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 2 

Abstract 29 

Staphylococcus aureus is an important human pathogen but is primarily a commensal of the 30 

human nose and skin. Survival during colonisation is likely one of the major drivers of S. 31 

aureus evolution. Here we use a genome-wide mutation enrichment approach to analyse a 32 

genomic dataset of 3,060 S. aureus isolates from 791 individuals to show that despite limited 33 

within-host genetic diversity, an excess of protein-altering mutations can be found in genes 34 

encoding key metabolic pathways, in regulators of quorum-sensing and in known antibiotic 35 

targets. Nitrogen metabolism and riboflavin synthesis are the metabolic processes with 36 

strongest evidence of adaptation. Further evidence of adaptation to nitrogen availability was 37 

revealed by enrichment of mutations in the assimilatory nitrite reductase and urease, including 38 

mutations that enhance growth with urea as the sole nitrogen source. Inclusion of an additional 39 

4,090 genomes from 802 individuals revealed eight additional genes including sasA/sraP, 40 

pstA, and rsbU with signals adaptive variation that warrant further characterisation. Our study 41 

provides the most comprehensive picture to date of the heterogeneity of adaptive changes 42 

that occur in the genomes of S. aureus during colonisation, revealing the likely importance of 43 

nitrogen metabolism, loss of quorum sensing and antibiotic resistance for successful human 44 

colonisation.  45 

 46 

 47 
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Staphylococcus aureus is an important pathogen but also commensal bacteria and part of the 57 

human microbiota. The anterior nares (lower nostrils) are regarded as the primary reservoir of 58 

S. aureus in humans, although the bacterium can colonise other body sites such as the skin, 59 

pharynx, axillae and perineum.1 Despite being a commensal, when the epithelial barrier 60 

breaks or the immune system becomes compromised, S. aureus can cause a variety of 61 

infections, ranging from superficial skin and soft-tissue infections to life-threatening invasive 62 

infections such as  bacteraemia. Colonisation is an important risk factor for S. aureus 63 

infection,2,3 and it is frequently the strain already colonising an individual that causes an 64 

infection.4,5 65 

 66 

While a few studies have sought to characterise the adaptive changes that S. aureus 67 

undergoes during colonisation6,7, our understanding remains incomplete. S. aureus 68 

persistently colonises ~25% of adults, while others are either never, or only intermittently 69 

colonised.8 The genome of S. aureus encodes a range of adhesion, immune evasion and 70 

antimicrobial resistance factors that, when expressed, allow the bacterium to rapidly adapt to 71 

the nasal environment.9–13 In addition to changes in gene expression, mutations in the genome 72 

of S. aureus will also be selected during colonisation if beneficial for survival. This is supported 73 

by data from an experimental challenge model in which persistent carriers preferentially select 74 

their own strain, suggesting that S. aureus is adapted to the conditions on the colonised 75 

individual.14 This likely represents adaption to: (a) competition with other microbes in the nasal 76 

microbiota8; (b) nutrient availability in nasal secretions13; (c) adaption to the host immune 77 

response and other physiological variation; (d) spatial variation with this nasal environment 78 

(epithelium vs. hair follicles)15; (e) environmental exposures; and (f) the presence of 79 

therapeutic antibiotics and disinfectants (likely more acute in the clinical setting).16 80 

 81 

S. aureus readily transmits between individuals and strain replacement may take place in 82 

persistently colonised individuals, meaning that S. aureus strains face common selective 83 

pressures when adapting to a new host. Mutations conferring an advantage are therefore 84 
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expected to be enriched within the same genes, or groups of functionally related genes, across 85 

multiple S. aureus strains. To test this hypothesis, we analysed the genomes of clonal S. 86 

aureus isolates sampled from the same individuals, to identify evidence of adaptation in 87 

recently diverged populations of bacteria. A similar approach has recently been applied to 88 

investigate genetic changes that could promote, or be promoted by, invasive infection,4,7,17 or 89 

associated with persistent or relapsing S. aureus bacteraemia.18–20 90 

 91 

To differentiate potentially adaptive genetic changes from neutral background mutation, we 92 

applied a genome-wide mutation enrichment approach to identify loci in the S. aureus genome 93 

under parallel and convergent evolution that could represent potential signals of adaptation 94 

during colonisation. Our results show that despite limited genetic diversity among colonising 95 

isolates of the same individual, multiple genes and pathways show a clear mutational signal 96 

of adaptation. 97 

 98 

Results 99 

Defining within-host genetic diversity in colonising isolates 100 

To investigate putative adaptive genetic changes in S. aureus during colonisation we compiled 101 

a genomic dataset from 3,497 S. aureus colonisation isolates from ten independent studies4,21–102 

29, which included a median of 2 isolates (IQR 2 to 4) from 872 individuals (Supplementary 103 

Figure 1, Supplementary Table 1). The final dataset, after excluding unrelated (non-clonal) 104 

isolates from the same host and poor-quality genomes, consisted of 3,060 isolate genomes 105 

from 791 individuals, and included 1,823 nasal isolates (59.6%), 926 isolates from multi-site 106 

screens (30.3%) and 311 isolates from other colonising sites (10.1%). 107 

 108 

The genetic diversity between isolates colonising the same individual was low (Supplementary 109 

Figure 2), measured either as the number of single nucleotide polymorphism (SNPs) in the 110 

core genome (median 1 SNPs, IQR 0 to 4) or the number of genetic variants (SNPs and small 111 

indels) across the whole genome (median 3 variants, IQR 1 to 8). Putative recombination 112 
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events were detected in the bacterial genomes of 15% of individuals (n=117/791), accounting 113 

for 23% of the overall mutation count (n=1,721/7,577) and was predominantly located 114 

