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27 Abstract

28 Patients suffering from chronic lung diseases are abnormally colonized by many commensal and 

29 pathogenic bacterial species among which Staphylococcus aureus is the most commonly identified 

30 pathogen (prevalence in the lungs of cystic fibrosis (CF) patients greater than 70%). However, the 

31 mechanisms underlying the adaptation of S. aureus to the lung are poorly understood.

32 To get further insights into the molecular mechanisms of S. aureus adaptation to the chronic 

33 immunocompromised lung environment, we selected four pairs of sequential S. aureus isolates from 3 

34 patients with CF and a patient with defective IgG antibody production suffering from chronic lung 

35 diseases. We used a combination of genomic, proteomic and metabolomic approaches with functional 

36 assays for in-depth characterization of S. aureus long-term persistence during chronic lung infection.

37 We demonstrate that chronic infection with S. aureus is related to the accumulation of genetic 

38 modifications inducing altered protein expression profiles and notable metabolic changes. These 

39 modifications are concordant with both patient-specific adaptation and convergent evolution of S. 

40 aureus isolates. We identified several metabolic pathways (e.g., pantothenate and fatty acids) and 

41 virulence regulators (encoded by agr and sae loci) that could constitute therapeutic targets.  

42 Importantly, we show that long-term S. aureus infection leads to an increased ability to form biofilm 

43 and to a prolonged intracellular survival. Importantly, the increased ability to persist intracellularly was 

44 confirmed for S. aureus isolates within the own patient epithelial cells.

45 Our results strongly suggest that the intracellular environment might constitute an important niche of 

46 persistence and relapse necessitating adapted antibiotic treatments. Moreover, the multi-omics 

47 approach described in this study paves the way towards personalized medicine for the chronic 

48 infection management.

49 Author summary

50 Staphylococcus aureus is a well-known human pathogen causing both benign and life-threatening 

51 infections. Strinkingly, S. aureus has the ability to persist in the lungs of patients suffering from chronic 

52 respiratory disease for several years despite antibiotic therapies. Such a long-term persistence relies 

53 on a continuous within-host adaptation over time to cope with environmental pressures encountered in 

54 the lungs. In this study, we identified important genomic, proteomic and metabolic changes occurring 

55 during within-lungs adaptation of S. aureus. The pathways and virulence factors identified in this study 

56 as possibly leading to persistence may constitute novel therapeutic targets.
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57 Introduction

58

59 The respiratory tract is a port of entry for external environment particles, such as microorganisms. 

60 In healthy individuals, infections are rare despite bacteria being inhaled frequently, due to 

61 sophisticated innate host defense mechanisms at the lung mucosa. Chronic bacterial infections are a 

62 hallmark of patients with cystic fibrosis (CF), chronic obstructive pulmonary disease (COPD) and 

63 primary immunodeficiency disorders with pulmonary manifestations [1-4]. These infections are 

64 associated with increased morbidity and contribute to a rapid decline in pulmonary function. 

65 Staphylococcus aureus and Pseudomonas aeruginosa are the most common pathogens infecting 

66 the lungs of patients with a chronic lung disease [3, 4]. During chronic infections, pathogens have to 

67 adapt over time to cope with environmental pressures in the lungs such as inflammatory responses, 

68 hypoxia, nutrient deficiency, osmolarity modifications, low pH and antibiotic therapies [5-7]. The 

69 evolution of P. aeruginosa during chronic lung infections has been widely studied and includes 

70 acquisition of antibiotic resistances, increased exopolysaccharide production, loss in motility and 

71 formation of small colony variants (SCVs) [7-9]. In contrast, very few studies have addressed the 

72 adaptations undergone by S. aureus in patients with chronic lung diseases including CF [10, 11]. 

73 Moreover, each of these studies addressed only the genetic modifications occurring in isolates 

74 recovered from a single patient.

75 CF is one of the most frequent lethal autosomal recessive diseases among the Caucasian 

76 population. CF is caused by mutations in the cystic fibrosis transmembrane conductance regulator 

77 (CFTR) gene. CFTR dysfunction leads to thick sputum accumulation in the airways, explaining chronic 

78 bacterial infections and subsequent respiratory failure [2]. According to the CF patient registry of the 

79 US cystic fibrosis foundation, the prevalence of S. aureus among CF patients has increased from 

80 approximately 30% in 1990 to more than 70% in 2016 with peak prevalence between ages 11–17 

81 years. Furthermore, S. aureus is one of the earliest bacteria detected in infants with CF. 

82 Although mostly considered as a cause of acute infections with an extracellular lifestyle, S. aureus 

83 has the ability both to form biofilm [12-14] and to survive within a wide range of eukaryotic host cells 

84 [15-24]. These abilities likely contribute to the persistence of S. aureus in the airways of patients with 

85 chronic lung diseases for months or years despite appropriate antimicrobial treatments [25, 26]. 
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86 S. aureus persistence is linked to a drastic decrease in metabolism (such as a reduction in the 

87 Krebs cycle activity) [27] and is generally associated with a decrease in the expression of virulence 

88 factors and an increase in the expression of bacterial adhesins [28]. Such profile is typical of small-

89 colony variants (SCVs) that are defined by their slow growth rate resulting in small-sized colonies [22, 

90 29, 30]. Beside SCVs, strains with normal colony morphology can exhibit similar patterns of “low 

91 toxicity” which allow them to persist intracellularly without being cleared by host cell defense 

92 mechanisms [28]. A “low toxicity” pattern can be achieved either transiently, by changes in the 

93 expression of genes encoding toxins and/or regulators, or permanently, by mutations in global 

94 regulators [31-33]. Indeed, during long-term infections, bacterial adaptation occurs through genomic 

95 modifications, including genome rearrangements and point mutations, that accumulate over time and 

96 lead to major modifications in protein expression [5]. These modifications result in the emergence of 

97 highly adapted clones that have the ability to better survive and persist in the airways of patients with 

98 chronic lung diseases than their ancestors. 

99 To get further insights into the molecular mechanisms of S. aureus adaptation to the chronic 

100 immunocompromised lung environment, we selected four pairs of sequential S. aureus isolates from 3 

101 patients with CF and a patient with defective IgG antibody production suffering from chronic lung 

102 diseases. We used a combination of next-generation sequencing and mass spectrometry approaches 

103 to detect proteogenomic variations, and integrated metabolomic and phenotypic approaches for in-

104 depth characterization of S. aureus long-term persistence during chronic lung infection.

105 Altogether, the data presented reveal that persistence of S. aureus is associated with both patient 

106 specific adaptation and convergent evolution that explain increased ability to form biofilm as well as to 

107 survive within host cells. These observations should inform therapeutic decisions aiming at eradicating 

108 S. aureus chronic infections by choosing drugs targeting biofilm-embedded and intracellular bacteria.

109

110 Results

111 Selection of patients with S. aureus lung chronic infection. 

112 The Necker-Enfants Malades Hospital (Paris, France) has collected clinical and microbiological 

113 information on patients with CF and other chronic lung diseases from 2008 onwards (hereafter named 

114 CP patients for chronically infected patients).
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115 The CP1 patient (F508del +/+ CFTR mutation) was treated repeatedly with the association of 

116 rifampicine and fusidic acid for methicillin-resistant S. aureus (MRSA) and ciprofloxacine, ceftazidime 

117 and meropenem together with inhaled tobramycin or colimycin for P. aeruginosa. We selected an early 

118 isolate (CP1_early) from 2012 and a late isolate (CP1_late) from 2015. 

