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Abstract

Staphylococcus aureus chronic airway infection in patients with cystic fibrosis (CF) allows this pathogen to adapt over time in response 
to different selection pressures. We have previously shown that the main sequence types related to community-acquired methicillin-
resistant S. aureus (MRSA) infections in Argentina – ST5 and ST30 – are also frequently isolated from the sputum of patients with CF, 
but in these patients they usually display multi-drug antimicrobial resistance. In this study, we sequenced the genomes of MRSA from 
four paediatric CF patients with the goal of identifying mutations among sequential isolates, especially those possibly related to antimi-
crobial resistance and virulence, which might contribute to the adaptation of the pathogen in the airways of patients with CF. Our results 
revealed genetic differences in sequential MRSA strains isolated from patients with CF in both their core and accessory genomes. 
Although the genetic adaptation of S. aureus was distinct in different hosts, we detected independent mutations in thyA, htrA, rpsJ and 
gyrA – which are known to have crucial roles in S. aureus virulence and antimicrobial resistance – in isolates recovered from multiple 
patients. Moreover, we identified allelic variants that were detected in all of the isolates recovered after a certain time point; these non-
synonymous mutations were in genes associated with antimicrobial resistance, virulence, iron scavenging and oxidative stress resist-
ance. In conclusion, our results provide evidence of genetic variability among sequential MRSA isolates that could be implicated in the 
adaptation of these strains during chronic CF airway infection.

DATA SUMMARY
Short reads for all sequenced isolates have been submitted to 
the National Center for Biotechnology Information (NCBI) 
Sequence Read Archive (SRA) under project accession  
number PRJNA320874 (https://www.​ncbi.​nlm.​nih.​gov/​biopro-
ject/​PRJNA320874).

INTRODUCTION
Cystic fibrosis (CF) is an inherited disease that primarily affects 
the lungs. The morbidity and mortality in patients with CF is asso-
ciated with pulmonary failure caused by lung damage after recur-
rent pulmonary infections. Staphylococcus aureus is a commonly 
observed bacterium associated with CF lung infection and it is 
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one of the first pathogens isolated from the airways of patients 
with CF [1]. Despite appropriate anti-staphylococcal therapy, 
S. aureus persists in the airways of these patients for months or 
even years [2]. During long-term infection, S. aureus is exposed to 
different selective pressures, such as numerous long-term repeated 
antibiotic treatments, dynamic adaptation of the host immune 
system, co-infection with other species and different oxygen levels 
that may select for adapted pathogens to this environment [3].

Genome plasticity allows S. aureus to undergo adapta-
tions that contribute to its long-term persistence in the 
CF airways [4, 5]. Different adaptive strategies of S. aureus 
include acquisition of antimicrobial resistance (AMR), 
biofilm formation, deregulation of virulence genes and 
the appearance of persistent phenotypes [3, 5–8]. Whole-
genome sequencing (WGS) has proven to be a very useful 
tool to track the microevolution of pathogens during their 
interactions with the host and to reconstruct the evolu-
tionary events shaping populations [9–11].

We have previously shown that the main sequence types 
related to community-acquired methicillin-resistant S. aureus 
(MRSA) infections in Argentina – ST5 and ST30 – are also 
frequently isolated from the sputum of patients with CF, but 
in these patients they usually display multi-drug AMR [12]. 
In this study, we used WGS to investigate S. aureus intra- and 
inter-host variability in four paediatric CF patients and to 
identify mutations among sequential MRSA isolates present 
in CF chronic infection, especially those possibly related to 
AMR and virulence that might contribute to the adaptation 
of the pathogen in the airways of patients with CF.

METHODS
Bacterial strains
The serial isolates analysed in this study were collected 
over two time periods (June 2012–May 2013 [12] and June 
2014–November 2015) from respiratory samples obtained 
from four different paediatric patients with CF attending 
the Respiratory Center at the Hospital de Niños ‘Dr Ricardo 
Gutiérrez’. The Respiratory Center is a national reference 
centre in Buenos Aires for the treatment of patients with CF 
and has the largest current enrollment of patients with CF 
in Argentina. One colony was obtained from each sample 
unless differences in morphology, i.e. size and/or pigmenta-
tion, appeared in the same sample. Isolates included those 
recovered during severe pulmonary exacerbations as well as 
from clinically stable periods (routine visits). Briefly, S. aureus 
isolates were sub-cultured in brain heart infusion (BHI) agar 
and Columbia blood agar for small-colony variants (SCV), 
from primary cultures and incubated for 24–48 h at 37 °C. 
Isolates were frozen at −80 °C in BHI+20 % glycerol before 
further characterization.