(n=1,367/1,721, 80%) in three prophages recombination hotspots within the reference 115 

genome used (NCTC8325)30 (Supplementary Figure 3). 116 

 117 

Genome-wide mutation enrichment analysis identifies evidence of adaptation 118 

To identify loci in the S. aureus genome exhibiting evidence of parallel and convergent 119 

evolution that could represent potential signals of adaptation during colonisation, we applied 120 

a genome-wide mutation enrichment approach (Figure 1). Using clonal isolates sampled from 121 

the same host, we quantified the number of protein-altering mutations (missense, nonsense 122 

and frame-shift mutations) within each protein coding sequence (CDS) that arose de novo 123 

during S. aureus colonisation. We then statistically tested whether this was higher than 124 

expected when compared to the rest of the genome using a single-tailed Poisson test and 125 

correcting P values using a Benjamini & Hochberg correction for multiple testing. 126 

 127 

Out of 2,326 CDS tested, only the genes encoding the accessory gene regulator A (agrA), the 128 

accessory gene regulator C (agrC) and the assimilatory nitrite reductase large subunit (nasD) 129 

showed a statistically significant (p-value <0.05 after adjusting for multiple testing) enrichment 130 

of protein-altering mutations (Figure 2A). Just below the genome-wide significance level, were 131 

genes encoding known antibiotic targets: fusA encoding the target of fusidic acid31; dfrA 132 

encoding the target of trimethoprim32; and pbp2, which encodes a target of beta-lactams33 133 

(Figure 2A). The finding of agr genes (agrA and agrC), known to be frequently mutated in S. 134 

aureus carriers34,35, and that of known antibiotic targets demonstrated the feasibility of our 135 

approach in detecting putative adaptive mutations. 136 

 137 

To broaden the search for signals of convergent evolution in groups of genes that are 138 

functionally related, we counted mutations among all genes belonging to the same 139 

transcription unit (operon)36. Out of 1,166 operons tested, nine reached statistical significance 140 
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for an excess of protein-altering mutations (Figure 2B). These included three operons 141 

containing genes that reached statistically significance on their own: U1306 (nasD) and U1096 142 

and U1095 (both containing agrA and agrC); and six additional operons containing CDS that 143 

did not reach statistical significance on their own: overlapping operons U605, U606 and U604, 144 

all containing the ileS gene; the U942 operon harbouring four riboflavin biosynthesis genes 145 

(ribD, ribB, ribA and ribH); the U254 operon containing genes involved in fatty acid metabolism 146 

(vraA, vraB and vraC); and the U331 operon which includes a single hypothetical protein 147 

(SAOUHSC_00704) (Supplementary Data 2).  148 

 149 

At the highest functional level, we aggregated mutations within CDS of the same metabolic 150 

process, as defined by well-curated metabolic sub-modules in the S. aureus JE2 reference 151 

genome.37 Out of 61 metabolic pathways tested, 11 reached statistical significance for an 152 

excess of protein-altering mutations, with ‘nitrogen metabolism’ and ‘riboflavin biosynthesis’ 153 

pathways being the top two metabolic processes affected (Figure 2C), demonstrating a clear 154 

signal of selection on distinct metabolic processes.  155 

 156 

Nitrogen metabolic enzymes are enriched for mutations in colonising isolates 157 

Nitrogen metabolism was the metabolic process most enriched by protein-altering mutations 158 

in colonisation isolates (Figure 2C). nasD (also named nirB) was the third most frequently 159 

mutated gene (in a total of 14 individuals), only after agrA (n=19) and agrC (n=20). nasD 160 

encodes the large subunit of the assimilatory nitrite reductase, an enzyme responsible for 161 

reducing nitrite (NO2- ) to ammonium, an early step in the fixation of nitrogen from inorganic 162 

forms (Figure 3A). After nasD, the gene encoding the urease accessory protein UreG (ureG), 163 

was the second most mutated nitrogen metabolic enzyme (17th hit, Supplementary Data 2). 164 

Urease is a nickel-dependent metalloenzyme that catalyses the hydrolysis of urea into 165 

ammonia (NH3) and carbon dioxide (CO2).38 166 

 167 
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Because urea is by far the most abundant organic substance in nasal secretions13, we 168 

hypothesised that mutations in nasD and ureG could represent adaptations to the abundant 169 

availability of this nitrogen source. To investigate this, we first tested nasD and ureG 170 

transposon knockouts for their ability to grow under a variety of nitrogen sources. We observed 171 

rapid growth with amino acids like glycine, but slower growth with urea and ammonia as the 172 

primary nitrogen source, and even slower with nitrate and nitrite (Supplementary Figure 4, 173 

Supplementary Data 4). Compared to the control strain (comEB transposon knock-out), the 174 

growth of the nasD knock-out was compromised in multiple nitrogen sources (Figure 3C), 175 

including urea (growth rate 0.32 vs. 0.51, one-way ANOVA p-value < 0.01). Likewise, the 176 

growth rate of the ureG knock-out was significantly compromised with urea (0.25 vs. 0.51, 177 

one-way ANOVA p-value < 0.001, Supplementary Data 4), highlighting the critical role of ureG 178 

in the utilisation of urea as the main nitrogen source for growth. 179 

 180 

Next, we tested available colonising isolates with naturally occurring nasD mutations 181 

(Supplementary Table 2), and their corresponding closely related nasD-wildtype isolates from 182 

the same host (n=3), for growth under the same nitrogen sources. Compared to the wildtype 183 

isolate, a Glu246Gln mutant (ST22) showed reduced growth under most nitrogen sources 184 

(Supplementary Figure 5), including in the negative control well, though the difference was 185 

most pronounced in urea, suggesting the fitness of this mutant was compromised relative to 186 

its wildtype. The Thr656Ile mutant (ST22) and wildtype both showed similar growth 187 

parameters across nitrogen sources, though the wildtype grew marginally better in urea than 188 

the mutant suggesting this mutation would be detrimental to growth in urea. Conversely, the 189 

Cys452Ser mutant (ST5) showed a statistically significant improvement in growth compared 190 

to its wildtype (in terms of a higher exponential growth rate: 0.64 vs 0.38, p-value < 0.001) in 191 

the presence of urea (Figure 3D), compared to inorganic nitrogen sources. These results point 192 

to an adaptive effect of nasD Cys452Ser mutation in the presence of urea. Interestingly, we 193 

also observed a strong effect of the strain’s genetic background on growth, with ST5 isolates 194 
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(Supplementary Figure 5 I-L) growing comparably as well as the transposon control strains 195 