119 The CP3 patient (F508del/R347P CFTR mutation) was treated with association of amoxicillin-

120 clavulanate and trimethoprim-sulfamethoxazole (SXT) and also received occasionally minocycline and 

121 streptogramins during bronchial exacerbations. We selected an early isolate (CP3_early) from 2009 

122 and a late isolate (CP3_late) from 2015. 

123 The CP4 patient (F508del +/+ CFTR mutation) displayed a coinfection with P. aeruginosa requiring 

124 repeated intravenous antibiotics including ceftazidime, amikacin and ciprofloxacin. We selected an 

125 early isolate (CP4_early) from 2008 and a late isolate (CP4_late) from 2017. 

126 The CP2 patient was not CFTR mutated but exhibited a primary humoral immunodeficiency 

127 disorder with a mild IgG2 deficiency causing chronic bronchitis. Bronchial exacerbations were treated 

128 with SXT association. We selected an early isolate (CP4_early) from 2009 and a late isolate 

129 (CP4_late) from 2013.

130

131 Clonal relationship between S. aureus sequential isolates. 

132 The clonal relationship of serial CP isolates was investigated with whole-genome sequencing and in 

133 silico multilocus sequence typing (MLST). We confirmed that each pair of isolates of each single 

134 patient had the same unique sequence type and, hence, belonged to the same clone. 

135 The four pairs of isolates belonged to four distinct clones (ST8 for CP1 patient, ST15 for CP3 

136 patient, ST5 for CP4 patient and a double loci variant of ST45 for CP2 patient), separated by 3 to 9 

137 years intervals. We used four publically available reference strains and generated a dendrogram 

138 showing clusterisation of isolates of each patient with the chosen reference strain (see Methods) (Fig 

139 1).

140

141 Genomic analysis of S. aureus adaptation during long-term infection of lungs.

142 Genomes of all clinical isolates were de novo assembled and coding DNA sequences (CDSs) were 

143 annotated. Basic assembly metrics are available in S1 Table. Predicted proteins were further 

144 classified in functional eggNOG categories. Genomic evolution was studied by single-nucleotide 
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145 polymorphisms (SNPs), short insertions and deletions (indels) analysis and the search of larger 

146 deletion/insertion events. General features of detected mutations are showed in Table 1. As expected, 

147 the total number of polymorphisms increased with the amount of time separating the early and late 

148 isolates. Most of the SNPs were missense variants occurring in CDSs. As frequently observed during 

149 long-term within-host evolution of clones [11, 34, 35], a genome reduction was evidenced for the 4 

150 clones with late isolates having reduced genome size (with a genetic loss ranging from 10 to 81 kb) 

151 compared to early isolates (S1 Table). Large deletions were plasmids or prophage regions lost during 

152 chronic infection (S2 Table).

153 Of note, nonsynonymous mutations acquired by late isolates were found mainly in genes involved 

154 in metabolic processes (Fig 2A) and more specifically in “amino acid transport and metabolism” and 

155 “carbohydrate transport and metabolism” functional categories (S3 Table) (e.g., trpA and serA genes). 

156 Nonsynonymous mutations acquired by late isolates were also frequently found in the “information 

157 storage and processing” category which encompasses proteins involved in replication, translation and 

158 repair processes (e.g., polC and holB genes). Genetic variations in virulence genes encompass 

159 missense mutations in genes encoding highly variable surface proteins such as the protein A and 

160 SdrH. The protein A alteration could result in the reduction of S. aureus ability to trigger inflammation 

161 [36].

162 We assumed that the early S. aureus isolates were already present in lungs of the CF patients for 

163 several months or years at the time of sampling and, thus, probably had already acquired adaptive 

164 mutations. Therefore, we first searched for nonsynonymous mutations in these early isolates 

165 compared to reference strains. We focused on mutations likely to have the greatest impact (i.e., 

166 premature stop codon) and found that CP1_early had premature stop codons in hisD, rarD and ausA 

167 genes; CP2_early in sdrC; CP3_early in trpE; and CP4_early in secA1 (S4 Table). During chronic 

168 infections, convergent evolution most likely occurs in response to a common selection pressure, the 

169 most common one being antibiotic treatment. Therefore, we searched in our sequenced genomes, loci 

170 that were independently altered by nonsynonymous mutations in multiple isolates, which could be an 

171 indication of adaptative parallel evolution. Remarkably, we found that 12 genes had nonsynonymous 

172 mutations in S. aureus isolates from at least three out of the four CP patients (SAUSA300_0203, mtlR, 

173 sdrC, ebh, tagB, cvfC, gatA, agrC, lctP2, clpL, feoB, asp2) when compared to reference strains (S5 

174 Table).
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175 We next searched for nonsynonymous mutations in the late isolates compared to cognate early 

176 isolates and found four genes mutated in the late isolate of at least two patients (S4 Table). These 

177 four genes encode: i) SaeR, a regulator involved in the control of exoproteins expression, ii) the FakA 

178 fatty acid kinase A, involved in biofilm formation [13] and virulence genes expression [37], iii) the ThyA 

179 thymidylate synthase, involved in pyrimidine metabolism whose inactivation confers SCV phenotype 

180 and SXT resistance, and iv) the very large cell-wall associated fibronectin-binding protein Ebh.

181

182 Table 1. General features of detected mutations

CP1_late CP2_late CP3_late CP4_late

Time since early isolate 2.8 years 4.4 years 6.7 years 9 years

Total polymorphisms 21 30 34 79

SNPa 19 26 25 73

INDELb 2 4 9 6

CDSc 18 23 21 62

NON-SYNd (%) 14 (77.8) 17 (56.7) 16 (47.1) 51 (64.6)

FRe 2 2 4 4

MSf 10 14 11 47

STOP gainedg 1 1 1 0

Other 1 0 0 0

SYNh 4 6 5 11

IGi 3 7 13 17

183 aSNP, single nucleotide polymorphism; bINDEL, insertion-deletion; cCDS, coding sequence; dNON-

184 SYN, nonsynonymous mutation; eFR, frameshift variant; fMS, missense variant; gSTOP gained, 

185 premature stop codon; hSYN, synonymous mutation; iIG, intergenic

186

187

188 Whole cell proteomic analyses of early and late S. aureus isolates. 

189 The four pairs of isolates were harvested for proteomic analysis at post exponential growth phase. 

190 Differences in the expression of proteins of each late isolate were analyzed and compared to their 
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191 cognate early isolate (Fig 3A, Fig S1A). We focused on proteins with a detection difference of at least 

192 2 in log2(intensity) after normalization. 

193 Total proteins were extracted, digested into peptides and analyzed by LC-MS/MS mass spectrometry. 

194 Detected peptides were mapped against a custom database containing USA300 (NC_007793.1) 

195 proteins and all predicted proteins from genome annotation of clinical isolates.