Antimicrobial susceptibility testing
The minimal inhibitory concentrations (MICs) of oxacillin, 
cefoxitin, gentamicin, erythromycin, clindamycin, minocycline, 
tetracycline, trimethoprim/sulfamethoxazole, ciprofloxacin, 

rifampicin, vancomycin and linezolid were determined by the 
agar dilution procedure according to Clinical and Laboratory 
Standards Institute (CLSI) recommendations and interpreted 
based on the same guidelines [13]. For SCVs that were unable 
to grow on Mueller–Hinton agar either with or without 5 % 
sheep blood, Columbia blood agar was used instead. The MIC 
for tigecycline was determined by the E-test epsilometric strip 
method (bioMérieux, Montreal, QC, Canada) and MIC results 
were interpreted based on the 2017 European Committee on 
Antimicrobial Susceptibility Testing (EUCAST) breakpoints 
[14].

Growth rate measurements
Growth studies for all isolates were performed in triplicate 
by inoculating BHI broth with an overnight BHI culture 
(dilution 1/1000) and incubated at 37 °C and 180 r.p.m. The 
optical density (OD) at 620 nm was measured every 30 min 
using a BioTek Synergy 2 plate reader (BioTek Instruments, 
Inc., Winooski, VT, USA). Growth curves were constructed 
plotting the OD variations over time. The growth rates were 
compared statistically through slope analysis by linear regres-
sion using GraphPad Prism 6.0. The significance level was set 
at P <0.05.

Impact Statement

Staphylococcus aureus is a commonly observed bacte-
rium associated with cystic fibrosis (CF) lung infection. 
During chronic infection, S. aureus adapts in response 
to selective pressures and despite appropriate anti-
staphylococcal therapy, it persists in the airways of 
these patients for long periods. Nevertheless, there is 
limited understanding of patterns of staphylococcal 
adaptation and evolution during CF pulmonary infec-
tions. We performed whole-genome sequencing of  
S. aureus sequential isolates recovered from four paedi-
atric patients with CF, with the purpose of studying S. 
aureus intra- and inter-host variability and to identify 
mutations possibly related to antimicrobial resistance 
and virulence that might contribute to the adaptation of 
the pathogen in CF airways. The comparative genomics 
analyses among 20 CF isolates revealed genetic differ-
ences in sequential S. aureus isolates, assessing intra-
host diversity. No non-synonymous mutation was 
shared among isolates recovered from the four patients. 
Moreover, in one patient, we detected mutations asso-
ciated with antimicrobial resistance, virulence, iron 
scavenging and oxidative stress resistance in all of the 
isolates recovered after a certain time point that might 
provide evidence of convergent adaptation. Our results 
contribute towards a comprehensive understanding of 
genetic adaptation during chronic CF infection of airways.
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DNA extraction
Total bacterial DNA was extracted from overnight cultures 
using the MasterPure Complete DNA and RNA Purifica-
tion kit (Epicenter, Madison, WI, USA) according to the 
manufacturer’s instructions. During the cell lysis step, 30 min 
incubation with lysostaphin (0.03 µg µl−1) was administered 
for regular colony-forming S. aureus, whereas up to 1 h of 
incubation with lysostaphin (0.09 µg µl−1) was necessary to 
obtain a clear lysate for SCV.

Genotyping
Molecular typing of the isolates was initially performed using 
pulsed-field gel electrophoresis (PFGE) [15], spa typing 
[16] and multilocus sequence typing (MLST) [17]. Charac-
terization of the staphylococcal cassette chromosome mec 
(SCCmec) element and the detection of Panton–Valentine 
leukocidin (PVL) coding genes were carried out as described 
previously [16, 18].