(ST8), and ST22 isolates growing comparably worse. 196 

 197 

Adaptive mutations reveal well-known and novel antibiotic resistance mutations 198 

Our initial data suggested that the targets of antibiotics from distinct functional classes 199 

demonstrate potential signal of adaptation (Figure 2A). As such, we investigated whether 200 

mutations in these genes reduced susceptibility to their cognate antibiotics (Supplementary 201 

Figure 6) by testing the antibiotic susceptibility of closely related clinical isolates that were 202 

mutant and wild-type pairs from the same individual (Figure 1G). Mutations in fusA arose in 203 

10 individuals. Out of the ten missense variants (Supplementary Table 3), five had the exact 204 

amino acid changes previously reported to confer fusidic acid resistance (Val90Ile, Val90Ala, 205 

Pro404Leu)39 or within the same codon (His457Arg) and were phenotypically resistant to 206 

fusidic acid. The other five isolates harbouring fusA missense variants were all susceptible to 207 

fusidic acid, ruling out an adaptive role of these mutations in fusidic acid resistance. 208 

 209 

Five of the eight protein-altering mutations in ileS are known (Val588Phe and Val631Phe) or 210 

are in a codon (Gly593Ala) known to confer mupirocin resistance39 and exhibited elevated 211 

MICs compared to the wildtype clonal isolate from the same individual (Supplementary Table 212 

3). We confirmed the role of a new frameshift mutation (Ile473fs) in mupirocin resistance (E-213 

test MIC 1,024 μg/mL, breakpoint >12 μg/mL) and ruled out the effect of Gly591Ser (E-test 214 

MIC 0.5 μg/mL). Out of the five S. aureus isolates with missense variants in dfrA, three had 215 

amino acid changes reported to confer resistance to trimethoprim (His150Arg and two 216 

Phe99Tyr).39 The available isolate with Phe99Tyr was phenotypically resistant (MIC >=16 217 

μg/mL), but the isolate carrying His150Arg was not (MIC <=0.5 μg/mL, zone diameter 27mm), 218 

ruling out the role of this mutation in trimethoprim resistance in this particular strain 219 

background. 220 

Missense mutations in pbp2 were all located within the transglycosylase domain of PBP2 221 

(Supplementary Figure 6D), which is known to cooperate with PBP2A40 to mediate beta-222 
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lactam resistance in MRSA. The three PBP2-mutated strains from available collections21 were 223 

all ST22 (from phylogenetically distinct clades) MRSA (positive for mecA/PBP2a), but two 224 

were cefoxitin susceptible while retaining benzylpenicillin and oxacillin resistance 225 

(Supplementary Table 3). The corresponding PBP2-wildtype isolates from the same individual 226 

retain cefoxitin resistance, suggesting these mutations result in cefoxitin susceptibility. 227 

 228 

We next investigated two sets of mutations putatively involved in glycopeptide resistance. 229 

First, vraA, a gene involved in fatty acid metabolism, was the seventh most mutated protein-230 

coding gene (n=8 individuals), and is downregulated in daptomycin tolerant strains41. 231 

Mutations in other genes involved in cell membrane lipid metabolism (e.g., mprF/fmtC or vraT, 232 

Supplementary Table 4)42 are reported to reduce daptomycin susceptibility. Second, pstS a 233 

gene encoding a phosphate-binding protein, part of the ABC transporter complex PstSACB, 234 

was the fourth most frequently mutated protein-coding sequence (n=7 individuals) (Figure 2A). 235 

A point mutation in another phosphate transporter of S. aureus (pitA) increased daptomycin 236 

tolerance.43 We hypothesised that protein-altering mutations in vraA and pstS could have 237 

similar effect on daptomycin resistance. We determined daptomycin MICs and tolerance under 238 

a sub-inhibitory concentration of daptomycin (0.19 μg/mL) for the available vraA-mutated and 239 

pstS-mutated isolates (Supplementary Table 5), and with pstS and vraA loss-of-function (LOF) 240 

mutations from a larger collection (Supplementary Table 6). These results showed that neither 241 

the pstS or vraA mutations, or LOF mutations led to significant increases in daptomycin MIC, 242 

and only the mutant pstS p.Gln217* (mean AUC=10.5, one-way ANOVA p-value <0.01, 243 

Supplementary Data 3, Supplementary Figure 7) showed increased daptomycin tolerance. 244 

The absence of improved growth of mutants relative to controls indicates that the primary 245 

driver of pstS and vraA mutations was not daptomycin tolerance and suggests these mutations 246 

could be also metabolic adaptions to fatty acid metabolism. 247 

 248 

Agr-inactivating mutations arise frequently in colonising isolates 249 
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The genes encoding the sensor kinase AgrC and the response regulator AgrA were, by far, 250 

the most frequently mutated genes (Figure 2A), found in strains colonising 22 and 21 251 

individuals, respectively (including one strain with both an ArgC and AgrA mutation). These 252 

genes belong to an operon encoding the accessory gene regulatory (Agr) system, a two-253 

component quorum-sensing system that senses bacterial cell density and controls the 254 

expression of a number of important S. aureus virulence factors.44 255 

 256 

In AgrC, protein-altering mutations were concentrated in the histidine kinase (HK) domain 257 

