tissues under iron 670 

limitations, e.g. in the lung (61). In addition, the presence of CDSs coding for lipoproteins 671 

may contribute at the intracellular lifestyle of N. cyriacigeorgica. Actually, Li et al.  (62) 672 
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demonstrated that a large amount of lipoproteins improves survival of another actinobacteria, 673 

Mycobacterium smegmatis, in macrophage cells and murine lungs. Finally, CDSs such as 674 

PE_PGRS30, PG_PGRS33 and PE_PGRS41, were shown to be essential for entry and 675 

intracellular survival in macrophages. These virulence genes were also recorded in clinical N. 676 

cyriacigeorgica GUH-2 strain. This suggests that virulence of these two strains on a mouse 677 

model (or in human) should be similar.  678 

Anyway, our work focused in a limited number of virulence genes (43) so, it would be 679 

interesting further complete virulome studies including more genomes from other Nocardia 680 

species and from other pathogenic microorganisms in order to obtain more information about 681 

the genetic factors of the virulence in Nocardia. 682 

However, changes in regulatory pathways might have generated some changes in the 683 

fine-tuning of the expression of virulence genes, and modified the clinical outcomes. This is 684 

hardly detected by simple genomic comparisons, and would require gene expression profile 685 

analyses as performed by Cruz-Rabadán et al.  (64). Nevertheless, it must be noted that the 686 

GUH-2 MLSA-phylogroup (PII) diverged from the EML446 MLSA-phylogroup (PIII), 687 

suggesting adaptation and selection for distinct context (human vs environment). This on-688 

going adaptation of the GUH-2 lineage is certainly due to repeated passed through humans, 689 

and this hypothesis thus needed to be studied. 690 

The pathophysiology of N. cyriacigeorgica has been extensively studied in 691 

immunocompetent murine models (9). However, nocardiosis has a higher occurrence in 692 

immunocompromised patients, and this led us to use a transient immunoparalysis (induced by 693 

mild CLP) mouse model to compare the virulence potentialities of GUH-2 and EML446. This 694 

is the first report describing the use of this model system with Nocardia cells, but previous 695 

validations had been performed with P. aeruginosa cells (45). Compared on this latter study, 696 
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our Nocardia cell instillations at 1.0×106 CFU/ CLP mouse led to a lower survival at D8 697 

(CLP-EML446 = 64%, CLP-GUH2 = 67%) than the one obtained with P. aeruginosa at the 698 

same concentration after the same period of time (CLP=93%) (45). Furthermore, in our study, 699 

thirty days after GUH-2 instillations, a second mortality wave decreased considerably this 700 

survival rate (CLP-GUH-2=44%), which remained much lower than the one obtained with P. 701 

aeruginosa. When extrapolated to humans, these differences in behavior become of high 702 

importance in diseases in which both N. cyriacigeorgica and P. aeruginosa may cohabit. This 703 

has been the case in some patients with cystic fibrosis, as reported by Rodriguez-Nava et al. 704 

(2). Traditionally, in these cases, primary antibiotic treatments will target P. aeruginosa 705 

because it is considered the main pathogen associated with lung deteriorations. Our study 706 

shows that the infective process of N. cyriacigeorgica must not be underestimated and that a 707 

treatment targeting both pathogens should be performed. This strategy has already been 708 

applied, and improved the clinical outcomes (2). 709 

It is to be noted that based on this study, a small window of immunoparalysis due to 710 

CLP in mice was found sufficient to promote the colonization, persistence and dissemination 711 

of N. cyriacigeorgica. This observation could also be extrapolated to humans for which 712 

during a period of illness, the immune system of the patients is weak (diabetes, cancer, etc.) 713 

allowing the colonization of Nocardia in the infected organ during this “immunosuppressive 714 

window”. Indeed, some patients considered immunocompetent may have had a history of 715 

disease (65). So, according to our observations, we can state that locations presenting 716 

environmental conditions similar to the studied UIB in terms of humidity and metallic trace 717 

elements, may suppose an infective risk for weak populations. 718 

Our study presents some limitations. For example, we studied a single UIB with its 719 

own geological, hydrological, chemical and vegetative characteristics. We must then be 720 
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prudent in extrapolating the obtained results to any other UIBs. In this work, we compared the 721 

virulence of clinical and environmental strains of N. cyriacigeorgica, however just a single 722 

representative of each has been chosen. So, obtained conclusions should be carefully 723 

extrapolated to all N. cyriacigeorgica clinical and environmental strains. 724 

However, our work has several strengths. For the first time, an urban, humid and 725 