Library preparation and whole-genome sequencing
Genome DNA sequencing of 20 S. aureus isolates was 
performed at the National Microbiology Laboratory 
(Winnipeg, Canada) using the Illumina MiSeq platform. 
Sequencing libraries were constructed using the Illumina 
TruSeq Nano DNA HT Sample Preparation kit. Paired-end 
(2×300 bp) sequencing was performed using the 600-cycle 
sequencing format kit (MiSeq reagent kit v.3), yielding an 
average of 1.6 million reads per genome and an average 
genome coverage of 170× (range: 61–505×).

Phylogenomic analyses
To analyse the phylogenomic relationships among the isolates, 
a tree based on single-nucleotide variants (SNVs) in the core 
genome was constructed using SNVPhyl pipeline [19]. In 
the first step of the pipeline, sequenced reads were aligned 
to the reference genome of S. aureus strain MRSA252 (ST36) 
belonging to clonal complex 30 (CC30) (GenBank acces-
sion #BX571856) [20]. In addition, to identify SNVs and to 
construct a distance matrix between isolates recovered from 
each patient, reads were mapped to the first isolate recovered 
from each patient. Only high-quality SNVs were retained 
to build the tree (minimum 10× coverage, minimum mean 
mapping quality score of 30, minimum of 75 % of mapped 
reads supporting the SNV). Insertions/deletions (indels) 
were identified using Snippy [21]. Annotation of SNVs was 
performed using SNPEff (v4.2) [22]. Manual inspection of 
SNVs and indels, and the analysis of the relative abundance 
of SNVs in those genes with more than one copy across the 
chromosome, were performed using Integrative Genomics 
Viewer (IGV) [23, 24].

Maximum-likelihood (ML) trees were constructed based on 
total SNVphyl-generated SNVs, using PHyML [25] with the 
generalized time-reversible (GTR)+γ model as default and 
tree support values were estimated using PhyML’s approxi-
mate likelihood ratio test. Variants occurring in regions 

of high SNV density (2 per 500 bp sliding window) were 
excluded from the phylogenetic tree construction.

Genome assembly and annotation
Sequenced reads were de novo assembled using SPAdes (v1.2) 
[26]. The assembled draft genomes yielded average total 
genome sizes of 2.8 and 2.7 Mb for ST30 and ST5 isolates, 
respectively. The average number of contigs that were > 1 kb 
was 30 (28–33) and 21 (19–28) for ST30 and ST5 genomes, 
respectively. The average N50 contig length was 222 086 bp 
(ST30) and 444 852 bp (ST5). Table S1 (available in the online 
version of this article) adds further information regarding the 
metrics of the assemblies. Gene annotation was performed 
using Prokka (v1.4.0) [27].

Pangenome analysis and detection of AMR 
determinants and mobile genetic elements
Pangenome was determined with Roary [28] and visualized 
with Phandango [29]. To seek AMR determinants, contigs 
were analysed using ARIBA [30] with customized databases 
plus three publicly available databases: the Comprehensive 
Antibiotic Resistance Database (CARD) [31], RESFinder [32] 
and ARG-ANNOT [33].

NCBI blastn [34] and ISseeker [35] were used to find 
possible insertion sites for different staphylococcal insertion 
sequences (ISs). Plasmids were detected from assemblies 
using the PlasmidFinder database [36] and bacteriophages 
were identified using PHASTER [37]. IslandViewer [38] and 
ARIBA were used for the detection of S. aureus pathogenicity 
islands (SAPIs) using a custom database including known 
SAPI-associated integrases.

All of the bioinformatics software used for this study was run 
using default parameters.

RESULTS
Patients and isolates main features
To analyse the intra- and inter-patient diversity of S. aureus 
in CF, we selected sequential isolates from four paediatric 
patients with CF, who were followed at the Respiratory Center 
of the paediatric hospital ‘Hospital de Niños Dr Ricardo 
Gutierrez’. The median age for the patients at the first-time 
report of positive MRSA culture during the study period was 
7.3 years (3.0–9.3 years). All patients, except patient 2, were 
chronically infected with MRSA (≥3 positive consecutive 
cultures in 6 months) and had established MRSA colonization 
since 2008. Patient 2’s isolate RGP2.1 was first-time MRSA 
positive. Patient demographics and their clinical courses are 
outlined in Table S2. A minimum of three and maximum of 
eight isolates were obtained from each patient. Two morpho-
types each were isolated from the same sample for patients 1 
(RGP1.1 and RGP1.2) and 3 (RGP3.3 and RGP3.4). Sequen-
tial isolates from each patient were undistinguishable/closely 
related [39] by PFGE and three out of four patients presented 
differences in their AMR pattern (Table 1). Isolates recovered 
from patients 1 and 2 belong to sequence type ST30; isolates 
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from patients 3 and 4 belong to sequence type ST5. Collection 
periods varied from 52 days to 40 months. Additionally, when 
comparing the growth rates for all the sequential isolates, the 
values from the first and the last isolate were significantly 
different for 3/4 patients (Fig. S1, Table S3).