(n=16/20, Figure 4A), potentially abrogating phosphorylation of AgrA. For AgrA, mutations 258 

were enriched in the DNA binding domain (n=16/19, Figure 4B), likely preventing the binding 259 

of phosphorylated AgrA to its cognate DNA binding region. We additionally inspected 260 

mutations in the agr intergenic region and found that four of the five mutations in this region 261 

fall close to the AgrA binding site of Promoter 2 (Figure 4C). Altogether, these mutations likely 262 

abrogate expression of the Agr system by preventing the phosphorylation of AgrA or binding 263 

of phosphorylated AgrA to its cognate DNA binding region. To confirm this we tested putative 264 

agr-defective mutants, and their corresponding agr-wildtype isolate from the same host, for 265 

delta-haemolytic activity as a proxy for agr activity.45 Given the large number of mutations to 266 

test (Supplementary Table 7), we selected 24 isolates from available collections21 containing 267 

a representative mutation (i.e. missense, frameshift, stop gained and inframe indel) at each 268 

protein domain or intergenic region. As expected, the selected representative Agr-mutants 269 

were negative for delta-haemolytic activity, while their corresponding closely related wild-type 270 

isolates retained activity (Figure 4B). 271 

 272 

Mutations that inactivate agr have been reported in previous studies, predominantly in agrC 273 

and agrA genes, both in healthy carriers 4,34,35 and from multiple types of infections45, validating 274 

our approach to look for signals of adaptation. However, while some studies propose that agr-275 

inactivating mutations arise more frequently in infected patients,4 others report similar 276 

frequencies in both infected and uninfected carriers.35 To investigate this, we tested whether 277 
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agr mutants were more common in carriers who had staphylococcal infections compared to 278 

S. aureus uninfected carriers. We did not find this to be the case (p-value 0.17) after 279 

accounting for the number of sequenced isolates, genetic distance, collection, and clonal 280 

background as potential confounders (See Methods). 281 

 282 

Further putative adaptive mutations in an extended and larger dataset 283 

Our original dataset was compiled in June 2019 (3,060 isolates from 791 individuals), to 284 

strengthen our initial findings, we searched for newly published studies with multiple 285 

colonisation isolates sequenced per individual (up to June 2023), to increase the sample size 286 

of the dataset and the chances of detecting novel adaptive variation. We applied the same 287 

curation, genomic and QC methodological steps to keep only high-quality and clonal genomes 288 

of the same individual from colonisation sources. A total of 4,090 additional isolate genomes 289 

obtained from 802 individuals and 15 different studies were included (Supplementary Table 290 

8). Application of the genome-wide mutation enrichment approach to the combined dataset 291 

(7,150 isolates from 1,593 individuals) revealed even more genes reaching statistical 292 

significance for an excess of protein-altering mutations (Figure 5, Supplementary Figure 8), 293 

including the ones originally identified (agrA, agrC and nasD) plus an extra eight genes. The 294 

latter included pstA (which encodes for a nitrogen regulatory protein), sasA (S. aureus surface 295 

protein A also known as SraP (serine-rich adhesin for binding to platelets involved in adhesion 296 

and invasion)46,47 and rsbU (sigmaB regulation protein) and five genes yet to be functionally 297 

characterised (SAOUHSC_00704, SAOUHSC_00270, SAOUHSC_00621, 298 

SAOUHSC_02904 and SAOUHSC_00784). Genes encoding known antibiotic targets (dfrA, 299 

fusA and pbp2) remained among the top hits but below the genome-wide significance 300 

threshold. Among these was mprF, in which point mutations are known to confer daptomycin 301 

resistance. These results provide further evidence of the importance of nitrogen metabolism 302 

and identifies several uncharatersised genes likely to be critical for colonisation that warrant 303 

further experimental investigation. 304 

 305 
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Discussion 306 

In this study we have provided a comprehensive view of the mutational landscape shaped by 307 

selective pressures that S. aureus is exposed to during human colonisation. The frequency 308 

and type of genomic mutations that arise provide a record of adaptive changes that 309 

commensal S. aureus underwent in response to evolutionary pressures in the host and 310 

provide novel insights into the biology of S. aureus in its primary niche. We compared the 311 

genomes of isolates collected from the same host, across a large number of hosts, to detect 312 

loci under parallel and convergent evolution.48 313 

 314 

Our results provided indirect evidence of the ongoing metabolic adaptation of S. aureus, 315 

during colonisation, with the strongest selective pressure being on nitrogen metabolism. We 316 

observed that nitrogen metabolic enzymes are often mutated in colonising isolates, specifically 317 

genes encoding sub-units of the assimilatory nitrite reductase (nasD/nirB) and urease (ureG), 318 

and a nitrogen regulatory protein (pstA) in the extended dataset. Nitrite reduction can also be 319 

indicative of growth under anaerobic environments when nitrate (NO3-) and nitrite (NO2-) are 320 

used as terminal electron acceptors in place of O2.49 Indeed, genes related to dissimilatory 321 

nitrate and nitrite reduction are up-regulated under anaerobic conditions50, when nasD/nirB 322 

serves to detoxify the nitrite that accumulates in nitrate-respiring cells.51 Staphylococcal 323 

urease has also been implicated in adaptation to acid environments by ammonia production.38 324 

Therefore, it cannot be ruled out for nasD/nirB and ureG mutations could represent 325 

adaptations to anaerobic and acidic environments, respectively.  326 

 327 

The targets of fusidic acid (elongation factor G), trimethoprim (dihydrofolate reductase), 328 

mupirocin (isoleucyl-tRNA synthetase) and beta-lactams (penicillin-binding protein 2) showed 329 

a clear signal of adaptation as revealed by the independent emergence of mutations in the S. 330 

aureus isolates of multiple individuals. This most likely represents examples of directional 331 

selection, wherein S. aureus adapted to antimicrobial evolutionary pressures in vivo. This was 332 

supported by the identification of well-known resistance mutations in these genes, and 333 
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concomitant reduced antibiotic susceptibility in isolates with these mutations, when compared 334 

to quasi ‘isogenic’ wild-type strains isolated from the same host. However, not all mutations 335 

detected in AMR loci were likely to be adaptive. This is exemplified by the characterisation of 336 

fusA, which had five mutations known to be involved in resistance leading to increases in MIC, 337 

and five never reported to cause resistance and not affecting fusidic acid susceptibility. It is 338 

therefore the excess of adaptive resistance-conferring mutations that increases the statistical 339 

significance of fusA and that of other AMR genes. We also identified novel mutations 340 

suggesting that the full diversity of resistance mutations to these drugs is yet to be fully 341 

understood and warrants further study. The mutations identified in the transglycosylase 342 

domain of PBP2, two of which resulted in cefoxitin susceptibility, are consistent with the 343 

cooperation of this native PBP with the acquired PBP2A to mediate beta-lactam resistance in 344 

