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Abstract

Introduction. One third of people with CF in the UK are co-infected by both Staphylococcus aureus and Pseudomonas aeruginosa.
Chronic bacterial infection in CF contributes to the gradual destruction of lung tissue, and eventually respiratory failure in this group.

Gap Statement. The contribution of S. aureus to cystic fibrosis (CF) lung decline in the presence or absence of P aeruginosa is
unclear. Defining the molecular and phenotypic characteristics of a range of S. aureus clinical isolates will help further under-
stand its pathogenic capabilities.

Aim. Our objective was to use molecular and phenotypic tools to characterise twenty-five clinical S. aureus isolates collected
from mono- and coinfection with P aeruginosa from people with CF at the Royal Victoria Infirmary, Newcastle upon Tyne.

Methodology. Genomic DNA was extracted and sequenced. Multilocus sequence typing was used to construct phylogeny from
the seven housekeeping genes. A pangenome was calculated using Roary, and cluster of Orthologous groups were assigned
using eggNOG-mapper which were used to determine differences within core, accessory, and unique genomes. Characterisa-
tion of sequence type, clonal complex, agr and spa types was carried out using PubMLST, eBURST, AgrVATE and spaTyper,
respectively. Antibiotic resistance was determined using Kirby-Bauer disc diffusion tests. Phenotypic testing of haemolysis was
carried out using ovine red blood cell agar plates and mucoid phenotypes visualised using Congo red agar.

Results. Clinical strains clustered closely based on agr type, sequence type and clonal complex. COG analysis revealed statisti-
cally significant enrichment of COG families between core, accessory and unigue pangenome groups. The unique genome was
significantly enriched for replication, recombination and repair, and defence mechanisms. The presence of known virulence
genes and toxins were high within this group, and unique genes were identified in 11 strains. Strains which were isolated from
the same patient all surpassed average nucleotide identity thresholds, however, differed in phenotypic traits. Antimicrobial
resistance to macrolides was significantly higher in the coinfection group.

Conclusion. There is huge variation in genetic and phenotypic capabilities of S. aureus strains. Further studies on how these
may differ in relation to other species in the CF lung may give insight into inter-species interactions.
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DATA SUMMARY

The assembled GenBank (gbk) files for all clinical isolates in this study have been deposited in ENA under the study accession
PRJEB56184, accession numbers for each of the twenty-five clinical isolates have been provided in Table S1. The reference strains
were collected from the NCBI BioSample database (www.ncbi.nlm.nih.gov/biosample): MRSA_252 (NC_002952.2), HO 5096
0412 (NC_017763.1), ST398 (NC_017333.1) and NCTC8325 (NC_007795.1).

INTRODUCTION

In the UK one in every 2500 babies is born with a mutation in both copies of the cystic fibrosis transmembrane regulator (CFTR)
gene. Pathogenic mutations cause a disruption in epithelial bicarbonate and chloride secretion and hyperabsorption of sodium,
leading to an osmotic imbalance that results in thick and sticky mucus build-up in the lungs, which is characteristic of cystic
fibrosis (CF) [1]. Within the airways, the nutritionally rich environment traps bacteria and promotes their growth, while clearance
via the ciliary escalator is impaired. Infection contributes to the continuous inflammation of the airways and leads to the gradual
destruction of lung tissue. As lung infection shapes the clinical outcome of individuals and is the leading cause of mortality in
people with CF [2], it is an area of intense medical research.

Two of the most prevalent bacterial species in CF pulmonary infections are Staphylococcus aureus and Pseudomonas
aeruginosa. Paediatric CF patients are often colonised with S. aureus from an early age (<1year old). To prevent this,
in the UK, CF patients are prescribed prophylactic flucloxacillin from birth or point of diagnosis [2]. As patients reach
adulthood, P. aeruginosa typically overtakes S. aureus and becomes the dominant species in the lungs. However, both
species are co-isolated from one third of UK adults with CF [2]. Some studies suggest that coinfection with both species
correlates with severe lung function decline and worsened patient clinical outcomes compared to patients that are mono-
infected by either pathogen [3-5]. However, it has also been found that P. aeruginosa infection results in poor patient
outcome independent of the presence of S. aureus [6]. Most evidence suggests S. aureus infections in CF tend to be a
marker of milder disease compared to patients infected with P. aeruginosa, particularly in adults, with these patients
exhibiting higher lung function, and fewer exacerbation periods [6, 7]. By contrast, other work has shown that S. aureus
has persistence capabilities similar to P. aeruginosa and patients with high S. aureus density in throat cultures exhibit
rapid lung function decline [8]. To date, no consensus has been reached in the literature regarding the significance of
S. aureus in the presence or absence of P. aeruginosa, and recent reviews highlight the need to investigate clinical isolates
further [9, 10].

Much of the previous work has helped to define the mechanisms that P. aeruginosa employs to chronically infect the
CF lung, including loss of motility, a lack of a functional type III secretion system, and conversion to mucoid colony
phenotype [11]. A growing number of studies have also started to elucidate how S. aureus adapts to long-term colonisa-
tion of the CF lung. These include mutations in metabolic genes, resulting in persistent small colony variants (SCVs)
and in regulatory genes, such as accessory gene regulator (agr) mutants, which present an inactive quorum-sensing agr
system, and therefore reduced expression of virulence factors including haemolysins [12-14]. Increased extracellular
polysaccharide (EPS) production facilitates the biofilm mode of growth that also contributes to persistence and antibiotic
recalcitrance in the lungs [15]. Furthermore, bacteriophages become mobilised with a higher frequency in infections,
raising the incidence of mobile genetic elements, which include known toxins and antimicrobial resistance (AMR) genes
[16].