Phylogenomic relatedness and genetic differences 
in CF isolates
To study the within-host diversity of S. aureus populations 
arising in CF airways, the SNV-based core-genome phylo-
genetic relatedness of sequenced isolates was determined. 
Whole-genome phylogenetic analysis grouped isolates into 

two distinct clades consistent with PFGE and MLST data: ST5 
(patients 1 and 2) and ST30 isolates (patients 3 and 4). Both 
clades were separated by more than 2000 SNVs in the core 
genome and additional differences in the accessory genome 
(Fig. 1). To maximize the size of the core genome analysed, 
we examined SNVs using the first isolate recovered from 
each patient as a reference. Despite the isolates belonging to 
the same ST, the tree topology reveals heterogeneity among 
sequential CF isolates and the number of SNVs between the 
isolates and the reference genome increased with time, except 
in patient 2 (Fig. 2).

Fig. 1. Maximum-likelihood phylogenetic tree and the pangenome of isolates from patients with CF. Comparison between the tree and 
gene content (pangenome) among all the isolates. The pangenome is represented as a matrix with the presence (blue blocks)/absence 
(white blocks) of core and accessory genes. The tree was based on the alignment of all genomes against the MRSA252 (ST36), using 
87.71 % of the reference as the core genome (defined as the percentage of the reference present in all the isolates). Branch support 
values were estimated using PhyML’s approximate likelihood ratio test (aLRT).

Fig. 2. Maximum-likelihood trees based on core genome SNVs and pairwise SNV comparisons. The matrices exclude SNVs occurring 
in regions of high SNV density. (a) Isolates recovered from patient 1 using a 97.02 % core genome and RGP1.1 as the reference. (b) 
Isolates recovered from patient 2 using a 98.72 % core genome and RGP2.1 as the reference. (c) Isolates recovered from patient 3 using 
a 98.74 % core genome and RGP3.1 as the reference. (d) Isolates recovered from patient 4 using a 98.06 % core genome and RGP4.1 as 
the reference. Branch support values were estimated using PhyML’s approximate likelihood ratio test (aLRT).
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Table 2 summarizes the genetic differences found between the 
first and the last isolate recovered from each patient consid-
ering all SNVs, including SNVs in high SNV-density regions. 
The differences in the genomes of the isolates belonging to 
ST5 and ST30 are mainly in the accessory genome (see the 
Mobile genetic elements section and Tables S1 and S4).

The total numbers of SNVs and indels present between the 
first and the last isolate recovered from each patient are 
presented in Table S5. Genetic variants were found in genes 
associated with different functions, including AMR, global 
regulation, virulence and metabolism, with AMR and viru-
lence genes harbouring higher numbers of mutations. No 
non-synonymous mutations were shared between the isolates 
recovered from all four patients. Interestingly, some genes 
contained variations in isolates recovered from more than one 
patient, including htrA (encoding the HtrA surface protease), 
thyA (encoding thymidylate synthase), rpsJ (encoding 30S 
ribosomal S10 protein) and gyrA (encoding DNA gyrase 
subunit A) (Fig. 3).

Genetic diversity in ST5 MRSA sequential isolates 
associated with AMR differences and virulence
We found heterogeneity in AMR among isolates recovered 
from patients 3 and 4 (Table 1). Analysing S. aureus’s popu-
lation dynamics in patient 3, the two isolates recovered on 
September 2014 (RGP3.3 and RGP3.4) with different colony 
morphology also harboured different AMR profiles (Fig. 4). 
These isolates differed by 51 total SNVs and 4 indels. The 
sequential isolates recovered from this patient displayed a 
well-resolved phylogeny with non-synonymous mutations 
occurring on internal branches that could be associated 
with the acquisition of resistance to different antimicrobials 
(Fig. 4b). Remarkably, isolates recovered after September 2014 
grouped with RGP3.4 and shared additional mutations not 
related to AMR that were present in all of the isolates recov-
ered after that time point (Table 3). Fig. 4c, d show possible 
phenotypic and genotypic correlations for isolates recovered 
from patient 3.