MRSA, 40 and suggests that these might be compensatory mutations to optimise the function 345 

of the transglycosylase domain of PBP2. 346 

 347 

Our results support previous observations that agr variation is selected for during 348 

colonisation.35 It has been proposed that a balance exists between wild-type and agr-defective 349 

cells in the population, where the latter, termed as ‘cheaters’, benefit from the secretions of 350 

wild-type cells without having to produce the costly cooperative secretions.52 However, in the 351 

context of colonisation, expression of the agr locus results in the down regulation of several 352 

surface proteins including cell wall secretory protein (IsaA)53 and fibronectin binding protein B 353 

(FnBPB)54 which are known to be involved in the attachment of S. aureus to cells in the nasal 354 

epithelium. Given the importance of these proteins to colonisation, it would be beneficial for 355 

S. aureus populations to maintain subpopulations of cells that are primed for attachment 356 

should transmission to a new host occur. Thus, mutations in agr most likely represent an 357 

example of balancing selection, where the bacterial population as a whole benefits from 358 

having both active and defective agr systems, as opposed to a case of directional selection. 359 

 360 

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

The copyright holder for thisthis version posted December 8, 2023. ; https://doi.org/10.1101/2023.12.08.570284doi: bioRxiv preprint 

https://doi.org/10.1101/2023.12.08.570284
http://creativecommons.org/licenses/by/4.0/


 14 

Our study has several limitations. First, the full genetic diversity of S. aureus in colonising sites 361 

was not captured by the datasets as we only had a median of two sequenced colonies 362 

available per individual. Having sequenced many more colonies, or directly from plate sweeps 363 

would have captured the full heterogeneity and provided a higher resolution picture of 364 

adaptation within bacterial sub-populations. Second, genetic changes identified between 365 

isolates of the same individual may not have arisen during colonisation of the sampled host 366 

(as assumed) but transmitted from another host, though these mutations still likely reflect 367 

recent diversification during colonisation. Third, we did not investigate changes in the gene 368 

content and large genetic re-arrangements, as those driven by movement of bacteriophages, 369 

between isolate genomes of the same host, this would require long-read sequencing. Fourth, 370 

we did not have metadata, such as antibiotic usage or the specific site of colonisation for 371 

30.3% of isolates (e.g., multi-site screens). Finally, many of the isolates came from studies of 372 

S. aureus in hospital patients or with infections, which may have incorporated a bias towards 373 

mutations selected by antibiotics or other therapies. However, by increasing the overall 374 

sample size from ~3,000 to ~7,000 genomes we identified new genes significantly enriched 375 

for mutations including five currently uncharacterised genes and sasA/sraP which has not 376 

been previously been reported to be involved in colonisation, though it is known to mediate 377 

attachment to human cells.46 This suggests that studies using even larger sample sizes have 378 

the potential to identify further new signatures of adaption.  379 

 380 

Future work focused on pre-defined patient groups (healthy colonised individuals), narrowly 381 

defined infection types55,56 with larger sample sizes and availability of host metadata will 382 

improve the identification of bacterial adaptive changes that promote survival in specific host 383 

niches and in vivo conditions; as well as pinning down strain/lineage- specific adaptations. 384 

Larger samples sizes will also allow us to determine which genes are essential for growth in 385 

different conditions, as shown by genes that are rarely inactivated. 386 

 387 
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While adaptation of clinical S. aureus strains during infection has been the focus of multiple 388 

recent studies,4,20,57–59 to our knowledge, this is the first comprehensive study to investigate 389 

adaptation of S. aureus populations experience during human colonisation. Our analysis has 390 

identified numerous metabolic pathways and genes likely critical to S. aureus colonisation that 391 

have not been previously reported to be involved in colonisation and demonstrated the 392 

functional impact of these mutations. Our data now warrant detailed experimental 393 

investigations to further elucidate S. aureus biology during colonisation. Finally, it is likely that 394 

our approach can be applied to other bacterial species with similar success. 395 

 396 

Methods 397 

Strain collections and data curation 398 

We identified available collections of S. aureus genomes with multiple carriage isolates 399 

sequenced from the same human individual (Supplementary Data).4,21–29  The NCBI Short 400 

Read Archive (SRA) was systematically queried on June 2019 to identify BioProjects that met 401 

the following criteria (Figure 1): contained S. aureus genomic sequences, could be linked to a 402 

publication, included genomes of clinical isolates, clinical sources were known, multiple 403 

colonising isolates per host were sequenced, and host ids were available. Only isolates from 404 

colonisation specimens were kept, that is, from multi-site screens21,25,27,28 and typical 405 

colonising anatomical sites (nose4,26,29, armpit, groin, perineum and throat).22–24 Colonised 406 

hosts were classified as symptomatic or asymptomatic carriers based on whether they had a 407 

S. aureus infection or not, respectively. In studies where clinical specimens were 408 

systematically collected from recruited cases,22,24,28 individuals were labelled as asymptomatic 409 

carriers unless having a clinical specimen collected. In other studies, carriers were all explicitly 410 

referred to as infected4 or uninfected.28,29 In one study, only the nasal carriage controls were 411 

kept, as were thus labelled as uninfected. In the rest of studies, no information was available 412 

to determine their S. aureus infection status,23,25,27 and were thus labelled as ‘unknown’. 413 

 414 

Genomic analyses applied to all isolates 415 
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The Illumina short reads of all S. aureus genomes were validated using fastqcheck v1.1 416 

(https://github.com/VertebrateResequencing/fastqcheck) and de novo assembled using 417 

Velvet v1.2.0760 to create draft assemblies. These were then corrected using the bacterial 418 

assembly and improvement pipeline61 to generate improved assemblies. QUAST v4.6.062 was 419 

used to extract assembly quality metrics. 420 

 421 

Sequence types (STs) were derived from improved assemblies by extracting all seven S. 422 

aureus multi-locus sequence type (MLST) loci and comparing them to the PubMLST database 423 