196 Functional categories of proteins. Proteins were classified within eggNOG functional 

197 categories. The largest category of proteins to be differentially expressed for all pairs comprised 

198 proteins related to metabolism processes (and more specifically to the “amino acid transport and 

199 metabolism” category) (Fig 2A; S7 Table). Notably, for three patients, the expression of proteins 

200 involved in the urea degradation and/or arginine biosynthesis pathways was modified in late isolates 

201 compared to early isolates.

202 Altogether, the functional category “amino acid transport and metabolism” appeared to be the most 

203 affected both in terms of genetic modifications and of levels of protein expression, suggesting the 

204 central role of the corresponding pathways during within-host adaptation.

205 The category “cellular processes and signaling”, encompassing regulatory proteins, was second 

206 largest category of proteins to be differentially expressed. Indeed, proteins of the Agr, Rot, Sae, Sar or 

207 Fur regulatory networks were differently expressed in all late isolates. Besides, SdrD, which plays a 

208 role in adhesion, invasion, and immune evasion [38], was up-regulated in late isolates of three 

209 patients. In addition, the protein SAUSA300_1236 (annotated as a CAP domain-containing protein of 

210 unknown function) was down-regulated in late isolates of three patients.

211 Protein profiles.  In CP1 patient, the agrC gene mutation found in the late isolate had a 

212 pleiotropic effect on the proteome. Indeed, delta hemolysin, PSMb1 and AgrA were down-regulated in 

213 the late isolate whereas proteins encoded by spa, sbi, fnbA, rot and coa genes were up-regulated. In 

214 addition, adhesins encoded by sasG, efb, sdrD and ecb were up-regulated. Altogether, this expression 

215 pattern suggests that the CP1 late isolate has evolved low virulent and highly adhesive properties. 

216 In CP2 patient, a mutation in the thyA gene was found in the CP2_late isolate. Strikingly, products of 

217 operon pabBC (involved in folate biosynthetic pathway) were up-regulated likely to compensate the 

218 thymidylate synthase dysfunction [39]. In contrast to what is typically described in thyA mutants [40], 

219 AgrA and AgrC were up-regulated in CP2_late isolate, leading to the concomitant up-regulation of hld 
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220 and geh genes products and to FnbA down-regulation. This expression pattern suggests that the CP2 

221 late isolate have retained virulent properties.

222 In CP3 patient, the thyA gene mutation found in the late isolate was coupled to a down-regulation of 

223 the agr regulon (leading to the down-regulation of hld, saeP, lip and geh gene products) [40]. This 

224 expression pattern suggests that, as for the CP1 late isolate, the CP3 late isolate has evolved toward 

225 low virulent and highly adhesive properties. In addition and as expected, products of dinG and thiM 

226 genes, which harbored a frameshift, and thyA, which harbored a premature stop codon, were not 

227 detected in CP3_late isolate compared to CP3_early isolate.

228 In CP4 patient, frameshifts in fakA and panB genes were associated with a lack of cognate proteins 

229 expression in CP4_late isolate. Of note, a defect in fakA expression has been associated with an 

230 increased biofilm formation ability [13] and a downregulation of the SaeR regulon [37]. Besides, a 

231 defect in panB expression has been previously associated with pantothenate auxotrophy and 

232 persistence [41]. We confirmed both pantothenate auxotrophy (Fig 4) and an increased biofilm 

233 formation in CP4_late isolate (Fig 5) (see below). In addition, adhesins encoded by sdrD and sasF 

234 were upregulated suggesting a hyper adhesive phenotype. 

235 Altogether, the proteogenomic data suggest that all the late isolates, but CP2_late, have evolved 

236 toward highly adhesive and low virulent properties.

237

238 Whole cell metabolomic analyses of early and late S. aureus isolates. 

239 In parallel with the proteomic analyses described above, the four pairs of isolates were harvested for 

240 targeted metabolomic analysis at post exponential growth phase. This analysis, performed using mass 

241 spectrometry, allowed us to measure relative concentrations of central and intermediary metabolites 

242 from a number of metabolic pathways including glycolysis/gluconeogenesis, pentose-phosphate 

243 pathway, TCA cycle, nucleotides biosynthesis, free fatty acids, coenzymes and amino acids.

244 Functional categories of metabolites. Detected metabolites were classified in 8 

245 categories (Fig 2B). Strikingly, the most altered category in the late isolate of all four patients, 

246 compared to their cognate early isolates, was the amino acid category. These findings are concordant 

247 with proteogenomic results and confirm the central role of amino acid metabolism during within-host 

248 adaptation.
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249 Metabolite profiles comparisons. The difference in metabolic profiles between early and 

250 late isolates of CP patients is highlighted by heatmaps shown in Fig S1B and Fig 3B. A list of 

251 metabolites with altered amount in the four pairs of isolates is provided in S8 Table.

252 In CP1 patient, the metabolite profiling, which shows a marked reduction of citrate and cis-aconitate, 

253 clearly indicates a reduced citric acid cycle activity. A drastic decrease in arginino-succinate is 

254 observed and is in line with an increase of ArgF, ArgG and ArgH proteins found in proteomic analysis.

255 In CP2 patient, a drastic decrease in ornithine is probably caused by a diminution of ArcA protein 

256 (arginine deiminase) found in proteomic analysis. Indeed, arginine fermentation into ornithine relies on 

257 the arc operon. A severe reduction of threonine amounts was also recorded. In S. aureus, threonine is 

258 synthesized from aspartate and serves itself as a precursor for the synthesis of the branched-chain 

259 amino acid isoleucine. Of note, the threonine biosynthetic pathway has been shown to be essential for 

260 S. aureus virulence in mice and is important for staphylococcal bloodstream infection [42].

261 In CP3 patient, a decrease in phosphoenolpyruvate is correlated with a diminution of GapB 

262 (glyceraldehyde 3-phosphate dehydrogenase) protein, whereas a decrease in ADP is correlated with 

263 the lack of ThiM (hydroxyethylthiazole kinase) expression found in proteomic analysis (due to a 

264 frameshift in thiM gene). 

265 In CP4 patient, a drastic diminution of pantothenate, coenzyme A and dephospho-coenzyme A is in 

266 line with the frameshift in panB gene and the subsequent lack of expression of PanB and PanC 

267 proteins. Indeed, the pantothenic acid is a precursor of coenzyme A [43]. In addition, cystine and 

268 cystathionine were dramatically decreased. In bacteria, cysteine is synthesized from serine by 

269 incorporation of sulfide or thiosulfate. Cysteine-containing molecules such as glutathione and 

270 thioredoxin play a major role in maintaining an intracellular reducing environment and protection 

271 against oxidative stress. In S. aureus, free cysteine, reduced coenzyme A, and other thiols may help 

272 maintain the thiol redox balance. Hence, a defect in cysteine biosynthesis is likely to affect protein 

273 synthesis and S. aureus starvation survival. Besides, as for CP3 patient, a decrease in 

274 phosphoenolpyruvate is correlated with a diminution of GapB protein and as for CP1 patient, there is a 

275 reduced citric acid cycle activity with a marked reduction of citrate and cis-aconitate.