Similarly, resistance to aminoglycosides in the last two 
isolates recovered from patient 4 was associated with the 
presence of aac(6′)-aph(2′), which codes for a bifunctional 

aminoglycoside-modifying enzyme (acetyltransferase and 
phosphotransferase) and is harboured in Tn4001 transposon. 
Fig. S2 shows the AMR mechanisms found in all isolates 
recovered from patient 4.

Other mutations found that might contribute to the adapta-
tion of S. aureus to the CF airways were related to proteins 
involved in iron utilization. In patient 3, all the isolates 
recovered after RGP3.1 had a non-synonymous mutation 
in a siderophore coded by sbnC (Table S6). RGP3.4 and the 
subsequent isolates presented non-synonymous mutations 
in sstA and hssR. Moreover, mutations in the haptoglobin-
binding surface anchored protein IsdH/HarA were found in 
the last two isolates recovered from patient 4.

Mutations in genes related to oxidative stress resistance were 
found in isolates recovered from patients 3 and 4. In patient 
3, an S10P mutation in AhpC, a peroxide-reducing protein, 
was found in RGP3.2 and subsequent isolates, whereas in the 
last two isolates of patient 4, a non-synonymous mutation was 
found in the perR gene, which codes for a peroxide-sensing 
protein. Moreover, the HtrA surface protease, which is 
involved in the virulence of many pathogens due to its roles in 
survival and stress resistance [40–42], was mutated in isolates 
recovered from patients 1 and 4.

Mobile genetic elements
A plasmid of approximately 20 kb carrying the β-lactamase 
gene blaZ and genes associated with cadmium resist-
ance, cadD and cadX (plasmid replicons rep16, rep19 
and rep21) [36], was identified in three isolates from 
patients 1 and 2. We also identified a ~20 kb plasmid in 
all isolates recovered from patient 3 (rep16, rep19 and 
rep20). This plasmid carried genes coding for erythro-
mycin resistance msr(A) and mph(C), multidrug efflux 
pump qacA, and with the exception of the plasmid found 
in RGP3.1, aminoglycoside resistance aac(6´)-aph(2′), 
with their presence correlating with the AMR profile of 
isolates. Regarding the mobilization of this plasmid, no 
mating-pore genes (tra genes) were found when mapping 
sequenced reads to reference tra sequences. Moreover, all 
isolates from patient 4 carried a plasmid of approximately 

Table 2. Total SNVs and indels observed between the first and last isolate recovered from each CF patient without SNVphyl’s density filtering

First/Last isolate
Patient 1

RGP1.1/RGP1.3
Patient 2

RGP2.1/RGP2.3
Patient 3

RGP3.1/RGP3.8
Patient 4

RGP4.1/RGP4.6

Total SNVs 8 4 32 75

Synonymous 2 1 5 19

Non-synonymous 3 1 22 40

Stop generated 0 0 1 0

Stop lost 1 0 0 0

Intergenic 2 2 4 16

Total indels 2 1 17 21
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2.6 kb carrying the MLS resistance gene ermC (rep20). 
Table S4 lists the different mobile genetic elements found 
in all the isolates.

Differences in IS content were detected between some of the 
sequential isolates (Table S7, Fig. S3). Widely distributed 
in S. aureus, IS256 was found in at least one isolate from 
each patient except for patient 2. Moreover, the composite 
transposon Tn4001 was found in all patient 3 isolates except 
for RGP3.1 (Fig. 4c). The last two isolates recovered from 
patient 4 harboured a Tn4001–IS257 hybrid structure [43] 
that was absent in other isolates recovered from this patient.

Identification of phage regions revealed differences in the 
phage content in isolates recovered from two patients. 
Specifically, in patient 1, a PVL-coding phage similar to 
phiPVL-CN125 (NC_012784) was present in RGP1.1 and 
RGP1.2, but was absent in RGP1.3. In patient 4, a phage 
similar to phiSa119 (NC_025460) was present in all except 
the last (RGP4.6) isolate recovered from this patient. 
RGP4.6 had an additional 41.6 kb phage, similar to phiJB 
(NC_028669), that was absent in the rest of the isolates 
recovered from this patient (Fig. S4).