polluted environment (an UIB) was used to study the spatiotemporal distribution of pathogens 726 

such as N. cyriacigeorgica. Moreover, we used the MLSA approach with precise gene 727 

concatenation (rrs-hsp65-sodA-secA1) to identify clonal lineages between clinical and 728 

environmental strains of N. cyriacigeorgica. In addition, according to the results obtained in 729 

this approach, it may be possible that N. cyriacigeorgica were a complex and not a single 730 

species, taking into account the presence of three MLSA-phylogroups whose taxonomy levels 731 

remains to be specified. We used, for the first time, the hsp65 marker for the metabarcoding 732 

approach, allowing us to evaluate Nocardia biodiversity and to directly detect N. 733 

cyriacigeorgica in the urban sediments of an UIB. This new marker could also be used to 734 

track Nocardia in other environments. For the first time, the hazardousness of an 735 

environmental strain of N. cyriacigeorgica isolated from an UIB was studied by complete 736 

genome sequencing and by a murine model of transient immunoparalysis, which better 737 

mimics the population most frequently targeted by this pathogen. 738 

5. Conclusion 739 

This study presents, for the first time, a complete inventory of Nocardia causative 740 

agents of human nocardiosis found in a HAP-polluted urban infiltration system. This study 741 

was made possible by the development of an innovative metabarcoding hsp65-based 742 

approach. This led to the detection of the highly frequent species found in nocardiosis 743 

worldwide such as N. cyriacigeorgica, N. nova, and N. abscessus. The number of reads per 744 
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species were found related with the field conditions. N. cyriacigeorgica was the most 745 

abundant pathogenic species, which makes this species the most worrisome in this kind of 746 

environments taking into account its epidemiologic characteristics. This led us to perform 747 

rounds of isolation of this bacterial species, and investigate more deeply their molecular 748 

epidemiology. A MLSA approach demonstrated a close proximity between the SIS N. 749 

cyriacigeorgica isolates and the clinical ones. However, these strains were mostly distributed 750 

in MLSA-phylogroup III, and not recorded in the MLSA-phylogroup II harboring the most 751 

virulent isolate recorded so far i.e. GUH-2.. This suggested a significant diversification 752 

between these strains that could be indicative of a distinct tropism for the human host. This 753 

led us to compare the full genome of one SIS isolate with the one of GUH-2. No distinction in 754 

their virulence gene contents could be made, suggesting similar virulence potentialities. 755 

Experimentations were performed to test the virulence differences among these strains (and 756 

MLSA-phylogroups). GUH-2 strain was shown to be the most virulent isolate in an 757 

immunoparalysis CLP mice model but EML446, the SIS isolate, was also confirmed to be 758 

significantly virulent. This fact further supports the idea that all strains of this species can be 759 

pathogenic but with variable clinical outcomes. The GUH-2 lineage seems to be on-going an 760 

adaptation for animal hosts including humans. These differentiations linking MLSA-761 

phylogroups and virulence will now need to be tested on a larger number of strains. The 762 

presence of pathogenic Nocardia is positively correlated to metallic trace elements and they 763 

can be suggested to be indicators of their presence. On the other hand, we have observed a 764 

negative correlation between PAHs and relative abundance pathogenic Nocardia, so these 765 

pollutants cannot be used as indicators of these bacteria. Overall, this study shows that humid 766 

and polluted environments such as UIBs may represent a health hazard for adjacent 767 

populations through either direct exposure or through an aerosolization of dusts harboring N. 768 

cyriacigeorgica cells. 769 
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Figure 1. Aerial image of the Django-Reinhardt infiltration basin (DRIB) and position of the 

sampling points in the DRIB and placement of the three different sampling areas (inflow 

zone, bottom zone and upper zone). Px: DRIB sample point in which N. cyriacigeorgica was 

isolated and respective reference code. 

 



 

Figure 2A. Study design describing the experiment made with the immunosuppressed CLP 

(cecal ligature and puncture) (30%) murine model to compare the virulence of the SIS 

(stormwater infiltration system) and clinical N. cyriacigeorgica representative strains. Sham = 

mice that underwent laparotomy with exposition of the cecum but without CLP. CLP = 

intestinal tract externalization and puncture performed as described by Restagno et al.  (40). 