276 Moreover, in CP2_late and CP3_late isolates that display a thyA gene alteration (associated with a 

277 SCV phenotype, see below), we found a decrease in asparagine, which is consistent with previous 

278 findings showing a decrease in aspartate in SCVs [27]. Asparagine is directly link to the citric acid 
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279 cycle through the oxaloacetate intermediate; hence a decrease in asparagine is associated with a 

280 reduced citric acid cycle activity. 

281 Altogether, metabolic profiling suggests that the four late isolates have evolved a reduced citric acid 

282 cycle activity compared to cognate early isolates.

283

284 Functional characterization of the S. aureus isolates. 

285 We first examined growth of the four pairs of isolates in broth (on solid media and in liquid culture; Fig 

286 4, Fig S2 and Fig S3), determined their antibiotic susceptibility profiles and their capacity to form 

287 biofilm (Fig S4 and Fig S5). 

288 Growth properties in broth. Colony morphology on brain heart infusion (BHI) agar plates 

289 was similar to that of USA300-LAC or slightly smaller for all isolates, except for late isolates of CP2 

290 and CP3 patients that displayed a typical SCV phenotype with very small colonies (Fig S2). CP2_late 

291 and CP3_late isolates also failed to grow on Mueller-Hinton plates, suggesting that they had acquired 

292 an auxotrophy for at least one of the compounds absent in the Mueller–Hinton agar medium, such as 

293 thymidine, hemin, or menadione (that are present in BHI). Since thymidine-dependent SCVs have 

294 been shown previously to be frequently isolated from the airways of CF patients [44], we first 

295 monitored growth of the two SCV-like isolates in a defined medium mimicking the respiratory fluid of 

296 cystic fibrosis patients (Cystic Fibrosis Sputum Medium or CFSM) [45] (Fig 4). As anticipated, 

297 CP2_late and CP3_late isolates exhibited a severe growth defect in the absence of thymidine whereas 

298 supplementation with thymidine restored almost wild-type growth (i.e., similar to that recorded with 

299 USA300-LAC, Fig 4B). As previously mentioned and in line with these observations, genomic analysis 

300 identified a mutation in the thyA gene for both isolates. Besides, CP4_late isolate displayed a 

301 moderate reduced growth compared to USA300-LAC that was not corrected by adding thymidine in 

302 the medium (not shown). As previously mentioned, genomic analysis of CP4_late isolate showed a 

303 frameshit in panB gene, which is involved in de novo biosynthesis of pantothenic acid. Indeed, growth 

304 of CP4_late isolate in the presence of pantothenate restored wild-type growth (Fig 4C).

305 Antibiotic susceptibility. Antibiotic susceptibility assays showed that isolates of CP1 and 

306 CP4 patients were resistant to methicillin, whereas isolates of CP2 and CP3 patients were methicillin 

307 susceptible. Besides, the 2 SCV isolates (CP2_late and CP3_late) were resistant to SXT, which is 

308 consistent with the fact that both patients received this antibiotic. A P48R mutation and a premature 
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309 stop codon (W88X) were detected in thyA gene in CP2_late and CP3_late genomes, respectively, fully 

310 supporting the thymidine auxotrophy and SXT resistance of these isolates. 

311 Of note, the late isolate of CP4 patient acquired a resistance to fluoroquinolones, consistent with the 

312 administration of ciprofloxacin to this patient. A F226S mutation, detected in gyrB gene in CP4_late 

313 genome, could account for this fluoroquinolones resistance. The late isolate of CP3 patient acquired a 

314 resistance to cyclines consistent with the administration of minocycline in this patient. A K57M amino 

315 acid substitution in the ribosomal S10 gene was detected in CP3_late genome. Remarkably, two 

316 clinical S. aureus isolates with mutation in this same region of the S10 protein (a deletion of residues 

317 56 to 59; and double mutant K57M, Y58F) have been recently shown to confer resistance to tigecyclin 

318 [46].

319 Biofilm formation. Bacteria often grow in organized communities known as biofilms, which 

320 favor their persistence. Assuming that isolates retrieved from chronic infections might have a higher 

321 biofilm-forming capacity than isolates retrieved from acute infections, we studied biofilm-forming 

322 capacities of the four pairs of isolates. Remarkably, the eight clinical isolates displayed a greater 

323 capacity to form biofilms, compared to USA300-LAC reference strain (p-value of <0.001, Fig S4). 

324 Furthermore, for three patients, the late isolates formed more biofilm than the early isolates, 

325 suggesting that long-term adaptation had improved their biofilm formation capacity (p-value of <0.001, 

326 Fig S5).

327

328 S. aureus isolates exhibit an increased persistence within CFBE-F508del 

329 epithelial cell line. 

330 Numerous studies have shown that intracellular survival is likely to play an important role in long-term 

331 infection [16]. Moreover, our results evidenced that most alterations found in coding sequences, 

332 protein expression and metabolites impact metabolic pathways and especially amino-acids 

333 metabolism, which suggests nutritional adaptation to a niche. We therefore thought to test if this 

334 nutritional adaptation could favor intracellular persistence. 

335 To evaluate the capacity of S. aureus isolates to persist intracellularly, we infected both bronchial 

336 CFBE epithelial cell line 41o- (homozygous for the F508del-CFTR mutation) and CFBE with a plasmid 

337 allowing wild type CFTR expression. We tested the 4 pairs of clinical isolates, the control strain 

338 USA300-LAC and a stable SCV mutant altered in the haemin biosynthetic pathway (hereafter named 
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339 Δhem). The infection was pursued for 6 days, using gentamicin protection assay to prevent 

340 extracellular bacterial growth, as previously described [20]. As expected, the number of wild-type 

341 intracellular bacteria dramatically decreased during the course of infection whereas the Δhem mutant 

342 was able to persist intracellularly during the whole course of the experiment (Fig S5). Strikingly, at day 

343 6 post-infection, all clinical isolates were able to persist at least 19-fold and up to 452-fold more than 

344 the USA300-LAC reference strain (Fig 6). For the 3 patients with cystic fibrosis, the late isolates 

345 exhibited an improved ability to persist intracellularly within CFBE-F508del epithelial cells compared to 

346 cognate early isolates at day 6 post-infection (Fig 6). Of note, this was not observed for CP2, which is 

347 not a CF patient. Interestingly, the two late isolates with thymidine auxotrophy (i.e., CP2 and CP3 late 

348 isolates) had a reduced ability to persist within CFBE expressing wild type CFTR (CFBE-WT) epithelial 

349 cells, whereas at day 6 post-infection, those thymidine auxotroph isolates persist better or equally well 

350 than cognate early isolates within CFBE-F508del epithelial cells (Fig 6, Fig S6). 

351

352 Late S. aureus isolate of CP4 patient exhibits an increased persistence within 

353 primary F508del epithelial own patient cells. 

354 The CP4 patient exhibits a F508del +/+ CFTR mutation. To confirm the relevance of the results 

355 obtained with bronchial CFBE epithelial cell line, we assessed the persistency of CP4 isolates within 

356 primary epithelial cells isolated from the nose of the CP4 patient and from a healthy donor. This 

357 experiment provides a unique opportunity to verify the specific within patient-adaptation of S. aureus 

358 recovered from long-term infection. The experiment (performed once in triplicate) confirmed that the 

359 late isolate persistence ability is improved compared to early isolate at day 3 and 6 within both primary 

360 nasal epithelial cells retrieved from a healthy donor and from the CP4 patient (Fig 7).