Using ARIBA and a customized database containing different 
SAPI integrases, we detected intSaPI3-like that shared 96 % 
identity with intSaPI3 from the S. aureus COL reference 
sequence in all the isolates belonging to ST30, whereas no 
SAPI integrases were found in ST5 isolates.

DISCUSSION
Despite the high prevalence of S. aureus in CF [44], there is 
limited understanding of S. aureus genomic epidemiology 
and intra-host evolution. In this study, comparative genomics 
of 20 MRSA isolates recovered from four paediatric patients 
revealed genetic variation among them, in both the core and 
the accessory genome, that could affect the way in which 
bacteria persist in the CF airways and how they respond to 
antimicrobial treatment.

Our study is focused on young children with CF [median age 
7.3 years (3.0–9.3 years)]. This population has unique features, 
including more diverse airway bacterial communities associ-
ated with lower markers of airway inflammation (i.e. BALF 
total cell count, absolute neutrophil count and percentage of 

Fig. 3. Virulence and AMR genes that contained mutations in isolates recovered from more than one patient with CF. Midpoint-rooted 
SNV-based maximum-likelihood tree. The presence (magenta) or absence (blue) of each mutation is shown for patient 1 (stars), patient 
2 (squares), patient 3 (circles) and patient 4 (triangles).
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neutrophils), lower cumulative lifetime exposure to antibi-
otics and increased lung function compared with older chil-
dren/adults with CF [45, 46]. Still, host-specific evolutionary 
pressures in paediatric patients and the genetic background 
of the infecting pathogen have been shown to affect initial 
adaptation of other bacterial species, such as Pseudomonas 
aeruginosa, within 3 years of colonization through distinct 
evolutionary modes [47].

Core SNV-based phylogenetic analysis grouped isolates from 
each patient in different clusters and genetic differences were 
observed among isolates recovered from the same subject, 
defining subject-specific genetic fingerprints. As described 
previously [48], pairwise SNV distances generally increased 
with time separating the collection date of isolates. No 
common mutation was acquired independently by the isolates 
recovered from all four patients, suggesting that, in this study, 
there is no specific mutation that could be broadly associ-
ated with all CF S. aureus isolates. These results are in line 
with the idea of patient-specific evolution as a reflection of 

spontaneous mutations followed by their selection by patient-
specific selective pressures.

However, non-synonymous mutations were detected in the 
same gene in multiple patients, which might contribute 
to similar phenotypes. Those genes included S. aureus 
virulence-associated genes thyA and htrA, and tigecycline 
and quinolones resistance genes rpsJ and gyrA, respectively 
[42, 49]. Several intra-host studies have studied convergent 
evolution events among loci across multiple patients in  
S. aureus and other pathogens associated with CF [48, 50, 51]. 
Nonetheless, the mutations described herein were different 
from those reported by Azarian et al. Mutations in these 
genes, involved in virulence and AMR, should be further 
studied with regard to the persistence of S. aureus in CF 
airways.

High phenotypic and/or genotypic diversity, including anti-
microbial susceptibility, among S. aureus sequential isolates 
recovered from patients with CF as well as among variants 
from the same sputum sample have been described previously 