S= Survival experiment. TCBD = Time Course Bacterial Detection experiment. n = number 

of individuals in each group. * = surviving mice at the end of the ‘S’ experiment retrieved for 

‘TCBD’ one at D33 (GUH-2) or D41 (EML446). 
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Figure 2B: Mice distribution for the Time Course Bacterial Detection experiment (TCBD). * 

= Surviving mice from the end of the Survival experiment retrieved at the end of the TCBD 

one. a) lungs of two mice will be reserved for histological analysis, b) lungs of one mouse 

will be reserved for histological analysis. c) lungs of three mice and brains of two mice will 

be reserved for histological analysis. 
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Figure 3. DNA metabarcoding analysis of Nocardia genetic diversity among SIS (stormwater 

infiltration system) sediment samples using the hsp65 target. A total of 7,128 sequences per 

sample was analyzed. The relative proportion of the detected Nocardia species is presented in 

%. Species representing more than 1% over the total number of reads are indicated and only 

values > 10% are indicated. The classification of most/intermediate/less frequent pathogens 

was based on the most clinically relevant species in France epidemiology according to 

Lebeaux et al. (43). 

 



 

Figure 4. Boxplots explicative of the between-class analysis (BCA). A. 5 trace element 

metals: Cd (Cadmium); Cu (Copper); Hg (Mercury); Pb (Lead) and Zn (Zinc). P-value a = 

0.0195. B. 7 PAHs (polycyclic aromatic hydrocarbons): naphthalene, acenaphthene, fluorene, 

benzo(b)fluoranthene, dibenzo(a,h)anthracene, benzo(ghi)perylene, indeno(1,2,3-cd)pyrene. 

P-value a = 6.97x10-6. C. 5 PAHs: fluoranthene, pyrene, phenanthrene, benzo(a)anthracene, 

A D 

B E 

C 



benzo(a)pyrene. P-value a = 0.0157. D. Non-pathogenic Nocardia species: N. cummidelens, 

N. globerula, N. harenae, N. iowensis, N. jejuensis, N. pseudovaccinii, N. salmonicida, N. 

soli. P-value a = 0.0294. E. Pathogenic Nocardia species: N. abscessus, N. abscessus/asiatica, 

N. anaemiae, N. asteroides, N. brasiliensis, N. carnea, N. cerradoensis, N. cyriacigeorgica, 

N. ninae, N. nova, N. otitidiscaviarum, N. shimofusensis, N. sienata, N. vinaceae. P-values a = 

0.04055 and b = 0.02963. 

 



 
Figure 5 A. Between-Class Analysis (BCA) performed on physical-chemical parameters and 

Nocardia relative abundance from sediments of the Django-Reinhardt infiltration basin 

(DRIB). B. Explicative factors of the BCA. 7 PAHs (polycyclic aromatic hydrocarbons): 

naphthalene, acenaphthene, fluorene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, 

benzo(ghi)perylene, indeno(1,2,3-cd)pyrene ; 5 PAHs: fluoranthene, pyrene, phenanthrene, 

benzo(a)anthracene, benzo(a)pyrene; Cd (Cadmium); Cu (Copper); Hg (Mercury); Pb (Lead) 

and Zn (Zinc). Pathogenic Nocardia species: N. abscessus, N. abscessus/asiatica, N. 

anaemiae, N. asteroides, N. brasiliensis, N. carnea, N. cerradoensis, N. cyriacigeorgica, N. 

ninae, N. nova, N. otitidiscaviarum, N. shimofusensis, N. sienata, N. vinaceae ; non-

pathogenic Nocardia species: N. cummidelens, N. globerula, N. harenae, N. iowensis, N. 

jejuensis, N. pseudovaccinii, N. salmonicida, N. soli. 

 

B A 



 

Figure 6. Correlogram of the physical-chemical parameters and Nocardia pathogenic and 

non-pathogenic species relative abundance. 7 PAHs (polycyclic aromatic hydrocarbons): 

naphthalene, acenaphthene, fluorene, benzo(b)fluoranthene, dibenzo(a,h)anthracene, 

benzo(ghi)perylene, indeno(1,2,3-cd)pyrene ; 5 PAHs: fluoranthene, pyrene, phenanthrene, 

benzo(a)anthracene, benzo(a)pyrene; trace element metals: Cd (Cadmium); Cu (Copper); Hg 

(Mercury); Pb (Lead) and Zn (Zinc). 
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Figure 7. Molecular phylogeny of Nocardia cyriacigeorgica. A) Unrooted phylogenetic tree 2 

based on the hsp65 sequences (401 bp) from USA (Schlaberg et al., 2008), Canada 3 

(MacTaggart et al., 2010), India (Rudramurthy et al., 2015) and China (Xiao et al., 2016) 4 

isolates, and representative N. cyriacigeorgica sequences from the metabarcoding analysis, 5 

and the clinical and SIS strains reported in this study. OFN.5* corresponds to a patient from 6 