(www.PubMLST.org).63 Clonal complexes (CCs) were derived from these allelic profiles, 424 

allowing up to two allele mismatches from the reference ST. The short reads of each isolate 425 

were mapped to the same reference genomes (CC22 HO 5096 0412 strain, accession number 426 

HE681097) using SMALT v0.7.6 (http://www.sanger.ac.uk/resources/software/smalt/), whole-427 

genome alignments were created by calling nucleotide alleles along the reference genome 428 

using SAMtools and bcftools v0.1.19.64 We kept the portion of the reference genome 429 

corresponding to the S. aureus core genome was kept in whole genome alignments to 430 

calculate core-genome pairwise SNP distances using pairsnp v0.0.1 431 

(https://github.com/gtonkinhill/pairsnp). The core genome of S. aureus65 was derived from an 432 

independent, genetically and geographically diverse collection of 800 S. aureus isolates 433 

genomes from multiple host species66 using Roary67 with default settings. Core-genome 434 

alignments were used to construct a maximum likelihood phylogeny for each clonal complex 435 

using RAxML v8.2.868 with 100 bootstraps. 436 

 437 

Genomic analyses applied to isolates of the same host 438 

To avoid comparing the genomes of divergent strains from the same individual, only clonal 439 

isolates were kept for further analyses. Clonality was ruled out if isolates belonged to different 440 

clonal complexes or to the same clonal complex separated by more than 100 SNPs. Clonality 441 

was ruled in if isolates differed by less than the maximum within-host diversify previously 442 

reported (40 SNPs).69 Clonality was investigated for the remaining isolates pairs (differing 443 
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between 40 to 100 SNPs) by making sure they all clustered within the same monophyletic 444 

clade in the phylogenetic tree. 445 

 446 

The nucleotide sequence of the most recent common ancestor (MRCA) of all isolates of the 447 

same host was reconstructed first. To do this, we used the maximum likelihood phylogenies 448 

to identify, for each individual, the most closely related isolate sampled from a different 449 

individual that could be used as an outgroup. We used the de novo assembly of this outgroup 450 

isolate as a reference genome to map the short reads of each isolate, call genetic variants 451 

(SNPs and small indels) using Snippy v4.3.3 (https://github.com/tseemann/snippy), and 452 

build within-host phylogenies using RAxML phylogeny and rooted on the outgroup. The 453 

ancestral allele of all genetic variants at the internal node representing the MRCA of all isolates 454 

of the same host was reconstructed using PastML v1.9.20.70 This reconstructed ancestral 455 

sequence was used as the ultimate reference genome to call genetic variants (SNPs and small 456 

indels). This pipeline was implemented in four python scripts 457 

(identify_host_ancestral_isolate.step1.py to identify_host_ancestral_isolate.step4.py) 458 

available at https://github.com/francesccoll/staph-adaptive-mutations.  459 

 460 

As variants were called in a different reference genome for each individual’s S. aureus strain, 461 

they had to be brought to the same reference genome to allow comparison and annotation 462 

across all individuals’ strains. We modified an already published script (insert_variants.pl)48 to 463 

find the genome coordinates of variants in the NCTC8325 (GenBank accession number 464 

NC_007795.1) and JE2 (NZ_CP020619.1) reference genomes. This script takes a 200-bp 465 

window around each variant in one reference (assembly) and finds the coordinates of this 466 

sequence in a new reference using BLASTN71 and bcftools v1.964. Because of this 467 

requirement, variants at the edge of contigs (200 bp) were filtered out. The script was modified 468 

to keep the single best blast hit of each variant, meaning that variants with window sequences 469 

mapping to repetitive regions of the reference genome were removed. Variants in repetitive 470 

regions, detected by running Blastn v2.8.1+ on the reference genome against itself, and 471 
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variants in regions of low complexity, as detected by dustmasker v1.0.072 using default 472 

settings, were also filtered out. The final set of high-quality variants were annotated using 473 

SnpEff v4.373 in both the NCTC8325 and JE2 reference genomes. 474 

 475 

Genome-wide mutation enrichment analysis 476 

To scan for potential adaptive genetic changes recurrent across multiple individuals, we 477 

counted the number of functional mutations (i.e., those annotated as having HIGH or 478 

MODERATE annotation impact by SnpEff) in well-annotated functional loci across all 479 

individuals. Before that, putative recombination events, identified as variants clustered within 480 

a 1000-bp window in isolate genomes of the same host, were filtered out to avoid inflating 481 

mutation counts. When more than two isolates from the same host were available, we made 482 

sure the same mutations, identified in multiple case-control pairs of the same host, were 483 

counted only once. 484 

 485 

We aggregated protein-altering mutations within different functional units. At the lowest level, 486 

we counted mutations within each protein coding sequence (CDS). To increase the power of 487 

detecting adaptive mutations in groups of genes that are functionally related, we aggregated 488 

mutations within transcription units (operons). The coordinates of transcription start 489 

and termination sites in the NCTC8325 reference genome were extracted from a study that 490 

comprehensively characterised the transcriptional response of S. aureus across a wide range 491 

of experimental conditions.36,74 To our knowledge, this is the best characterised reconstruction 492 

of transcriptional units in S. aureus. At the highest functional level, we aggregated mutations 493 

within CDS of the same metabolic process, as defined by well-curated metabolic sub-modules 494 

in the JE2 reference genome.37 495 

 496 

We tested each functional unit (CDS, transcription unit and metabolic sub-module) for an 497 

excess of protein-altering (functional) mutations compared to the rest of the genome, 498 

considering the length of CDS, or cumulative length of CDS if testing high-order functional 499 
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units involving multiple CDS. To do this, we performed a single-tailed Poisson test using the 500 

genome-wide mutation count per bp multiplied by the gene length as the expected number of 501 

mutations as previously implemented.48 Annotated features shorter than 300 bp long were not 502 

tested. P values were corrected for multiple testing using a Benjamini & Hochberg correction 503 

using the total number of functional units in the genome as the number of tests. We chose a 504 

significance level of 0.05 and reported hits with an adjusted P value below this value, unless 505 

otherwise stated. 506 

 507 

Other statistical analysis 508 

We tested whether the presence of agr mutants, defined as isolates with protein-altering 509 

mutations in either agrA or agrC, was affected by hosts having an S. aureus infection (infection 510 

status). We fitted a binomial generalized linear model (GLM) using the presence of agr 511 

mutants as the binary response variable and S. aureus infection status as a binary predictor 512 

variable. We additionally included the number of sequenced isolates per host, genetic distance 513 

of these (expressed as the number of core-genome SNPs), collection and clonal background 514 

