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Comparative genomics of Staphylococcus epidermidis from
prosthetic-joint infections and nares highlights genetic traits
associated with antimicrobial resistance, not virulence

Emeli Mansson'? Thor Bech Johannesen?, Asa Nilsdotter-Augustinsson*, Bo Séderquist't and Marc Stegger'3*

Abstract

There is increased awareness of the worldwide spread of specific epidemic multidrug-resistant (MDR) lineages of the human
commensal Staphylococcus epidermidis. Here, using bioinformatic analyses accounting for population structure, we determined
genomic traits (genes, SNPs and k-mers) that distinguish S. epidermidis causing prosthetic-joint infections (PJIs) from com-
mensal isolates from nares, by analysing whole-genome sequencing data from S. epidermidis from PJls prospectively collected
over 10 years in Sweden, and contemporary S. epidermidis from the nares of patients scheduled for arthroplasty surgery. Pre-
viously suggested virulence determinants and the presence of genes and mutations linked to antimicrobial resistance (AMR)
were also investigated. Publicly available S. epidermidis sequences were used for international extrapolation and validation of
findings. Our data show that S. epidermidis causing PJls differed from nasal isolates not by virulence but by traits associated
with resistance to compounds used in prevention of PJIs: f-lactams, aminoglycosides and chlorhexidine. Almost a quarter of
the PJI isolates did not belong to any of the previously described major nosocomial lineages, but the AMR-related traits were
also over-represented in these isolates, as well as in international S. epidermidis isolates originating from PJls. Genes previ-
ously associated with virulence in S. epidermidis were over-represented in individual lineages, but failed to reach statistical
significance when adjusted for population structure. Our findings suggest that the current strategies for prevention of PJls
select for nosocomial MDR S. epidermidis lineages that have arisen from horizontal gene transfer of AMR-related traits into
multiple genetic backgrounds.

DATA SUMMARY number of patients affected by a prosthetic-joint infection
(PJI), the most feared complication of joint replacement
surgery, will also increase [5]. Micro-organisms causing PJIs
are generally thought to originate from the patient’s microbiota

Supporting data are provided in the supplementary data files.

INTRODUCTION [6]. Staphylococcus epidermidis, a ubiquitous skin commensal,
Due to an ageing population, improved access to surgery and was recently demonstrated to be the most frequent species in
increased prevalence of osteoarthritis and obesity, the number hip and knee PJIs, representing up to 33% of these infections
of total joint replacements performed annually is projected [7].S. epidermidis is recognized as an opportunistic pathogen
to continue to increase worldwide [1-4]. Consequently, the [8] and global spread of hospital-adapted, multidrug-resistant
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(MDR) S. epidermidis (MDRSE) predominated by sequence
types (STs) 2, 5 and 23 causing clinical infections is evident
[9]. These hospital-adapted MDRSE were recently demon-
strated to also harbour biocide-resistance genes to a high
extent [10]. Previous studies have indicated an association
of the ica locus (associated with biofilm formation), SCCmec
(staphylococcal cassette chromosome mec) and the insertion
sequence IS256 (associated with regulation of biofilm forma-
tion and genes encoding aminoglycoside resistance [11, 12])
with invasive S. epidermidis isolates, but the discriminatory
capacity has been questioned [13]. As for clinical infections
with S. epidermidis in general, molecular epidemiological data
on S. epidermidis from PJIs are indicative of a predominance
of MDRSE [14, 15], in contrast to the diversity of S. epider-
midis strains present in the human microbiota [16].

PJIs are associated with increased mortality, and patients
affected by PJIs suffer from pain, loss of independence and
reduced quality of life [17-20]. This, and that treatment
costs for PJIs are significant and projected to increase
[21, 22], points to the importance of optimizing preventive
measures for this routine orthopaedic surgical procedure.
Current preventive measures include preoperative whole-
body wash with chlorhexidine gluconate-containing soap,
optimization of the operative environment and antimi-
crobial prophylaxis, both systemic (f-lactams) and local
(antibiotic-loaded bone cement) [23].

We aimed to describe the molecular epidemiology of
S. epidermidis obtained from hip and knee P]Is, and to deter-
mine what genomic traits differentiate these PJI isolates from
nasal isolates, to understand the underlying factors explaining
the success of the dominating MDRSE lineages in PJIs.