Lyon (France). DjR.1, DjR.8 and EML446 corresponding hsp65 sequences were used to 7 

represent the environmental cluster. B) Unrooted phylogenetic tree based on the rrs-hsp65-8 

sodA-secA1 concatenated sequences (1,845 bp). The maximum likelihood tree was 9 

A 
B 



constructed using MEGA software (version 7.0.16) after having aligned the sequences with 10 

ClustalW. The bootstrap values were calculated from 1,000 replicates, and those higher than 11 

80% are given at the corresponding nodes. Clinical strains are colored in blue, and 12 

environmental strains are colored in orange13 



 

Figure 8. Comparison of Nocardia cyriacigeorgica EML446 genome with other 

actinomycetal reference genomes. (a) Venn Diagram representing the number of shared CDSs 

between whole genomes of N. cyriacigeorgica DSM44484T, N. cyriacigeorgica EML446, N. 



cyriacigeorgica GUH-2, N. farcinica IFM10152T and Mycobacterium tuberculosis H37Rv. 

(b) MAUVE comparison between EML446 and GUH-2 genomes showing the position of 

RGPs (regions of genomic plasticity). 

 



 

Figure 9. Survival rate after N. cyriacigeorgica cells instillations of Sham and CLP mice. Five 

days post-CLP (i.e. D0), mice were challenged with an intratracheal administration of 

Nocardia GUH-2 or EML446 at 1.0×106 CFU/mouse. Either NaCl (physiological saline 

solution) (Sham n=7, CLP n=7), GUH-2 (Sham n=7, CLP n=9) or EML446 (Sham n=5, CLP 

n=11) were instilled. Results are expressed as Kaplan-Meier survival curves. * p-value < 0.05 

was considered statistically significant compared to the respective control groups. 

 



 



Figure 10. Histological lung and liver sections of CLP-EML446 mouse at days 4 and 41 after 

intratracheal instillation. A, B: CLP-EML446 mouse lung at day 4. Light micrographs of 

mouse lung section with evidence of granulomatous process characterized by both 

inflammatory response (A) and necrosis usually present in nocardiosis (B). A: Two early 

pyogranulomas disseminated in the pulmonary parenchyma (arrows). Original magnification: 

obj. 4 X, lungs, postcaval lobe. A1: enlargement of the pyogranulomas (arrow 1). Multiple 

degenerated neutrophilic polymorphonuclear cells into a lung alveolus lumen admixed with 

few macrophages. Some inflammatory cells overflow in the lumen of a bronchus. Thin arrow: 

bronchus epithelium. Large arrow: neutrophilic polymorphonuclear cells. Star: macrophages. 

Original magnification: obj. 40 X. A2: enlargement of the pyogranulomas (arrow 2). Multiple 

degenerated neutrophilic polymorphonuclear cells into a lung alveolus lumen admixed with 

few macrophages. Thin arrows: alveolar wall. Large arrow: neutrophilic polymorphonuclear 

cells. Star: macrophages. original magnification: obj. 40 X. B: The lungs showed cavitary 

lesions constituted by central necrotic material surrounded by some polymorphonuclear and 

numerous macrophages. Macrophage alveolitis and interstitial lymphocytic infiltration are 

also observed. Light micrographs; hematoxylin–eosin staining; original magnification: obj. 40 

X. B3: High power magnification showing histologic sections of the lesion characterized by 

caseous necrotic central area with filamentous bacteria inside. Light micrographs; 

hematoxylin–eosin staining; original magnification: obj. 100 X. C: CLP-EML446 mouse 

lung at day 41: C: At day 41, some lymphocyte aggregates are present in the interstitium 

(arrows). Original magnification: obj. 4 X, lungs, postcaval lobe. C4: enlargement of the 

aggregate (arrow 4). Some small lymphocytes (thin arrow) infiltrate the interstitium beneath 

the bronchial epithelium (large arrow). Original magnification: obj. 100 X. C5: enlargement 

of the aggregate (arrow 5). Some small lymphocytes infiltrate the interstitium of the 

interalveolar wall. Original magnification: obj. 100 X. D: Sham EML446 mouse lung at day 



41. no lesions. Original magnification obj. 4 X, lungs, postcaval lobe. E: CLP-EML446 

mouse liver at day 41. Mature granuloma disseminated at random into liver lobules. Thin 

arrows: lymphocytes. Large arrows: macrophages. Original magnification obj. 100 X. 
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