361

362

363 Methods

364 Patients and bacterial isolates

365 Nasal epithelial cell (HNE cells) were sampled by nasal brushing of both nostrils after local 

366 visualization of the nasal mucosa from one healthy volunteer and patient CP4.
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367 The epidemic clone S. aureus USA300-LAC (designated WT) was provided by the Biodefense and 

368 Emerging Infections Research Resources (BEI). A derivative of USA300-LAC with a deletion in the 

369 haemin pathway (ΔhemDBL triple deletion mutant), involved in the electron transport system, has 

370 been previously constructed to obtain a strain with a stable SCV-phenotype [20]. 

371 S. aureus isolates were grown on brain heart infusion (BHI) broth and agar plates. Colony 

372 morphotypes were assessed after 24h of growth on BHI or Mueller-Hinton agar plates.

373 When indicated, S. aureus isolates were cultured in medium mimicking the respiratory fluid of 

374 cystic fibrosis patients (Cystic Fibrosis Sputum Medium or CFSM) [45] with or without the addition of 

375 thymidine (100 μg/mL) or pantothenate (50 μg/mL).

376 Whole-genome sequencing and analysis

377 Genomic DNA was extracted using DNeasy Blood and Tissue Kit with 10 μg/mL lysostaphin to 

378 facilitate cell lysis. Genomic libraries were prepared using a Nextera XT kit, multiplexed and 

379 sequenced on an Illumina MiSeq instrument (2x150 paired-end sequencing).

380 The short reads were processed using the Nullarbor bioinformatic pipeline software v1.20 

381 (Available from: https://github.com/tseemann/nullarbor). Briefly, raw reads were trimmed using 

382 trimmomatic [47], de novo assembled using SPAdes 3.9.0 [48] and annotated using Prokka v1.11 [49]. 

383 Single nucleotide polymorphisms (SNPs) and small indels were assessed using Snippy v3.1 

384 (https://github.com/tseemann/snippy). The Similar Genome Finder Service of the PATRIC 3.5.2 on-

385 line database was used to identify the most similar publically available genome for each pair of clinical 

386 isolates (https://www.patricbrc.org/app/GenomeDistance). Snippy was used both to map reads of late 

387 isolates against the annotated assembly of the early isolate and to map reads of early and late isolates 

388 against the publically available closest reference genome for the four pairs. Snippy classifies variants 

389 by their predicted functional effect based on mapping to the annotated reference genome in 

390 synonymous, nonsynonymous or truncating for protein-coding sequences.

391 Assemblies generated by Nullarbor were uploaded in RAST server [50] and were also annotated 

392 through the RAST annotation pipeline with ClassicRAST annotation scheme. The ‘Sequence Based 

393 Comparison Tool’ of the RAST server, which is based on BLAST protein similarity search, was used 

394 to identify large insertions and deletions of each late isolate compared to early isolate as a reference.

395 The sequences reported in this paper are available at NCBI’s BioProject database under accession 

396 number PRJNA446073 (http://www.ncbi.nlm.nih.gov/bioproject/446073).
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397 Quantification of biofilm formation

398 To determine biofilm formation in static conditions, clinical isolates as well as reference strains 

399 were cultured in Brain Heart Infusion (BHI) medium in the presence of 1% glucose. The reference 

400 strains include USA300-LAC that is a weak biofilm producer and its ΔagrC derivative that is a strong 

401 biofilm producer (obtained from the BEI Nebraska Transposon Mutant Library). The over-night cultures 

402 were diluted to an OD600nm of 0.05 in fresh BHI medium supplemented with 1% glucose. A total of 

403 200 μl of each diluted culture were inoculated in two polystyrene 96-well plates in triplicate and 

404 incubated for 48 hours at 37 ° C without shaking. After 24 h of growth, the medium was renewed. After 

405 48 h, one of the 96-well plates was used to assess bacterial growth by taking into account both 

406 bacteria in suspension and adherent bacteria (resuspended mechanically) and measuring OD600nm. 

407 The other 96-well plate was used to quantify biofilm formation. The wells were washed three times 

408 with distilled H2O to remove unattached bacteria and the biofilm fixed at the bottom of the wells was 

409 stained with 100 μl 2 % crystal violet solution for 15 min. After staining, wells were washed three times 

410 with distilled H2O. Crystal violet was solubilized using 150 μl of acetic acid at 30 %. 100 μl of the 

411 solubilized dye was transferred to a new 96-well plate to determine the absorbance at 540 nm.

412 Antimicrobial susceptibility

413 Antimicrobial susceptibility of isolates was evaluated by disc diffusion method. Etests were used to 

414 determine minimal inhibitory concentrations to gentamicin. Susceptibility tests were carried out on BHI 

415 agar plates to allow the growth of auxotrophic isolates.

416 Cell culture experiments

417 Cystic Fibrosis Bronchial Epithelial cell line CFBE41o- that is an immortalized cell line homozygous 

418 for the delF508 mutation and the CFBE cell line complemented to express WT CFTR were generously 

419 provided by Dieter Gruenert (University of California, San Francisco) [51]. They were cultured in 

420 Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS) and containing 

421 300μg/mL hygromycin B, 1% penicillin/streptomycin and 1% amphotericin B. 

422 Primary nasal epithelial cell (HNE) were obtained as described in [52] and cultured in Dulbecco's 

423 Modified Eagle's medium mixed 1:1 with Ham's F-12 (DMEM:F12) supplemented with 10% FBS, 

424 1%v/v non-essential amino acids, 90 μg/10 μg/ml Piperacillin/Tazobactam and 1% amphotericin B.

425 Prior infection assays, epithelial cells were seeded in uncoated wells for CFBE and wells coated 

426 with collagen for HNE and all antibiotics were removed from culture medium. Epithelial cells were 
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427 infected with a multiplicity of infection (MOI) of 100 using an inoculum taken from cultures of S. aureus 

428 grown in BHI until exponential growth phase. After 1h30, each well was washed three times with 1 mL 

429 of phosphate buffer saline (PBS) containing 300 μg/mL gentamicin, to remove extracellular bacteria. 

430 Washing and addition of fresh medium containing 50 μg/mL gentamycin were repeated at day 3. 

431 Gentamicin has a high bactericidal effect on S. aureus USA300 (minimum inhibitory concentrations 

432 (MIC) = 2 μg.mL−1) and a very poor penetration inside eukaryotic cells. In addition, the measured MIC 

433 of gentamicin of all clinical strains was below or equal to 2 μg.mL−1. Infected cells were kept in a 

434 humidified 5% CO2 atmosphere at 37°C for 6 days. To enumerate viable intracellular persisting 

435 bacteria, the culture medium containing gentamicin was removed from infected cells and wells were 

436 washed three times with antibiotic free PBS. Epithelial cells were lysed by scrapping with 1mL of 

437 distilled water during 15 minutes and serial dilutions of the cell lysates were plated on BHI agar. 