It is generally accepted that CF lung infection is polymicrobial, and an understanding of lung microbiome composition and
interspecies interactions is critical to understand disease progression. Although historically CF pathogens have been studied
in isolation, research has shown that competitive and cooperative interactions between S. aureus and P. aeruginosa can
alter survival and persistence in the CF lung, for example through increased antimicrobial resistance profiles and improved
immune system evasion [16]. Further work is required to understand the molecular basis for cooperative and competitive
interactions in the CF lung and how these influence pathogenesis.

In this study we collected and characterised 25 clinical S. aureus isolates from 21 chronically infected adult CF patients from
the Royal Victoria Infirmary (RVI, Newcastle upon Tyne), including determining fully assembled genome sequences. The
S. aureus isolates belonged to two groups, (i) from patients that had never cultured P. aeruginosa since their first visit to
the clinic (monoinfected patients, n=10) and (ii) from patients that had also previously isolated P. aeruginosa (coinfected
patients, n=11). Isolates were selected from these two categories with the aim of identifying whether there were genomic
signatures associated with S. aureus isolates from the two different infection groups. Interestingly, we noted different
S. aureus phenotypic behaviour from isolates within the same patient, despite genome analysis indicating they are the
same strain, showcasing the heterogeneity of S. aureus phenotypes within the same CF lung. A significantly higher
proportion of coinfection isolates were resistant to macrolides in CF patients, particularly those chronically infected
by P. aeruginosa.
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METHODS
Clinical isolates and patient data

Respiratory samples were collected from patients attending the Adult Cystic Fibrosis Centre as part of their standard clinical care.
Patients gave signed informed consent for the collection of clinical data for research and inclusion in the national CF registry,
with approval from the regional ethics committee. Patients were classed as monoinfected if they had only cultured S. aureus from
the time of their first visit to the clinic. Coinfected patients had produced positive cultures for both S. aureus and P. aeruginosa
from the time their records began.

For lung function assessments, patients performed spirometry as part of their clinical outpatient visit according to the ERS/
ATS guidelines [17]. Percent predicted values were generated for the Forced Expiratory Volume of air in the first second
(FEV)) using the Global Lung Initiative reference equations [18]. All other demographic information was obtained from
hospital records.

DNA extractions

Clinical isolates were cultured on Tryptone soya agar (TSA, Oxoid) at 37°C. Genomic DNA (gDNA) was extracted using the
GenElute Bacterial Genomic DNA Kit (Sigma Aldrich) according to the manufacturer’s instructions.

Genome assembly and annotation

Short read NGS libraries were prepared using the Nextera flex DNA Library Prep Kit (Illumina), and 150 bp paired-end
sequencing was performed on the NovaSeq 6000 system. Read trimming and quality control was performed using Trim
Galore (v0.6.5) (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) and assembly was performed using
Unicycler (v0.4.8) [19], with default parameters. Alignments were performed against the reference genome S. aureus
NCTC 8325 (NC_007795.1) [20] using progressive Mauve [21], with default parameters. The 25 genomes were annotated
using Prokka (Prokaryotic genome annotation) (v1.14.5) with a similarity cut off e-value le-6 and minimum contig size
of 200 bp [22].

Phylogenetic analysis

Nucleotide sequences for the seven housekeeping genes (arcC, aroE, glpF, gmk, pta, tpi, and ygiL) were extracted from the assem-
bled genomes of the 25 clinical S. aureus isolates and four laboratory/reference strains of S. aureus: MRSA_252 (NC_002952.2),
HO 5096 0412 (NC_017763.1), ST398 (NC_017333.1) and NCTC8325 (NC_007795.1). Nucleotide sequences were concatenated
and aligned using MUscCLE (default parameters) [23, 24] and a maximum likelihood tree for nucleotide sequences was constructed
in MEGA X [25] with Hasegawa-Kishino-Yano model, Gamma distribution with invariant sites G+1, and bootstrapping (n=1000)
parameters. The tree was midpoint rooted and visualised using the iTOL webserver [26].

Pangenomic analysis

Based on the GFF3 files produced by Prokka [22], a pangenome was calculated using Roary (v.13.3.0) [27] with default param-
eters and a minimum percentage identity of 75% between predicted protein homologues. Functional sequence annotation
by orthologs to establish COG categories for the core, accessory, and unique genes was performed using eggNOG-mapper
v5 [28], with default parameters. The percentage conservation of a gene within the pangenome to be classed as (i) core was
95%, > 28 strains, (ii) accessory, 5-95%, 2-27 strains, or (iii) unique, only one strain. Pangenome ‘open’ or ‘closed’ calcula-
tions were carried out according to Heap’s Law (1 ~kN"®) [29]. Statistical analysis was conducted using X? test with a critical
value of P=0.00128205 after Bonferroni correction (39 tests were conducted=13 COG groups x three pangenome groups).
Statistical analysis was only carried out for COG categories where at least five genes per pangenome group were annotated
by eggNOG mapper.

Sequence analysis

Sequence type was determined using PubMLST [30] [last accessed 12 August 2022]. Sequences were grouped into clonal
complexes using the eBURST algorithm [31]. The agr type was assigned using AgrVATE (v1.0.2) [32] and spa type using
spaTyper (v0.3.1) [33]. Average nucleotide identities (ANI) were calculated using fastANI [34]. Default parameters were
used throughout.