Fig. 4. Isolates recovered from patient 3: genetic changes related to AMR. (a) Antibiotic therapy received by the patient during 2012–2015 
and MRSA isolation dates (modified from Haim et al. [62]). Antimicrobial therapy (oral, inhaled and intravenous) is represented above 
the timeline. Intravenous therapies appear framed and inhaled therapies are illustrated above horizontal arrows (if more than one 
inhaled antibiotic is prescribed, treatment consists of alternating the antibiotics every month). AMK, amikacin; CAZ, ceftazidime; CIP, 
ciprofloxacin; CST, colistin; LVX, levofloxacin; LZD, linezolid; MEM, meropenem; MIN, minocycline; SXT, trimethoprim/sulfamethoxazole; 
TEC, teicoplanin; TOB, tobramycin; TZP, piperacillin/tazobactam; VAN, vancomycin. (b) Maximum-likelihood tree based on SNV variations. 
Changes in AMR profiles are represented by different shapes. (c) AMR determinants related to resistance phenotype in patient 3 showing 
possible phenotypic and genotypic correlations. Resistant isolates are highlighted in dark pink and intermediate isolates in pale pink. 
Check marks represent the presence of the genetic feature. (d) Relative abundance of the G2576T mutation in 23S rRNA gene copies. 
White represents a G in that position (wild-type) and black a T. LZD MIC values in bold represent a resistant phenotype (2017 CLSI 
breakpoints for linezolid, S: ≤4 µg ml−1; R: ≥8 µg ml−1).
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[5, 6, 48, 52, 53]. Even though establishing relationships 
between mutations and the related phenotypic change in 
resistance was not the aim of this study, differences in AMR 
profiles among isolates have been associated with previously 
reported point mutations in the target genes of the antimicro-
bials and the acquisition of Tn4001 and Tn4001-like elements 
[43]. In agreement with the findings of Rouard et al. [53], 
the level of resistance to linezolid in isolates recovered from 
patient 3 showed a possible correlation with the percentage of 

reads harbouring the G2576T mutation in the 23S rRNA gene, 
and thus with the number of 23S rRNA gene copies carrying 
this mutation. In addition to the differences in AMR profiles, 
we also detected decreases in the growth rates of sequential 
isolates in three out of four patients, when compared to the 
first isolate (Fig. S1, Table S3). However, due to the numerous 
selective pressures acting in CF lungs that could influence 
bacterial fitness we are cautious about the interpretation of 
these results, which require deeper analysis.

Table 3. Mutations present in RGP3.4 and consecutive isolates recovered after September 2014 (patient 3)

Locus_tag Gene Product Mutation type Effect

RGP3.1_00109 SA1292 Nucleoside triphosphate 
pyrophosphohydrolase, MazG

Ins 1 bp Frameshift variant

RGP3.1_00210 gyrB DNA topoisomerase subunit B SNV Missense variant: 
D432V

RGP3.1_00449 SA0966 Hypothetical protein SNV Missense variant: 
I59N

RGP3.1_00481 ptsA Phosphoenolpyruvate–protein 
phosphotransferase

SNV Missense variant: 
V269A

RGP3.1_00533 SA0886 Bacteriocin-associated integral 
membrane (putative immunity) 

protein

SNV Missense variant: 
A189S

RGP3.1_00573 opp-4A Oligopeptide ABC transporter 
substrate-binding protein

SNV Stop gained

RGP3.1_00697 gyrA DNA topoisomerase (ATP-
hydrolyzing) subunit A, GyrA

SNV Missense variant: 
E88K

RGP3.1_2 : 148 268  �  Intergenic between acsA2 and 
mqo2

SNV  �

RGP3.1_01053 hssR Winged helix family two-
component transcriptional 

regulator

SNV Missense variant: 
I109F

RGP3.1_01160 rpsJ 30S ribosomal protein S10 SNV Missense variant: 
Y58F

RGP3.1_01198  �  Hypothetical protein Del 1 bp Frameshift variant

RGP3.1_01453 sstA Iron (Fe3+) ABC superfamily 
ATP-binding cassette transporter, 

membrane protein

SNV Missense variant: 
L18S

RGP3.1_01473 secA Sec family type I general secretory 
pathway preprotein translocase 