438 Colony forming units were numerated after 48 h at 37°C. Results shown are normalized with USA300-

439 LAC strain as a reference and expressed as a fold change of CFUs.

440 Proteomic analyses

441 S. aureus isolates were grown in CFSM with addition of thymidine (100 μg/mL) in technical 

442 triplicate and collected after 19h of growth at 37°C with agitation (i.e., at post exponential growth 

443 phase). Bacteria were lysed in PBS containing CaCl2 1 mM, MgCl2 1 mM and 10μg/mL lysostaphin.

444 Proteins were digested and analyzed by liquid chromatography coupled with tandem mass 

445 spectrometry (nanoLC-MS/MS). Filter Aided Sample Preparation (FASP) was used for protein 

446 digestion [53, 54]. Proteins were then reduced in 100 mM DTT for 30 min at 60°C, mixed with 8 M 

447 urea buffer, loaded on Microcon 30kDa centrifugal filters (Millipore) and alkylated with 50 mM 

448 iodoacetamide. Filters were washed twice with 8 M urea and twice with 50 mM ammonium 

449 bicarbonate. Following an overnight trypsin digestion at 37°C, samples were vacuum dried, and kept 

450 at −20 °C until MS analysis.

451 MS analysis was performed as previously published [54]. Dried peptides were resuspended in 10% 

452 ACN, 0.1% TFA. For each run, 5 μl (corresponding approximately to 1 µg of peptides) were injected in 

453 a nanoRSLC-Q Exactive PLUS MS (Dionex RSLC Ultimate 3000, Thermo Scientific, Waltham, MA). 

454 Peptides were separated on a 50 cm reversed-phase liquid chromatographic column (Pepmap C18, 

455 Dionex). Chromatography solvents were: (A) 0.1% formic acid in water, and (B) 80% acetonitrile with 

456 0.08% formic acid. Peptides were eluted from the column with the following gradient: 5% to 40% of B 

.CC-BY 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 11, 2018. ; https://doi.org/10.1101/414409doi: bioRxiv preprint 

https://doi.org/10.1101/414409
http://creativecommons.org/licenses/by/4.0/


17

457 for 120 min and then 40% to 80% of B in 1 min. At 125 min, the gradient was reversed to 5% to allow 

458 re-equilibration of the column for 20 min before the next injection. One blank with two 30 minutes 

459 linear gradients was run between triplicates to prevent sample carryover. 

460 Peptides eluted from the column were analyzed by data dependent MS/MS, using the top-10 

461 acquisition method. Briefly, the instrument settings were as follows: resolution was set to 70,000 for 

462 MS scans and 17,500 for the data dependent MS/MS scans in order to increase speed. The MS AGC 

463 target was set to 3.106 counts, whereas the MS/MS AGC target was set to 5.104. The MS scan range 

464 was from 400 to 2000 m/z. MS and MS/MS scans were recorded in profile mode. Dynamic exclusion 

465 was set to 20 s duration. Each sample was analyzed in three technical triplicates by nanoLC/MS/MS. 

466 Raw MS files were processed with the MaxQuant software version 1.5.8.3 and searched with the 

467 Andromeda search engine against a custom protein database containing 3 457 protein sequences. To 

468 build this database we pooled protein sequences from both PROKKA and RAST annotations of all 

469 clinical isolates and the MAGE annotation of USA300 (NC_007793.1) [55]. Redundancy of the 

470 sequence set was reduced using CD-HIT v4.6 [56] with a 80% identity threshold. To search for parent 

471 mass and fragment ions, we set the mass deviation at 4.5 ppm and 20 ppm, respectively. The 

472 minimum peptide length was set to seven amino acids and strict specificity for trypsin cleavage was 

473 required, allowing up to two missed cleavage sites. Match between runs was allowed. 

474 Carbamidomethylation (Cys) was set as fixed modification, whereas oxidation (Met) and protein N-

475 terminal acetylation were set as variable modifications. The false discovery rates (FDRs) at the protein 

476 and peptide level were set to 1%. Scores were calculated in MaxQuant as described previously [57]. 

477 The reverse and common contaminants hits were removed from MaxQuant output. Proteins were 

478 quantified according to the MaxQuant label-free algorithm using normalized label free quantification 

479 (LFQ) intensities. Protein quantification was obtained using at least two peptides per protein. 

480 Statistical and bioinformatic analysis, including heatmaps and clustering, were performed with 

481 Perseus software (version 1.6.0.7) freely available at www.perseus-framework.org [58]. EggNOG 

482 annotations of all proteins were retrieved from webserver (last accessed 2017-12-15) [59]. Gene 

483 names were retrieved from AureoWiki [60] (last accessed 2017-12-15). Extraction of annotations GO, 

484 Keywords, EggNOG and Kegg pathway were performed using Perseus.

485 For accurate quantification, we analysed each isolate separately (3 samples from early and 3 

486 samples from late collection). We filtered the data to keep only proteins with at least 3 valid values in 
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487 at least one group (late or early). Next, the data were imputed to fill missing data points by creating a 

488 Gaussian distribution of random numbers with a standard deviation of 33% relative to the standard 

489 deviation of the measured values and a 2.5 standard deviation downshift of the mean to simulate the 

490 distribution of low signal values. To discriminate differential protein amongst early and late for each 

491 isolate we performed an t-test, S0=0.1, and retained only proteins with an FDR<0.05. Hierarchical 

492 clustering of significantly different proteins was performed in Perseus on logarithmic LFQ intensities 

493 after z-score normalization of the data, using Euclidean distances and default parameters. We also 

494 performed a T Test, S0=0.1, FDR=0.001 to discriminate differential proteins between late and early.

495 Metabolomic analyses

496 Metabolite profiling of S. aureus isolates was performed by liquid chromatography–mass 

497 spectrometry (LC-MS) as described [61]. Briefly, S. aureus isolates were grown in CFSM with addition 

498 of thymidine in the same conditions as for the proteomic analyses. Metabolic activity was blocked by 

499 immersion in liquid nitrogen for 10 sec. Metabolites were extracted using a solvent mixture of 

500 Methanol/ACN/H2O (50:30:20) at −20 °C. Samples were vortexed for 5 min at 4°C, and then 

501 centrifuged at 16,000 g for 15 minutes at 4°C. The supernatants were collected and analysed by LC-

502 MS using SeQuant ZIC-pHilic column (Millipore) for the liquid chromatography separation [61]. The 

503 aqueous mobile-phase solvent was 20 mM ammonium carbonate plus 0.1% ammonium hydroxide 

504 solution and the organic mobile phase was acetonitrile. The metabolites were separated over a linear 

505 gradient from 80% organic to 80% aqueous phase for 15 min. The column temperature was 48 °C and 

506 the flow rate was 200 μl/min.  The metabolites were detected across a mass range of 75–1,000 m/z 

507 using the Q-Exactive Plus mass spectrometer (Thermo) at a resolution of 35,000 (at 200 m/z) with 

508 electrospray ionization and polarity switching mode. Lock masses were used to insure mass accuracy 

509 below 5 ppm. The peak areas of different metabolites were determined using TraceFinder software 