Antimicrobial resistance predictions were obtained using both MYKROBE (v0.9.0) [35] as well as ResFinder v4.1 [36], with
default parameters. To determine the presence/absence of toxins/virulence genes, assembled genomes were aligned using Artemis
Comparison Tool (ACT) [37]. Multiple sequence alignment of the protein sequences was performed using ClustalW (v2.1) [38]
and visualised using Jalview v2 [39], with default parameters.
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Statistical analysis
All statistical tests were carried out using GraphPad Prism (v 9.0) except for X? tests which were calculated on Microsoft Excel.

Bacterial strains and growth conditions

S. aureus isolates were grown at 37°C in Tryptone soya broth (TSB, Oxoid) and plated on Tryptone soya agar (TSA, Oxoid).
Antimicrobial susceptibility testing was performed on Mueller-Hinton agar (MHA, Oxoid) plates.

Haemolysis assay

S. aureus haemolysis was assayed by spotting 2 ul of S. aureus cultures grown in TSB (37 °C, 15h) on commercial sheep blood agar
plates. Plates were incubated for 15h at 37 °C followed by a 4 °C incubation step for a further 24 h to detect hot-cold activation of
S-haemolysin before imaging [40]. S. aureus COL and RN6390 were used as negative and positive controls, respectively.

Polysaccharide production assay

Sterile Congo red dye stock solution contained 5g of Congo red (Sigma Aldrich) in 100 ml of distilled water. A combination of
11.1g Brain Heart Infusion Broth (Sigma Aldrich), 15g sucrose (Fisher Scientific) and 3 g select agar (Life Technologies) were
added to 300 ml of distilled water and autoclaved. After cooling to ~50°C, 4.8 ml of 5% Congo red stock solution was added
to make the Congo red agar (CRA) plates. Single S. aureus colonies were picked from TSA plates and grown in TSB for 15h at
37°C. Then, 2 pl of overnight stationary cultures were spotted on freshly prepared CRA plates. CRA plates were incubated for
15h at 37°C and imaged.

Antimicrobial susceptibility testing

Antimicrobial susceptibility testing was performed using the Kirby-Bauer disc diffusion test. Several S. aureus colonies were
picked, transferred to 5ml TSB and mixed until a homogenous suspension was reached. The OD, , was adjusted to OD_ 0.125
(equivalent to McFarland Standard 0.5). A sterile cotton swab was used to distribute the culture evenly over the surface of a
Mueller-Hinton agar plate and left to dry at room temperature for 5-10 mins. Antibiotic discs (no more than six per plate) were
applied in the appropriate formation: cefoxitin (FOX) (30 ug), chloramphenicol (C) (30 ug), ciprofloxacin (CIP) (5 pg), clindamycin
(DA) (2 pug), erythromycin (E) (15 pg), rifampicin (RP) (5 ug), penicillin (PG) (1 ug) and tetracycline (TE) (30 pg), were dispensed.
The inoculated plate was then incubated at 35°C, for 18-24h and zones of inhibition were measured across the full diameter.
Breakpoints taken from EUCAST v12.0.

RESULTS
Clinical isolates and patient data

To investigate the genetic diversity of the S. aureus strains, 25 S. aureus isolates (SA-1 — SA-21) were collected and sequenced from
21 CF patients as outlined in methods. In total 11 S. aureus strains were collected from ten adult CF patients that were colonised
by S. aureus only. Additionally, for comparison, 14 S. aureus isolates from 11 adult CF patients who had previously cultured both
S. aureus and P. aeruginosa were also characterised. Four patients (one monoinfected and three co-infected) provided two separate
isolates termed a and b (Table 1). For isolates numbered six and ten, these a and b samples were collected on two separate visits
to the clinic whereas for isolates numbered three and seven they were collected at the same visit but represented two different
colony types. SA-11 was classified as a thymidine dependent small-colony variant (SCV) upon streaking and growth was only
achieved in on Mueller-Hinton agar in the presence of 5% CO,.

The isolates were obtained from nine male and 12 female patients with a median age of 28 (range, 19 to 68 years), and a variety
of CFTR mutations (Table 1). When comparing health indicators between the two groups, the mean FEV % of patients with
S. aureus monoinfections was 12.5% higher than coinfected patients (79.6% vs 67.1%), indicating better lung function, however,
this was not statistically significant using a t-test (P=0.15). No significant difference was noted between the mean BMI (body
mass index kg m™2) values (25.47 monoinfected vs 24.0 coinfection) and no observable co-morbidity patterns were found between
the two groups.