METHODS
Study design

In this molecular epidemiology study, we included
S. epidermidis isolates from hip and knee PJIs between
2007 and 2016 in two administrative regions in central
Sweden [referred to as A (Orebro) and B (Ostergdtland)],
each served by a single microbiology department. Clinical
isolates from PJIs were frozen and stored as per clinical
routine. Isolates from PJIs were compared with contem-
porary S. epidermidis isolates from nares of patients with
planned prosthetic-joint surgery 2 weeks (median) prior
to hospitalization collected between 2012 and 2017. Nasal
isolates were collected within four administrative regions
in central Sweden [Orebro (A), Ostergdtland (B), Virmland
(C) and Viastmanland (D)] together comprising 45000 km?,
with a combined population of 1.4 million inhabitants (Fig.
S1, available in the online version of this article).

Bacterial isolates

Clinical isolates with anonymized serial numbers were
provided from the clinical microbiology departments
together with information about patient sex, age and
joint from the microbiology request form. Isolates from

Impact Statement

The global spread of multidrug-resistant Staphylococcus
epidermidis (MDRSE) that cause hospital-associated
infections poses a threat to treatment outcomes in
patients with infections such as prosthetic-joint infec-
tion (PJI). Insights into S. epidermidis pathogenomics are
needed to understand the success of MDRSE lineages
in order to, by extension, describe targets for infection
control measures including prophylaxis procedures.
Attempts to define virulence determinants of S. epider-
midis have so far mainly been based on targeted searches
for previously suggested markers. Here, we used state-
of-the-art genome-wide association analyses to compare
a unigue population-based collection of ~300S. epider-
midis isolates in total from PJIs and contemporary nasal
isolates. We show that S. epidermidis causing PJls differ
from nasal S. epidermidis not by acquisition nor carriage
of virulence determinants, but by harbouring genetic
traits associated with antimicrobial resistance and
decreased susceptibility to biocides. Using the available
genomes of >800 international S. epidermidis, including
>100 from PJls, we demonstrate these findings extend
internationally. With this combined data, our study high-
lights that the current preventive strategies in arthro-
plasty surgery, preoperative chlorhexidine bathing and
antimicrobial prophylaxis with g-lactam (systemically)
and aminoglycoside (locally in bone fixation cement),
specifically select for MDRSE that have been associated
with treatment failure.

PJIs were included if a minimum of two tissue cultures
obtained during debridement or revision surgery for
suspected PJI grew S. epidermidis with identical anti-
biograms, according to Swedish guidelines for bone and
joint infections (www.infektion.net/). Only one isolate
per patient during the 10 year period was included. Pure
clinical isolates were preserved at —80°C as per clinical
routine in preservation medium: trypticase soy broth
(BD Diagnostic Systems), supplemented with 0.3% yeast
extract (BD Diagnostic Systems) and 29% horse serum
(H&tunalab).

Nasal swabs were plated on Miiller-Hilton II agar (3.8%, w/v)
plates (BD Diagnostic Systems) incubated overnight at 36°C in
an aerobic atmosphere. A single colony, verified as S. epidermidis
by matrix-assisted laser desorption/ionization-time of flight
MS (MALDI-TOF MS) (Microflex LT; Bruker Daltonik) using
Biotyper 3.1, was randomly selected for further analysis.

Written informed consent for nasal sampling was obtained
from patients under a protocol approved by the Regional
Ethical Review Board of Uppsala, Sweden (Dnr 2012/092,
Dnr 2016/151/2). Ethical approval for working with bacterial
isolates from humans is not applicable under Swedish law.
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Table 1. Demographics of participants contributing S. epidermidis
isolates

Data for the features are given as numbers, with percentages in
parentheses.

Feature PJ1 Nares
(n=139) (n=150)
Arthroplasty
Total hip arthroplasty 103 (74%) 95* (63%)
Total knee arthroplasty 36 (26%) 53* (35%)
NA - 2 (1%)
Gender
Female 59 (42%) 75 (50%)
Male 80 (58%) 75 (50%)
Age (years)
<50 4 (3%) 6 (4%)
51-60 10 (7%) 16 (11%)
61-70 30 (22%) 27 (18%)
71-80 54 (39%) 33 (22%)
>80 41 (30%) 6 (4%)
NA - 62 (41%)
Median [IQR] 75.0 [68-81] 69.3 [60-75]
Administrative regiont
A 55 (40%) 84 (56%)
B 84 (60%) 18 (12%)
C - 29 (19%)
D - 19 (13%)

IQR, Interquartile range; NA, not available.