510 (Thermo) using the exact mass of the singly charged ion and known retention time on the HPLC 

511 column. By this approach we were able to identify and measure: Glucose, Glucose-6P (G6P), UDP-

512 glucose (UDP-Glc), Sedoheptulose-7-P (SH-7P), Ribose 5-phosphate,  Glyceraldehyde 3-phosphate, 

513 Lactate, Pyruvate, Phospho-Enol-Pyruvate (PEP), Citrate (Cit), cis-aconitate (cis-aco), Succinate 

514 (Suc), Fumarate (Fum), Malate (Mal), alpha ketoglutarate (aKG), dihydroxyacetone phosphate 

515 (DHAP), N-carbamoyl-L-aspartate,  Nicotinamide adenine dinucleotide (NAD), NADH, Nicotinamide 

516 adenine dinucleotide phosphate (NADP), NADPH, Adenine, Adenosine, Adenosine Mono, Di and Tri-
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517 phosphate (AMP, ADP, ATP), Cytidine, Cytidine Mono, Di and Tri-phosphate (CMP, CDP, CTP), 

518 Uridine Mono, Di and Tri-phosphate (UMP, UDP, UTP), Hypoxanthine, Guanine, Guanaosine, 

519 Guanidine Mono and Di-phosphate (GMP, GDP), Inosine monophosphate (IMP), Pantothenate, 

520 Dephospho-Coenzyme A,  Coenzyme A (CoA), Flavin adenine dinucleotide (FAD), Niacin, 

521 Nicotinamide, 3-hydroxybutyrate, Urate, 5-oxo-L-Proline, Acetyl-aspartate, Acetyl-glutamine, Alanine, 

522 Arginine, Argininosuccinate, Asparagine, Aspartate, Betaine, Citrulline, Cystathionine, Cystine, 

523 Glutamine, Glutamate, Glycine, Histidine, IsoLeucine, Leicine, Sarcosine, Lysine, Methionine, 

524 Ornithine, Phenylalanine, Proline, Serine, Taurine, S-Adenosyl-L-methionine, Threonine, Tryptophan, 

525 Tyrosine, Valine, Butyric acid, Carnitine, Decanoic acid, Lauric acid, Hexanoic acid, Linoleic acid, 

526 Myristic acid, Octanoic acid, Oleic acid, Palmitic acid.  

527 Statistical analyses were performed using MetaboAnalyst 4.0 software [62]. The algorithm for 

528 heatmap clustering was based on the Pearson distance measure for similarity and the Ward linkage 

529 method for biotype clustering. Metabolites with similar abundance patterns were positioned closer 

530 together.

531 Statistical analysis

532 Data were analyzed using Excel or GraphPad Prism softwares. Results are presented either with 

533 one representative experiment or as means ± standard deviation (SD). The number of biological and 

534 technical replicates is indicated per figure.

535 For two-sample comparisons statistical significance was measured using unpaired two-tail 

536 Student’s t-test. For comparisons between more than two groups, statistical significance was 

537 measured using one-way analysis of variance (ANOVA) with multiple comparisons (Dunnett’s 

538 correction) performed, with each value compared to that of the reference strain. 

539 P values of <0.05 were considered to indicate statistical significance.

540 Ethics statement

541 All experiments were performed in accordance with the guidelines and regulations described by the 

542 Declaration of Helsinki and the low Huriet-Serusclat on human research ethics and informed consent 

543 was obtained for all participating subjects. Serial isolates of S. aureus were obtained from airway 

544 secretions from four patients with chronic lung infection at the Necker-Enfants Malades University 

545 Hospital, Paris, France. Sputum sampling is part of routine standard care. The research procedure is 

546 validated by Ile de France 2 IRB (ID-RCB/Eudract: 2016 A00309-42).
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547

548 Discussion

549 Our study revealed patient-specific adaptation, illustrated by the acquisition of mutations leading to 

550 antibiotic resistances directly correlated to the drugs administered to the patient. Our study also 

551 provided evidence for the acquisition of common adaptive traits, such as SCV phenotype, antibiotic 

552 resistances, auxotrophies, reduced citric acid cycle activity, increased biofilm and intracellular 

553 persistence abilities that occurred irrespective of the clone type. 

554 Of particular interest, we report mutations in two master regulatory systems, Agr and Sae, likely to 

555 impact multiple proteins expression and metabolites amounts. 

556 agr-defective mutants have been shown to arise during chronic infections and are better adapted to 

557 persistence within the infected host [32, 63, 64]. The CP1 late isolate is typical of agr-defective 

558 mutants with up-regulation of adhesins and downregulation of toxins evidenced by proteomic analysis.

559 Genetic alterations directly or indirectly targeting SaeR regulon were identified in the 3 CF patients. 

560 Since SaeR is involved in the regulation of over 20 virulence factor genes [65] and SaeRS-deficient 

561 bacteria are less infective in animal models [66], it is likely that long-term colonization is associated to 

562 reduced virulence. 

563 In CP1, CP3 and CP4 late isolates, we observed an increased in the expression of the SdrD 

564 adhesin belonging to the SaeR regulon [67] (S7 Table), suggesting that SdrD is also important for 

565 long-term lung colonization. Of note, SdrD is involved in adhesion to human nasal epithelial cells and 

566 to human keratinocytes [68].

567 In patients with chronic lung infections, SCVs detection is most often the consequence of a long-

568 term SXT treatment [69]. These stable clinical SCVs isolates are no longer susceptible to SXT and are 

569 thymidine-auxotrophic (TA-SCV) due to mutations in the thyA gene encoding the thymidylate synthase 

570 [44, 69]. Remarkably, thyA mutations were found in CP1, CP2 and CP3 late isolates. However, 

571 probably due to compensatory mechanisms in CP1 late isolate, only CP2 and CP3 late isolates are 

572 TA-SCV. Since thymidine is assumed to be abundant in lungs with ongoing chronic inflammation, TA-

573 SCVs can still grow in this environment while resisting SXT treatment.

574 Beside thymidine auxotrophy, we observed a pantothenate auxotrophy in CP4 late isolate, which 

575 has also been previously associated with persistency in Mycobacterium tuberculosis [41]. The 

576 acquisition of pantothenate auxotrophy suggests that, as thymidine, pantothenate could also be 
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577 present in the lungs of CF patients. Acquisition of auxotrophies is in line with what was observed in P. 

578 aeruginosa CF isolates [70]. Thus, this confirms that metabolic specialization is a common 

579 phenomenon among long-term colonizers.

580 Other striking traits of phenotypic convergent evolution of S. aureus identified in this work were the 

581 increased ability to form biofilm and to persist in the intracellular niche. For CP3 and CP4 patients, the 

582 increased biofilm ability of CP3 and CP4 late isolates could be linked to a mutation in the fakA gene, 

583 encoding fatty acid kinase A (FakA). Indeed, several studies showed that FakA-null strains were 

584 proficient in biofilm formation [13] and deficient in the expression of virulence factors controlled by the 

585 SaeRS system [37]. Overexpression of adhesins detected in proteomic analysis could also ultimately 

586 lead to increase biofilm formation in tested clinical isolates. 