A phylogenetic tree of all 25 clinical S. aureus isolates, and four non-CF associated laboratory strains (NCTC8325, ST398,
HO_506_0492, and MRSA252) was constructed to determine the genetic relationship between strains (Fig. 1). Further analysis
showed that the strains collectively represent 13 sequence types (ST), the most common was ST 5 with six clinical isolates
belonging to this group (Fig. 1). STs were then assigned into seven clonal complexes (CC) using eBURST [41]. Strains of the
same CC and agr type clustered together, and in general, strains also clustered on the same branch depending on whether they
were isolated from mono- or coinfections. However, there were some exceptions - SA-13, which is a monoinfection strain that
shares a branch alongside coinfection strains, and SA-6A and SA-6B which were isolated from a co-infected patient and cluster
near strains isolated from patients who were P. aeruginosa culture negative.
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Table 1. Strain and patient metadata. S. aureus strains are labelled numerically SA-1 — SA-21. Samples labelled A and B were isolated from the
same patient. Orange labels indicates these strains are from the S. aureus monoinfection group and blue labels indicate strains were isolated from
coinfections with P. aeruginosa. Patient age is given at the time of sampling and sex is classified as M (male) or F (female). FEV, results are given
as exact value in litres followed by FEV, percent predicted. Body mass index given as kg m™. Abbreviations for oral and inhaled antibiotics are
azithromycin (Az), flucloxacillin (Flu), colistin (Col) and tobramycin (Tob). Co-morbidity abbreviations are pancreas sufficient (PS), pancreas insufficient
(P1), CFRD (CF-related diabetes), renal calculi (RC), gastro-oesophageal reflux disease (GORD), intestinal obstruction (DIOS), aspergillosis (ABPA), nasal
polyps (NP). Boxes populated with (-) indicate the patient was not on any antibiotic regime and/or presented no co-morbidities. Boxes populated with
() indicate the information is the same as the row directly above

Strain ID Sample date Sample type Age Sex FEV, BMI CFTR Oralabx  Inhabx Co-morbidities
Mutation

S. aureus monoinfection strains

03/07/19 Cough swab 37 M 3.18 25.6 F508del/ R334W - - PS
79%

12/07/19 Sputum 68 F 1.78 33.7 F508del/ P67L Az - PI, CFRD
78%

12/07/19 « « « « « « « « «

14/08/19 Sputum 32 F 2.82 21.1 F508del/ R117H-5T Flu - PS
85%

12/08/19 Sputum 22 F 3.26 229 F508del/ P67L Az - PS
87%

23/08/19 Cough swab 24 F 3.31 22,6 F508del/G551D Flu - PS, CFRD, RC
93%

23/08/19 Sputum 34 F 2.34 24.6 F508del Arg1066His Flu - PS,RC
69%

20/09/19 Cough swab 21 F 2.38 20.1 F508del/ F508del Flu Col PI
69%

08/11/19 Cough swab 25 M 4.22 30.5 F508del/ R117H-5T - - I
85%

15/11/19 Cough swab 65 M 2.04 29.5 F508del/Q1291H - = PI, CFRD, NP
68%

03/01/20 Cough swab 28 M 3.18 24.1 F508del/ F508del Flu - PI, DIOS

83%

S. aureus coinfection strains

SA-2 12/07/19 Cough swab 24 F 1.86 59% 235 G542X/ A455E Az Flu - PI

SA-4 12/07/19 Sputum 36 F 32 25 F508del/ 1507del Az - PI, CFRD,
110% GORD

SA-5 17/07/19 Sputum 50 F 1.42 25.1 F508del/ R117H-5T Flu Col PS
56%

SA-6A 29/07/19 Sputum 28 M 1.45 19.1 F508del/ F508del Az Col PI
34% Flu

SA-6B 14/11/19 « « « « « « « « «

SA-7A 19/07/19 Sputum 36 M 2.06 19 F508del/ F508del Az Flu Col PI, CFRD,
50% ABPA

SA-7B 19/07/19 « « « « « « « « «

SA-9 12/08/19 Sputum 21 F 2.3 22.1 F508del/G85E Flu - -
76%

SA-10A 14/08/19 Cough swab 27 M 2.05 25.6 P67L/ G551D Flu - PS, ABPA
73%

SA-10B 14/11/19 « « « « « « « « «

SA-15 04/10/19 Cough swab 36 M 3.1 23.8 G551D/Trp401Ter - - PI, NP
73%

SA-18 11/12/19 Cough swab 39 M 0.89 23.8 F508del/ F508del Flu Col PI, CERD, NP
26%

Continued
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Table 1. Continued

Strain ID Sample date Sample type Age Sex FEV, BMI CFTR Oralabx  Inhabx Co-morbidities
Mutation
SA-19 11/12/19 Sputum 20 F 2.68 28.6 G551D/ Y1032C - - PI
86%
SA-20 08/01/20 Cough swab 19 F 3.05 28.6 F508del/ R347H Flu Col/ Tob PS
95%

The S. aureus Type VII secretion system (T7SS) has been shown to play a role in interbacterial competition through the secretion
of protein toxins [42, 43]. The T7SS occurs as one of four variants, depending on the sequence of the essC gene, which encodes
a core component of the secretion system [44, 45]. One of the key differences between all four variants is some of the toxins
secreted by the T7SS, with at least one variant-specific toxin found for each of the four essC subtypes [42, 44, 45]. Most of the
clinical isolates had the most common variant, essCI, with essC2 found in seven isolates and essC3 in only one (Fig. 1). T7SS essC4
appears to be largely restricted to CC22 [45] and no essC4 variants were found among the clinical strains. While the T7SS is not
essential for S. aureus viability, it has been reported to be conditionally essential for survival in the presence of P. aeruginosa in a
chronic wound infection model [46]. As shown in Fig. 1, all but two of the coinfection isolates were essC1 variants, whereas the
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Fig. 1. Phylogenetic tree of clinical S. aureus isolates. Phylogenetic tree constructed based on the seven housekeeping genes (arcC, aroE, glpF, gmk,
pta, tpi, and yqil) from the 25 clinical S. aureus isolates and four laboratory strains of S. aureus using the maximum likelihood method in MEGAX with
Hasegawa-Kishino-Yano model, Gamma distribution with invariant sites G+l, and bootstrapping (n=1000) parameters. Strains isolated from mono-
infections are labelled in orange, strains from co-infections are labelled in blue and reference strains are labelled in black. Sequence type was
determined using PubMLST, clonal complexes were determined using eBURST. The agr type was assigned using AgrVATE and spa type using spaTyper.
Tree editing was carried out using iTOL.
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Fig. 2. COG classifications for core, accessory, and unique genes present in S. aureus clinical isolates. Bar chart represents the percentage of genes in
the core, accessory and unigue genes which were assigned a known COG function by the eggNOG-mapper v5 software.