(clonal complex) as covariates to control for the effect of these potential confounders. This 515 

was implemented using the “glm” function (family binomial) in the base package within the 516 

statistical programming environment R version 3.4.1.75 The only predictors that increased the 517 

odds of detecting agr mutants were the number of sequenced isolates per host (odds ratio 518 

1.20,  1.10 to 1.34 95% confidence interval, p-value < 0.001) and their genetic distance (odds 519 

ratio 1.06, 95% confidence interval 1.01 to 1.11, p-value < 0.05). 520 

 521 

In vitro antibiotic susceptibility testing 522 

Isolates from frozen stocks were grown overnight on Columbia blood agar (CBA, Oxoid, UK) 523 

at 37°C. Fusidic acid or trimethoprim susceptibility testing was performed using disc (Oxoid, 524 

UK) diffusion as per EUCAST recommendations.76 Minimum inhibitory concentration (MIC) 525 

testing was performed for daptomycin, vancomycin and mupirocin. A loopful of the isolate 526 

added to phosphate buffered saline (PBS), adjusted to 0.5 McFarland, then a thin layer spread 527 
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evenly on a Muller Hinton agar plate (Oxoid, UK). An antimicrobial gradient strip (Biomerieux, 528 

France) was carefully placed, then the plate incubated overnight at 37°C. The MIC was 529 

interpreted as the value on the strip above the point where growth stops. 530 

 531 

Biolog experiments 532 

Isolates from frozen stocks were plated on to Lysogeny broth (LB) agar and grown overnight 533 

at 37°C. For the transposon knock-out strains, obtained from Nebraska transposon mutant 534 

library, the plates included 5ug/ml erythromycin. A damp swab was used to take sufficient 535 

colonies to create three 81% (+/- 2%) turbidity solutions for each strain in 20ml PBS. 1.28ml 536 

of each turbid solution was added to 14.83 ml 1.2x IF0a (77268, Biolog), redox dye H (74228, 537 

Biolog), and PM3 Gram Positive Additive (made as described by the Biolog protocol). Each 538 

well of a PM3 plate (12121, Biolog) was inoculated with 150 µl of this solution. The inoculated 539 

plates were run on the Omnilog (Biolog) for 48 hours at 37°C. Readings were taken every 15 540 

minutes. 541 

Delta-haemolysis experiments 542 

The δ-haemolysis assay was performed as previously described.45 A thin streak of 543 

Staphylococcus aureus strain RN4220 was placed down the centre of a sheep blood agar 544 

plate. A thin streak of the test strain was placed horizontally up to, but not touching, RN4220. 545 

Test strains were tested in duplicate. Plates were incubated at 37°C for 18 hours, then at 4°C 546 

for 6 hours. Enhanced lysis by the test strain in the area near to RN4220 was an indicator of 547 

δ-haemolysis production. 548 

 549 

Growth curves 550 

Test isolates were grown overnight at 37°C in tryptic soy broth (TSB) with 5ul/ml erythromycin 551 

(transposons) or TSB alone (non-transposons). The overnight cultures were then diluted 552 

1/1000 in minimal media (1× M9 salts, 2 mM MgSO4, 0.1 mM CaCl2, 1% glucose, 1% 553 

casaminoacids, 1 mM thiamine hydrochloride and 0.05 mM nicotinamide) with 0.095ug/ml 554 
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daptomycin. 300ul was added to a 96-well plate, then placed on a FluoStar Omega (BMG 555 

Labtech, Germany) for 24 hours incubation with shaking. Optical density measurement at 556 

OD600 was taken every 30 minutes, and standard curves produced. Each isolate was tested 557 

in biological and measurement triplicate. 558 

 559 

The R scripts used to process raw growth data, plot growth curves, fit growth curves and 560 

compare growth parameters are available on GitHub (https://github.com/francesccoll/staph-561 

adaptive-mutations/tree/main/growth_curves). Raw growth data (i.e. absorbance values at 562 

different time points) was processed with script prepare_growth_curves_data.R. Mean OD600 563 

values and 95% confidence limits around the mean were plotted using ggplot277 functions in 564 

script plot_growth_curves.R. Growth curves were fitted with Growthcurver78 and growth 565 

parameters (growth rate and area under the curve) extracted using script 566 

fit_and_plot_growth_curves.R. Due to the prolonged lag phase in curves obtained under 567 

daptomycin exposure, these curves were fitted after 7 hours. We fitted logistic curves to each 568 

replicate (n=9) using growthcurver package in R and extracted the growth rate and area under 569 

the logistic curve from fitted curves. These growth parameters were compared between 570 

isolates/strains (e.g. mutant vs. wildtype) using a one-way ANOVA to determine whether there 571 

were any statistically significant differences between the means (across replicates) of growth 572 

parameters between isolates (script: compare_growth_parameters.R). 573 
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Figures 610 