587 Although S. aureus is generally not considered as an intracellular pathogen, numerous studies 

588 have demonstrated its ability to persist within host cells [15-24]. Strikingly, all the clinical isolates 

589 exhibited a greater ability to persist within CFBE-F508del epithelial cells compared to the USA300-

590 LAC reference strain (Fig S6).  Moreover, for the three CF patients, the S. aureus late isolates showed 

591 a greater ability to persist within CFBE-F508del epithelial cells compared to the early ones at day 6 

592 post-infection. Of note, the late isolate of CP2 did not present an improved ability to persist 

593 intracellularly within CFBE-F508del epithelial cells possibly due the fact that it has adapted to a non-

594 CF patient.

595

596 Conclusions

597 Our multi-omics approach allowed both confirmation of previously known mechanisms and 

598 identification of novel candidate genes and pathways involved in the persistence ability of clinical 

599 isolates. We now provide evidence that the saeR/fakA regulon and the pantothenate pathway could 

600 also be promising therapeutic targets to fight persistent S. aureus infections. 

601 Our study suggests that the use of antibiotic with a good intracellular penetration should be the 

602 best therapeutic option in order to eradicate S. aureus from chronically infected lungs.

603
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607

608
609 Figure legends

610 Fig 1. Selection of four pairs of S. aureus isolates belonging to four different STs in four 

611 patients.

612 Dendrogram generated by wgsa.net from the genomes of the eight clinical isolates retrieved from the 

613 respiratory samples of four patients with chronic lung infection and four reference genomes from 

614 public databases. Branch length is proportional to the number of variant nucleotide sites within the 

615 core genes. For each patient (CP1 to CP4), the isolate taken first is called “early” while the isolate 

616 taken later is named “late”. The dates of sampling and the sequence type (ST) of the isolates are 

617 indicated. “TA” and “PA” mean that the isolate is auxotrophic for thymidine or pantothenate 

618 respectively. The name of the isolate is indicated in red when it is resistant to methicillin (MRSA).

619 Reference strains included are PFESA1902 (ERR554197), st1307 (ERR158691), PFESA1195 

620 (ERR554722).

621 Fig 2. Proteogenomic and metabolomic analysis of the four pairs of S. aureus isolates. (A) 

622 Vertical histograms show the functional classification of proteins encoded by genes with 

623 nonsynonymous mutations in the genomes of late isolates of S. aureus compared to early isolates. 

624 The variants were detected and annotated by the Snippy tool. Horizontal histograms show the 

625 functional classification of differentially expressed annotated proteins in late compared to early isolates 

626 of each patient. For each category, histograms represent the number of down- and up-regulated 

627 proteins from proteomic analysis using the threshold of <2 and >2, respectively. Functional 

628 classification was performed using eggNOG functional categories, followed by manual curation. Only 

629 genes and proteins with functional annotation are included. The “cellular processes and signaling” 

630 category encompasses regulatory proteins and proteins involved in cell wall and capsule synthesis. 

631 The “information storage and processing” category encompasses proteins involved in replication, 

632 translation and repair processes. The “metabolism” category encompasses proteins involved in 

633 metabolism and transport. The “virulence” category encompasses exotoxins, proteins involved in 

634 adhesion, biofilm formation and immunomodulation. (B) Categorization in 8 categories of altered 

635 amount of metabolites in late compared to early isolates. Metabolites were detected by carrying out 2 

636 independent experiments performed in triplicate. TCA, Tricarboxylic acid cycle; PPP, Pentose 

637 phosphate pathway; Nucl, Nucleotides; CoA, Coenzyme A; AA, Amino acids.
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638 Fig 3. CP4 patient highlights S. aureus within-host evolution. Heatmap visualization and 

639 hierarchical clustering analysis of protein (A) and metabolite (B) profiles of early/late CP4 S. aureus 

640 isolates. The isolates were cultured to the stationary phase in medium mimicking the respiratory fluid 

641 of cystic fibrosis patients (Cystic Fibrosis Sputum Medium or CFSM) with the addition of thymidine. (A) 

642 Heatmap visualization of the proteomic profiling. One experiment with three biological replicates was 

643 performed. Rows: proteins; columns: samples; color key indicates protein relative concentration value 

644 (yellow: lowest; blue: highest). List of proteins is in S7 Table. (B) Heatmap visualization of the 

645 metabolite profiling. The top 50 most changing compounds are presented. Two independent 

646 experiments with three biological replicates were performed. Rows: metabolites; columns: samples; 

647 color key indicates metabolite relative concentration value (blue: lowest; red: highest). List of 

648 metabolites is in S8 Table. 

649 Fig 4. Growth of late S. aureus clinical isolates in CFSM. Growth curves were carried out in CFSM, 

650 with or without the addition of thymidine or pantothenate. The results shown correspond to a 

651 representative experiment for CP1_late isolate (A), CP2_late and CP3_late isolates (B) and CP4_late 

652 isolate (C). The orange and green curves correspond to bacterial growth in media supplemented with 

653 either thymidine or pantothenate; the red and blue curves, to bacterial growth in medium without 

654 thymidine or pantothenate. WT, USA300-LAC.

655 Fig 5. Quantification of biofilm formation of S. aureus clinical isolates. Biofilm formation 

656 quantification was performed using the crystal violet microtiter assay in BHI medium with 1% glucose. 

657 Results shown are the mean ±SD for three independent experiments performed in triplicate. Statistical 

658 significance was measured using a two-tail Student’s t-test when biofilm production of a late isolate 

659 was compared with biofilm production of cognate early isolate from the same patient. ** indicates p-

660 value of <0.001 whereas ns indicates p-values>0.05.

661 Fig 6. Intracellular persistence of S. aureus clinical isolates in CFBE-F508del epithelial cell line. 

662 Bronchial CFBE epithelial cell line (CFBE-F508del homozygous for the F508del-CFTR mutation) was 

663 infected with the control strain USA300-LAC and clinical isolates. Gentamicin was present throughout 

664 the experiment to prevent extracellular bacterial growth and new infection. Bacterial load inside cells 

665 were evaluated by CFU enumeration at 6 days after infection. Results are normalized with USA300-

666 LAC strain as a reference and expressed as a fold change of CFUs. Results shown are the mean ±SD 

667 for two independent experiments performed in triplicate (results at 3 days post infection and within 
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668 CFBE_WT are shown in Fig S6). Statistical analysis was performed by unpaired two-tailed Student’s t 

669 test.

670 Fig 7. Intracellular persistence of CP4 S. aureus clinical isolates within primary F508del 

671 epithelial own patient cells.

672 Primary nasal epithelial cells retrieved from a healthy donor (WT primary cells) and from the CP4 

673 patient (CP4 primary cells with F508del +/+ CFTR mutation) were infected with the control strain 

674 USA300-LAC and CP4 isolates. Gentamicin was present throughout the experiment to prevent 

675 extracellular bacterial growth and new infection. Bacterial loads inside cells were evaluated by CFU 

676 enumeration at 3 and 6 days after infection. Results are normalized with USA300-LAC (WT) strain as 

677 a reference and expressed as a fold change of CFUs. Results shown are the mean ±SD for one 

678 experiment performed in triplicate.
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