subunit SecA

SNV Synonymous 
variant

RGP3.1_01576 mepA MATE family multi-antimicrobial 
extrusion protein

SNV Missense variant: 
L441W

RGP3.1_4 : 142 745  �  Intergenic between lytR and lrgA Del 1 bp  �

RGP3.1_02037 argE Succinyl-diaminopimelate 
desuccinylase

Del 8 bp Frameshift variant

RGP3.1_6 : 132 865  �  Intergenic between groEL and 
trkG

Ins 2 bp  �

RGP3.1_02295 pdp Putative pyrimidine nucleoside 
phosphorylase

Del 2 bp Frameshift variant

RGP3.1_02339 hemY Protoporphyrinogen oxidase SNV Missense variant: 
M393I
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Previous whole-genome sequencing studies on bacterial 
adaptation have provided strong evidence for the coexistence 
of different lineages in the CF airways: significant intra-host 
diversity between pairs of isolates collected on the same day 
[48] and mutations did not become fixed in the bacterial 
population, i.e. there were different variants for a particular 
gene throughout the population [54]. High diversity was also 
reported for S. aureus in other chronic infections [10]. In our 
study, differences in phenotypic characteristics (AMR patterns 
and morphology) and SNVs among isolates recovered on the 
same day suggest the possibility of the coexistence of different 
lineages. Furthermore, the finding that most polymorphisms 
among sequential S. aureus were not shared among all the 
isolates recovered from each patient are in line with the idea 
of multiple beneficial genotypes coexisting, making it diffi-
cult for one of them to reach fixation and thus enhancing the 
survival of the bacterial community [55, 56]. This strategy 
is of special importance in the airways of patients with CF, 
where S. aureus is subjected to different selective pressures 
resulting from the host immune system, numerous medical 
interventions, various co-infecting species and different 
oxygen pressure levels.

Nonetheless, particularly in isolates recovered from patient 
3, we identified polymorphisms at internal branches of the 
phylogeny in genes associated with AMR, virulence, iron 
scavenging and oxidative stress resistance that were present 
in several isolate genomes from this patient (Table 3). Among 
them, we identified a frameshift mutation in a pyrophos-
phatase gene, known to contribute to S. aureus virulence in a 
silkworm model [57], and non-synonymous mutations in rpsJ, 
gyrA, gyrB and mepA as well as mutations in the 23S rRNA 
gene, all contributing to AMR. Even though the sampling 
method (one colony per sample) and the short period of time 
of the current study does not allow us to make any assump-
tions about the emergence of a persistent lineage, we believe 
that polymorphisms appearing at internal branches of the 
phylogeny might support the hypothesis of specific genetic 
variants that may be present at any given time in patient 3, as 
these SNVs seem to be stable in the population.

It has been difficult to pinpoint overarching drivers of adapta-
tion in the complex niche of the lungs of patients with CF 
where multiple regulatory networks exist. Still, antimicrobial 
treatment has been considered one of the main selective 
pressures shaping lung microbial diversity in these patients 
and some of the phenotypic and genotypic patterns observed 
in this study may have been influenced by the treatments 
received by each patient (Table S2).

In addition to clonally acquired point mutations, horizontal 
gene transfer represents another key mechanism of S. 
aureus evolution [58] and in the CF context it was proven 
to be the major adaptation mechanism driven by inter-
bacterial competition [59]. In agreement with previous 
findings, comparative genomic analysis showed differences 
in phage content (Fig. S4) [4, 5], in the number of copies 
and in the location sites of IS256 [60] and IS1811 (Fig. S3) 
among isolates recovered from two different patients. Cured 

S. aureus strains lacking the phage carrying the PVL and 
the sea enterotoxin genes showed reduced superantigenic 
responses and were significantly less cytotoxic to neutro-
phils than the wild-type [61]. Further studies should be 
performed to evaluate the impact of these ISs in-between 
genes such as walR, scn and chs.

Two limitations of our study are the small sample size and 
the analysis of only one colony from each clinical specimen 
at each different time point. Even though several studies that 
analyse intra-host evolution of MRSA in the setting of CF 
have used the one-colony-per-sample method [5, 53, 59], 
it underestimates the heterogeneity of S. aureus in the CF 
airways at each sampling moment, as we now know that 
host-adapted bacterial populations are not homogeneous. 
Studies that analyse multiple isolates from a single sample 
have shown great diversity among them and represent a 
more appropriate way to study the complexity of the adap-
tation of CF pathogens thoroughly [48]. Nonetheless, our 
results show genetic variations that might contribute to the 
adaptation of S. aureus in CF airways.

Finally, this study highlights the power of high-throughput 
sequencing in tracking genomic variants of bacterial 
pathogens during the infection in their human host. Our 
comparative genomic analyses shed light on the significant 
genomic differences found among S. aureus sequential 
isolates recovered from the airways of four CF patients, 
working towards a comprehensive understanding of genetic 
adaptation during pathogenesis. Further investigation will 
be required to understand the potential roles of some of 
the genetic variations identified in the present study and 
how they impact on antibiotic resistance, fitness and other 
aspects of pathogenesis.
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