*Planned arthroplasty.

tAdministrative regions (all adjacent) are: A, Orebro; B,
Ostergodtland; C, Varmland; D, Vastmanland (see Fig. S1).

Antibiotic-susceptibility testing (AST)

AST was performed by disc diffusion test according to
European Committee on Antimicrobial Susceptibility
Testing (EUCAST) guidelines (http://www.eucast.org) for
the PJT isolates. The antibiotics tested were cefoxitin (30 ug),
fusidic acid (10pg), clindamycin (2 ug), erythromycin
(15 pg), gentamicin (10 ug), rifampicin (5ug), trimetho-
prim-sulfamethoxazole (25 pg) and norfloxacin (10 ug) (all
discs from Oxoid). The clinical breakpoints were according
to EUCAST recommendations (v9.0).

Genome analyses

An overview of the genome analyses performed in this study
is presented in Fig. S2.

Genome sequencing

DNA from all 2898S. epidermidis was purified using a
QIAsymphony DSP virus/pathogen kit (Qiagen) after incuba-
tion overnight in 36 °C on blood agar plates [3.9% Columbia
blood agar base (Oxoid), supplemented with 6% defibrinated
horse blood]. Extracted DNA was quantified using a Qubit
(Invitrogen), followed by library preparation using a Nextera
XT DNA library prep kit (Illumina), using the manufacturer's
protocol. The libraries were sequenced on the NextSeq 550
platform (Illumina) using a 300-cycle kit to obtain paired-
end 150bp reads. The generated sequencing data (Table S1)
were subjected to quality control using bifrost (https://github.
com/ssi-dk/bifrost) to ensure adequate sequencing depth of
all isolates and a check for contamination using Kraken v1.0
[24] prior to assembly using SPAdes v3.11.1 [25] using default
settings.

SNP detection and phylogenies

We used SNPs identified in the core genome to infer relat-
edness of the S. epidermidis isolates. To detect SNPs with
association with PJI and to infer phylogenetic relationships
between isolates, we identified SNPs within the core genome
by aligning the raw sequencing data against the S. epidermidis
ATCC 12228 reference chromosome [26] (GenBank acces-
sion no. CP022247) using NAsP v1.0.0 [27] by using BWA-MEM
v0.7.12 [28] and SNPs were called using Gatx [29]. If either a
minimum coverage of 10 was not met or the nucleotide variant
was present in <90% of the base calls per individual isolates,
the respective position was excluded across the collection to
retain only high-quality variant calling (Table S2).

To relate the diversity of the Swedish S. epidermidis isolates
to circulating international isolates, sequence data from two
recently published papers on (i) the emergence and popula-
tion structure in relation to resistant S. epidermidis lineages
(n=224) [9] and (ii) disease-associated genotypes of S. epider-
midis (n=411) [30] were included. Furthermore, genome data
on all additional sequence data from S. epidermidis of human
origin present in the National Center for Biotechnology
Information Reference Sequence Database (https://www.ncbi.
nlm.nih.gov/refseq/) was obtained on March 13 2019 with
metadata on country of isolation (n=237) for a total of 872
genomes of international origin after removal of isolates with
low sequencing depth or signs of contamination using NASP
v1.0.0 [27] (Table S3). If available, Illumina FASTQ sequence
files were used instead of assembled genomes for depiction
of the overall population diversity of S. epidermidis and for
the ST2- and ST5-lineage-specific analyses. For identification
and purging of recombinant regions, Gubbins [31] was used
with default settings on the SNP-only alignments obtained
from NASP.