mono-infection strains had a more even split between essC1 and essC2 subtypes. However, at present the relevance of this, if any,
is unclear since none of the T7 secreted toxins identified to date have been shown to target P. aeruginosa.

S. aureus genomic characterisation

The pangenome is the entire collection of genes present within a species and can be divided into three groups (i) the core genome,
which is shared by all strains (95%, > 28 strains), (ii) the accessory genome, consisting of genes present in some but not all
genomes (5-95%, 2-27 strains) and (iii) the unique genome, composed of genes (singletons) present in only one strain (3.4%).
We estimated the pangenome to be made up of 4315 orthologs, with a split of (i) core as 2070 (47.9%), (ii) accessory as 1564
(36.2%), and (iii) 681 singletons (15.8%) (Fig. 2). Heap’s law was used to calculate whether the pangenome was deemed ‘open’
or ‘closed’ in these isolates [29]. The a exponent was calculated as 0.858+0.050, indicating an ‘open’ pangenome. A total of 3534
(81.9%) genes were identified and assigned cluster of orthologous groups (COG) category using eggNOG-mapper [28]. Fig. 2
shows the distribution of the COG categories within the core, accessory, and unique genomes.

After assignment of COG groups to the genes belonging to the core, accessory and unique genomes, the enrichment of COG
families was investigated within the pangenome groups. As expected, the core genome was enriched for all COG families related
to metabolism, as well as translation, ribosomal structure and biogenesis, and transcription, many of which are essential genes
(Table 2). Interestingly, the unique genome was significantly enriched for the replication, recombination and repair, and defence
mechanism COG families (Table 2).

The unique genes present in each clinical S. aureus isolate were then further examined. Many were found to be unique mobile
genetic elements (MGEs). The genetic plasticity of the S. aureus genome is largely attributed to MGEs, which include prophages,
plasmids, pathogenicity islands (SaPIs), staphylococcal cassette chromosome mec (SCCmec), and transposons. MGEs can dissemi-
nate between bacteria through horizontal gene transfer (HGT) mechanisms and are particularly concerning as they can alter
virulence and resistance profiles [47, 48].

Evidence of phage integration was present across the genomes of all S. aureus clinical strains, although the phage-associated
methicillin resistance gene mecA, the PVL toxin and the toxic-shock syndrome (TSS) toxin were not detected in any of the isolates
(Table 3). The immune evasion genes scn, chp, and sak were present in 23 (92%), 17 (68 %) and 16 (64 %) isolates, respectively
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Table 2. Enrichment of COG categories within the core, accessory, and unique genomes. COG categories were assigned using eggNOG-mapper vb.
Statistical tests were carried out using X? on categories where at least five genes per pangenome group had been annotated. This statistical test
assesses the likelihood of significant enrichment in the different COG categories between the core, accessory, and unique groups. The p-value given
has been adjusted using the Bonferroni correction, (*) highlights significant p-values

COG letter COG category Core Accessory Unique p-value
Percentage of genes with COG annotation

D Cell cycle control, cell division, chromosome partitioning 1.79% 0.90% 1.32% 0.074

E Amino acid transport and metabolism 9.23% 5.18% 2.20% <0.001*
F Nucleotide transport and metabolism 4.54% 0.77% 0.73% <0.001*
G Carbohydrate transport and metabolism 6.43% 2.81% 1.32% <0.001*
J Translation, ribosomal structure, and biogenesis 8.02% 0.34% 0.29% <0.001*
K Transcription 7.20% 5.05% 3.08% <0.001*
L Replication, recombination, and repair 4.64% 6.78% 14.83% <0.001*
M Cell wall/ membrane / envelope biogenesis 5.70% 5.12% 2.79% 0.0104
P Inorganic ion transport and metabolism 7.78% 2.94% 2.50% <0.001*
S Function unknown 20.97% 28.39% 21.00% <0.001*
T Signal transduction mechanisms 1.74% 1.47% 0.88% 0.277

U Intracellular trafficking, secretion, and vesicular transport 1.69% 0.90% 0.88% 0.065

v Defence mechanisms 1.50% 3.20% 4.41% <0.001*

(Table 3). Further, the sea gene encoding for staphylococcal enterotoxin A, carried on an integrated prophage, was present in eight
(32%) of the strains. There was no statistically significant difference in the presence/absence of these genes between mono- and
co-infection strains. Unique prophage genes made up the greatest number of unique genes and were identified in 11 (44%) of the
strains, suggesting that phage integration is common. Moreover, four of these strains (SA-2, SA-5, SA-6A, SA-6B) also contained
unique SaPI genes, indicating that virulence factors are harboured on MGEs within the clinical strains. Of the 13 strains that
did not contain unique phage genes, four (30%) contained unique copies of genes for Type I restriction-modification (TI-RM)
enzymes (SA-13, SA-9, SA-10A, SA-10B). T-IRM systems are a known barrier to HGT as they prevent DNA uptake from different
species and other S. aureus lineages, therefore it is possible they are restricting phage integration in those genomes [49].