 611 

Figure 1. Design of genomic analyses to detect potential signals of adaptation A. S. 612 
aureus colonies cultured from swabs taken from typical carriage sites of the same individual. 613 
B. Multiple isolates are whole genome sequenced from the same individual. C. A core-genome 614 
phylogeny is used to ensure isolates from the same host are clonal and to identify an 615 
appropriate outgroup. Isolate short reads are mapped to the outgroup assembly to call genetic 616 
variants. The sequence of the most recent common ancestor (MRCA) of all isolates from the 617 
same host is reconstructed. D. The short reads of each isolate are mapped to the MRCA 618 
reconstructed sequence to call variants wherein the reference allele represents the ancestral 619 
allele and the alternative allele the evolved one. The coordinates of variants in a complete and 620 
well-annotated reference genome (Reference lift-over) are determined. Variants on repetitive, 621 
low-complexity and phage regions are removed as well as those attributable to recombination 622 
(Variant filtering). In the last step, the effect of variants on genes is annotated (Variant 623 
annotation). E. The number of protein-altering mutations are counted on protein-coding genes 624 
(CDS), transcriptional units (operons) and high-level functional units across all individuals. F. 625 
Each functional unit is tested for an enrichment of protein-altering mutations compared to the 626 
rest of the genome. G. The mutant isolate (with a putative adaptive mutation) and a closely 627 
related wildtype isolate obtained from the same individual are tested in vitro for antibiotic 628 
susceptibility (AST), delta-haemolytic activity, and growth under a variety of nitrogen sources 629 
to validate the phenotypic effect of putative adaptive mutations. 630 
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Figure 2. Loci enriched for protein-altering mutations in colonising isolates. (A) Protein 632 
coding sequences (CDS) and (B) transcriptional units (operons) enriched for protein-altering 633 
mutations in colonising isolates of the same host. Each circle denotes a single locus, whose 634 
size is proportional to the number of hosts mutations arose independently from. Loci are 635 
placed at the x-axis based on their chromosome coordinates, and at the y-axis based on their 636 
uncorrected p-value. The dotted horizontal line represents the genome-wide statistical 637 
significance threshold. (C) Metabolic sub-modules enriched for protein-altering mutations in 638 
colonising isolates. In the x-axis, number of independent acquisitions of protein-altering 639 
mutations in different hosts across all protein-coding sequences (CDS) of the same metabolic 640 
sub-module. The number of CDS making up metabolic sub-modules is indicated with the size 641 
of each circle. In the y-axis, strength of statistic association shown by adjusted p-value. 642 
 643 

 644 

Figure 3 A. Role of the assimilatory nitrite reductase enzyme encoded by nasD in the nitrate 645 
assimilatory pathway of S. aureus. Adapted from BioCyc. B. Location of missense mutations 646 
along NasD protein. Pfam protein domains are shown in distinct colours. C. Growth curves of 647 
S. aureus nasD/nirB p.Cys452Ser mutant, wildtype (i.e. quasi-isogenic isolate lacking the 648 
nasD/nirB mutation from the same host), nasD/nirB knock-out, comEB knock-out (control) and 649 
JE (control) strain under the following nitrogen sources: negative control well, nitrite, ammonia, 650 
and urea. Coloured lines represent mean OD600 calculated across three replicates, and 651 
shaded coloured regions the standard deviation. 652 
 653 
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 654 

Figure 4. Mutations found in the accessory gene regulatory (Agr) system of colonizing 655 
strains. (A) Protein-altering mutations in the protein domains of the sensor kinase AgrC and 656 
the response regulator AgrA. The N-terminal sensor domain of AgrC comprises six 657 
transmembrane domains (coloured in blue) and is connected to a conserved C-terminal 658 
histidine kinase (HK) domain (coloured in orange). The HK domain is made up of two 659 
subdomains: the dimerization and histidine phosphotransfer (DHp) subdomain and the 660 
catalytic and ATP-binding (CA) subdomain.79 AgrA is comprised of a response regulatory 661 
domain (coloured in blue) and a DNA binding domain (coloured in orange). Isolates carrying 662 
mutations in bold were selected for haemolytic assays from available collections21 to represent 663 
different types of mutations (i.e. missense, frameshift, stop gained and inframe indel) at each 664 
protein domain. (B) Haemolytic activities of S. aureus isolates on sheep blood agar (SBA) 665 
plates used to test the activity of the Agr system. For each mutation, two isolates from the 666 
same host were tested, one carrying a selected Agr mutation (mutant) and a second isolate 667 
being wild type for the Agr system. A positive result is indicated by a widening of haemolysis 668 
seen in the region of RN4220. (C) Intergenic region containing agr promoters. The black 669 
horizonal lines represent the extent of transcript starting at the promoter 3 transcriptional start 670 
site (P3 TST), which encodes for RNAIII, and the transcript starting at promoter 2, which 671 
contains the whole agrBDCA coding region. Light blue boxes represent -10 and -35 boxes, 672 
whereas orange boxes the AgrA binding sites (“AgrA tandem repeats”). The only intergenic 673 
mutation carried by an available isolate (C-49T) yielded a negative haemolytic assay, as well 674 
as the isolate from the same host lacking this mutation, the latter attributable to a frameshift 675 
mutation in AgrC. 676 
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 677 
Figure 5. CDS enriched for protein-altering mutations in colonising isolates of the 678 
extended dataset. (A) The top 20 most significant CDS are labelled on the plot. Each circle 679 
denotes a single locus, whose size is proportional to the number of hosts mutations arose 680 
independently from. Loci are placed at the x-axis based on their chromosome coordinates, 681 
and at the y-axis based on their uncorrected p-value. The dotted horizontal line represents the 682 
genome-wide statistical significance threshold. (B) Locus id and annotation of statistically 683 
significant CDS (n=11) only. Locus ids in bold indicate the genes that became statistically 684 
significant in the extended dataset. The second column shows the number of mutations 685 
originating in different hosts. The p-value presented in this table corresponds to the Benjamini-686 
Hochberg corrected p-value. 687 
 688 
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SAOUHSC_02265 22 agrA accessory gene regulator protein A 4.23x10-17
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SAOUHSC_00452 7 pstA nitrogen regulatory protein 4.07x10-3
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SAOUHSC_00270 8 - conserved hypothetical protein 0.03

SAOUHSC_00621 9 - DMT family transporter 0.03
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SAOUHSC_02684 15 nasD/nirB assimilatory nitrite reductase, large subunit 0.03
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