The agr and spa type of each isolate was also characterised (Fig. 1). Four types of the agr accessory gene regulator system have
been described (I-IV), and studies have reported agr type influence pathogenesis and may impact clinical outcomes [50]. The
strains had a near equal split between agr type I (9, 36%) and type II (10, 40%), with a lower prevalence of type III strains (6,
25%) and none belonging to type IV, which is reportedly the rarest agr type [51, 52].

The varying numbers and base sequence of tandem repeats determines the spa type in S. aureus strains [53], which has been used
to investigate S. aureus outbreaks. The isolates represented a wide range of spa types, and only isolates that were obtained from
the same patient presented the same spa variant.

Average nucleotide identity calculations suggested that isolates collected from the same patients were likely the same strain
(>99.9). The maximum identity between isolates collected from two different patients was 99.98% (SA-13 and SA-15) and the
minimum identity between any two clinical isolates was 97.34 %. None of the isolates were closely related enough based on average
nucleotide identity, agr, and spa type to suggest cross infection between patients.

Haemolytic activity

Haemolysins are cytolytic toxins which are secreted by many S. aureus strains. They have been commonly recognised as essential
virulence factors in murine CF infection models [54] and previous studies suggest strains downregulate expression of virulence
factors during chronic infection [55]. We therefore sought to establish whether our chronic infection isolates retained the ability
to lyse ovine red blood cells (RBC), and whether there were any differences in haemolytic activity between the mono- and
coinfection strains.

Eighteen (72%) of the isolates tested showed cytolytic activity against the RBC and there was no observable difference in lysis
patterns between the monoinfection and coinfection S. aureus strains. However, interestingly we noted that four isolates that
had lost their ability to lyse RBC came from patients that provided two separate S. aureus samples (3A, 6B, 7B and 10A), whilst
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Table 3. Presence or absence of unique genes relating to virulence in S. aureus clinical isolates. GenBank sequences of the clinical isolates and
known reference genomes NCTC8325 and MRSA252 (NC_007795.1 and NC_002952.2, respectively) were aligned using progressive Mauve [21]. Then,
sequences were queried for the presence of genes likely to be related to virulence. Boxes populated with + indicatethe gene is present and boxes
populated with - indicate the gene is absent. The immune evasion genes scn encoding for the staphylococcal complement inhibitor, chp encoding for
chemotaxis inhibitory protein, and sak encoding for staphylokinase were also examined. PVL, Panton Valentine leukocidin toxin; sea, staphylococcal
enterotoxin A; SaPl, S. aureus pathogenicity islands; TI-RM, Type | restriction-modification enzymes

Strain PVL toxin Sea enterotoxin Scn Chp Sak Unique Unique phage Unique
SaPI TI-RM

S. aureus monoinfection strains

_ _ + + _ _ _ _
- - + + + - + -
- - + + + - + -
- - + + - - + -
- - + + - - + -
- + + + + - + -
- + + - + - - +
- - + + - - + -
- - + - + - + -
_ _ + + _ _ _ _

- - + - - - - -

S. aureus coinfection strains

SA-2 - + + + + + + -
SA-4 - - + + - — _ _
SA-5 - - + + + + + -
SA-6A - + + + + + + _
SA-6B - + + + + + + -
SA-7A - - + + + - - -
SA-7B - - + + + - + -
SA-9 - - + + + - - +
SA-10A - + + - + - - +
SA-10B - + + - + - - +
SA-15 - - - - - - + -
SA-18 - + + - + - + -
SA-19 - - + + - - - -
SA-20 - - - - - - - -

the other patient sample retained its haemolytic activity (Fig. 3). This is further evidence that multiple strains of the same species
can exhibit different phenotypes within the same CF lung.

Extracellular polysaccharide production

Another phenotype associated with chronic S. aureus infection is increased extracellular polysaccharide (EPS) production,
which is an important constituent of biofilms [56]. S. aureus produces one dominant EPS, chemically defined as poly-N-acetyl-5-
[1-6]-glucosamine (PNAG) [56]. PNAG is synthesised by proteins encoded at the intercellular adhesion (icaABCD) locus and
its production is regulated by IcaR [57]. PNAG overproduction could result in an advantageous mucoid phenotype as studies
have found that mucoidy can increase intrinsic resistance to antibiotics, improve host immune-evasion and increase survival
under nutrient limited conditions [15].
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Fig. 3. Haemolytic profiles of S. aureus isolates. S. aureus colonies were grown overnight in TSB (37°C, 15h), then 2 ul of each culture was spotted
on to sheep blood agar plates. Cytolytic activity was recognised as clearance halos around the colonies. Colonies were spotted and plates incubated
overnight at 37 °C followed by 4 °C incubation for 24 h to detect hot-cold activation of f-haemolysin. COL and RN6390 were used as known negative
and positive controls, respectively. Representative images from three biological replicates.

+

Control Control

To establish whether any of the clinical isolates displayed a mucoid phenotype, EPS production was assayed by growth on Congo
red agar plates. Most isolates had retained their ability to produce EPS (73%), which was also seen in a study of S. aureus isolates
from chronically-infected CF individuals in the USA [50] (Fig. 4). Only 14% of isolates presented the overproducer mucoid
colony morphology and 59% displayed normal EPS production. Separated by group, a higher number (4, 29%) of the coinfection

SA only SA/PA
3B 8 12 5
N
10A
Normal EPS producer EPS overproducer

Fig. 4. Majority of S. aureus clinical isolates retain their ability to produce EPS. S. aureus colonies were grown overnight in TSB (37°C, 15h) and 2 ul
of each culture was spotted on to Congo red agar plates. Three phenotypes were revealed: EPS overproducers are dark and have a rough colony
phenotype, normal EPS producers are dark in colour and appear shiny, and strains that lack all polysaccharide are bright red in colour and are also
shiny. Representative images from three biological replicates.

10



Mossop et al., Journal of Medical Microbiology 2023;72:001703

strains presented the mucoid phenotype vs only one (9%) of the S. aureus monoinfection strains (Fig. 4), non-significant, using
Fisher’s exact test (P=0.36).

Jefferson et al. identified a five-nucleotide (TATTT) deletion in the icaR-icaA intergenic region that can induce over-expression of
PNAG, and results in the mucoid phenotype [58]. To establish whether the clinical isolates with a mucoid phenotype lacked this
sequence, the DNA sequences in this region were queried. Two isolates which lacked the 5bp nucleotide sequence exhibited the
mucoid phenotype when tested (SA-10A, SA-10B). However, strains SA-6A and SA-8 did not present the deletion but exhibited
a mucoid phenotype. Previous studies have suggested other unidentified mutations may also lead to this phenotype [51, 59].
Additionally, although SA-6B and SA-7A lacked the 5bp sequence, they presented a non-mucoid phenotype, this could be due
to compensatory mutations elsewhere in the genome as no other mutations were detected in their ica loci. It should be noted
that although SA-6A and SA-6B were isolated from the same patient, they were isolated several weeks apart, and SA-6B was
isolated following a 14 day intravenous ceftazidime and tobramycin course because of an increase in symptoms. Finally, it is also
noteworthy that the 5bp nucleotide deletion was only observed in coinfection isolates, although this is non-significant using
Fisher’s exact test (P=0.11).

Antimicrobial resistance

It is being increasingly recognised that polymicrobial infections contribute to increased drug resistance of individual species [60].
Previous work has identified modified drug resistance profiles in co-existing S. aureus and P. aeruginosa strains due to higher drug
efflux pump activity and altered biofilm formation [61, 62]. Therefore, to determine whether S. aureus strains isolated from P. aeruginosa
coinfection presented increased antibiotic resistance, the resistance phenotypes of the S. aureus only and S. aureus/P. aeruginosa
coinfection strains were assayed using the Kirby-Bauer disc diffusion method and the results are summarised in Table 4.

From the antimicrobial susceptibility phenotypes, there was some evidence that the coinfection strains showed increased resistance
profiles compared to the S. aureus only strains (Table 4), however this was non-significant (P=0.0562, X*=1.91,1). A significantly
higher number of coinfection isolates (10, 71.4%) showed resistance to at least one type of macrolide, compared to only two
monoinfection isolates (18.1%) using Fisher’s exact test, (P<0.0154). Additionally, a higher percentage of coinfection strains
showed resistance to ciprofloxacin, an antibiotic commonly used with CF patients, compared to monoinfection strains (6, 42.8%
vs 2, 18.1%), non-significant using Fisher’s exact test (P=0.2337). This is in line with previous studies showing that antibiotic
pumps for ciprofloxacin are upregulated when S. aureus grows in coexistence with P. aeruginosa [62]. Six coinfection isolates
exhibited induced clindamycin resistance; this was established using the p-test, no monoinfection isolates presented induced
clindamycin resistance, non-significant using Fisher’s exact test (P=0.1804). Only one isolate was resistant to tetracycline (SA-17)
and two isolates (SA-20 and SA-21) were sensitive to all antibiotics.

To identify the genes responsible for the resistance profile of the clinical isolates, the whole genome sequences were analysed
using resistance prediction software ResFinder and MYKROBE (Table S2). Comparing these predictions with our experimental
testing, the programmes accurately predicted resistance profiles of 11 strains (52%). However, for the remaining isolates, they
were predicted to be sensitive to macrolides (erythromycin and clindamycin), but antimicrobial susceptibility testing (AST)
showed they exhibited resistance (Tables 3 and S2). It is likely that the resistance gene may be carried on a plasmid rather than
within the genome, as ermC has been commonly identified on plasmids [63]; plasmids were not selectively extracted in our study.

DISCUSSION

In this study we used a genotypic and phenotypic approach to characterise clinical S. aureus isolates and identify shared traits
and differences between S. aureus isolates that coexist with P. aeruginosa vs S. aureus strains from patients who are P. aeruginosa
negative. When comparing phylogenetic relationships and genotypes between strains, we noted that isolates of the same sequence
type clustered together, however this did not correlate with the presence/absence of known virulence factors including haemolysin
production, sea enterotoxin, or immune evasion genes. Additionally, in our study, isolates did not group together based on
their mucoid phenotype, as also noted by Bernardy et al. [51]. However, isolates did largely cluster depending on whether they
were isolated from mono- or coinfections. This data is also in accord with previous work [51] and suggests there are genotypic
differences between S. aureus strains that are found in coexistence with P. aeruginosa versus those that are not. Alternatively, this
may be related to the different antibiotic regimens given to patients who are colonised with P. aeruginosa compared with those
who are not.

Previous larger-scale studies carried out in the USA have sought to investigate the genomic capabilities of S. aureus isolated from
people with CF [51, 64]. Our study focused on a smaller sample size because we wanted to specifically analyse S. aureus strains
from adults who were culture-negative for P. aeruginosa, and compare with those who were culture-positive. Nonetheless, our
findings are in accord with some of those reported by Long et al. [64]. Specifically, despite our reduced sample size, our analysis
also provided evidence for an ‘open’ pangenome in S. aureus CF isolates, indicating that the influx of new genes is a crucial factor
in infections of people with CE. However, it is worth noting that the reported pangenomes of S. aureus cystic fibrosis isolates show
considerable variation. For instance, Bosi et al. [65] estimated the core genome of S. aureus to comprise 1441 genes by comparing
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Table 4. Antimicrobial drug resistance profiles of S. aureus clinical isolates. AST was assayed using the Kirby-Bauer disc diffusion method as outlined
in the Methods section. S-Susceptible. R-Resistant. SIE-Susceptible with increased exposure. D-Inducible clindamycin resistance. C-chloramphenicol.
CIP-Ciprofloxacin. DA-Clindamycin. E-Erythromycin. FOX-Cefoxitin. RP-Rifampicin. TET-Tetracycline. PG-Penicillin. Resistant isolates are shaded and
D-inducible resistance is indicated by a lighter shade, colours are dictated by antibiotic class

Strain

S. aureus monoinfection strains

S S SIE S S
N S SIE N SIE
S S SIE S R
S S SIE S R
S S SIE S S
S S SIE S S
S S SIE S S
S S SIE S S
S S SIE S S

S. aureus coinfection strains

SA-2 S S SIE S R
SA-4 S S S R
SA-5 S S S R
SA-6A S S S R
SA-6B S S S R
SA-7A S S S R
SA-7B S S S R
SA-9 S S S S
SA-10A S S S R
SA-10B S N S R
SA-15 S S S S
SA-18 S S S S
SA-19 S S SIE S R
SA-20 S N SIE S S

isolates from diverse ecological niches. In contrast, Long et al. [64] reported a lower number of core genes (1142), whereas
Bernardy et al. [51] found a higher number of core genes at 1984, which is consistent with our findings. The large difference in
these results suggests more work is required to establish the core genome of S. aureus CF isolates.

Toxins and virulence factors are important for S. aureus pathogenicity, and the proportion of S. aureus strains encoding known
virulence and toxin genes was high within our set of samples (Table 3). Although previous reports have suggested that S. aureus
isolates adapted to the CF lung show reduced expression of a-haemolysin, most clinical isolates in this study retained their ability
to lyse RBC, and there was no correlation between haemolytic phenotype and infection group.

The ability to produce EPS is an important factor in S. aureus persistence in the CF lung as it aids biofilm formation, provides
protection from the host immune system, and increases tolerance to antibiotics [66, 67]. Most isolates studied here were able to
produce EPS when they were phenotypically characterised. However, the remainder were categorised as non-EPS producers and
isolates that presented this phenotype belonged to both the mono- and coinfection groups. EPS is energetically costly to synthesise,
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and it is possible these isolates may instead take advantage of other EPS producers in the lung through formation of mixed-species
biofilms. Although the EPS overproducer strains showed resistance to two or three different types of antibiotics, some of the
non-producers were also multidrug resistant, therefore increased drug resistance profiles were not exclusively related to mucoidy.

Resistance to macrolides (erythromycin and clindamycin) was widespread among the strains with 12 (48 %) strains showing resist-
ance to this class of antibiotics, nine of which belonged to the coinfection group (P<0.0154). This is interesting because although
macrolides are not commonly used to combat S. aureus infections in the UK, long-term low-dose use of azithromycin is becoming
a standard therapy for its anti-inflammatory properties and as a prophylactic in patients with chronic P. aeruginosa infection
[2]. Widespread azithromycin use in the UK may be driving increasing levels of S. aureus macrolide resistance, particularly in
coinfection isolates as this treatment is more common in patients chronically infected with P. aeruginosa.

Previous studies have reported that 2-heptyl-4-hydroxyquinoline N-oxide, a quorum sensing signal produced by P. aeruginosa,
and LasA, a P, aeruginosa extracellular protease, provide S. aureus with protection against vancomycin [68, 69]. Additionally,
transcriptome studies have shown P. aeruginosa induces expression of S. aureus nor genes, which encode drug eftflux pumps for
tetracycline and fluoroquinolone [62]. However, no increased resistance against any of these antibiotics in coinfection isolates was
observed, although it should be noted that Nor-dependent resistance may depend on close contact between the two organisms
during testing [62] which was not carried out in our study.

All strains from patients that provided more than one isolate exhibited differing haemolytic abilities, and some also showed
differing EPS production and antibiotic resistance phenotypes. This is indicative of population heterogeneity within the same
patient despite surpassing average nucleotide identity thresholds to be considered the same strain. This has previously been
identified in CF sputum samples and it has been proposed that a more diverse community has increased viability and improved
stress resistance [70].

In conclusion, S. aureus treatment and prophylaxis are greatly debated amongst clinicians, leading to differing treatment approaches
across the world. A more detailed analysis of the nature of S. aureus CF isolates from different countries with different treatment
regimes, may ultimately allow for better informed and improved treatment of infections for people with CE.
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