Phylogenetic reconstruction was carried out using different
approaches due to limitations in calculations on the larger
dataset. For the complete set of Swedish and international
human isolates of S. epidermidis (n=1161), the phylogeny
was obtained with the approximately maximum-likelihood
implementation in FastTree v2.1.10 [32] using the general-
ized time-reversible (GTR) substitution model, as well as
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Fig. 1. Genomic traits and phylogenetic relatedness of S. epidermidis from PJIs and nasal microbiota. S. epidermidis isolates from PJls
(n=139; light red) and S. epidermidis isolates from nasal swabs from patients scheduled for arthroplasty (n=150; green). Major PJI
lineages (ST2a, ST2b, ST5 and ST215) are coloured in grey. GWAS results, all linked to invasiveness, are presented in purple (colour
intensity represents numbers of PJI-associated genes, k-mers and SNPs present). A gene is shown as absent in an isolate only if no
allelic variant of the gene could be found. Genes associated with biofilm formation are presented in blue, from the centre and out: icaA,
aap, bhp, embp. Genes previously associated with clinical infections are presented in dark red, from the centre and out: 1IS256, sesl. Genes
previously associated with colonization are presented in dark green, from the centre and out: ACME-arcA, fdh. The midpoint-rooted
maximume-likelihood phylogeny was based on a SNP matrix purged for recombination with 95 245 SNPs. Bar, substitutions per site.

nearest-neighbour interchanges (NNI) and subtree-prune-
regraft (SPR) rearrangements for tree optimization. Phylog-
enies for the ST2-clade (n=353), the ST5-clade (n=93) and the
Sweden-only collection (1=289) were obtained with RAXML
v8.2.1 [33] using the GTRCAT model and 100 replicates for
bootstrapping. Visualization and annotation of the phylog-
enies was performed in iTOL v4.3 [34] (https://itol.embl.de)
with subsequent editing in Adobe Illustrator.

Accessory genome

The accessory genome contains genes that in large define
the virulence and resistance phenotypes. To detect signifi-
cant associations between genomic traits and PJIs in the
Swedish collection, we initially determined gene content
of the population by annotating genome assemblies using
Prokka v1.12 [35] with default settings and comparing
annotated genomes using Roary v3.11.2 [36] using a

minimum percentage identity for BLASTP of 90. This
combination provides an excellent overview of the core-
and accessory-gene content of a population, but is naturally
limited by its dependency on the quality of the genomic
assemblies. This leads to the occurrence of spurious genes
caused by incidental contig terminations in the estimated
accessory genome and, more importantly, inaccuracies in
predicting the presence of genes found in or near regions
that are consistently hard to assemble, such as the repeat
regions associated with IS elements. Since these kinds of
regions are often of particular interest, we found it crucial
to apply an additional level in our approach to assess gene
presence/absence across the population. Using Mykrobe
Predictor v0.1.3 [37], we first tested each isolate against a
panel of genes consisting of the complete accessory genome
identified by Roary and defined genes as present if they had
a coverage of at least 90% and a median sequencing depth
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Table 2. Diversity and phylogenetic clustering of S. epidermidis isolates
from PJIs and from nares

Data for the features are given as numbers, with percentages in
parentheses.

Feature PJI Nares
(n=139) (n=150)
No. of STs 36 64

1-DI (95% CI) 0.798 (0.742-0.855) 0.964 (0.950-0.978)

No. of isolates (%) per
phylogenetic lineage:

PJI

ST2a 16 (12%) 0

ST2b 43 (31%) 0

ST5 13 (9%) 3(2%)

ST215 34 (25%) 0
Nasal

ST73 0 18 (12%)

ST218 2 (1%) 21 (14%)
Not within a defined 31 (22%) 108 (72%)
lineage

of at least five. Additionally, to remove spurious genes from
the presence/absence data, Roary-defined gene clusters
were combined into a single gene if they had a pairwise
sequence similarity >99% and a high level of concordance
in their presence/absence across the population (Jaccard
similarity >0.95); e.g. two (or more) gene clusters were
taken to represent the same gene if they were highly iden-
tical and appeared in the same isolates across the collection
according to the Mykrobe results. k-mer presence/absence
data was obtained using pyseer v1.0.0 [38] to count k-mers
in the assembled genomes. The analysis of k-mer presence/
absence naturally has some overlap with the analyses of
core-genome SNPs and accessory-gene content, but it also
expands on these by examining genetic variation outside
the core genome. Of note, we removed highly prevalent
and very rare genetic traits (genes/SNPs/k-mers) with less
than 5% or higher than 95% prevalence across the study
collection for subsequent analyses.

Since a few specific lineages are dominant among the PJI
isolates, we found it crucial to apply a genome-wide asso-
ciation study (GWAS) approach that takes into account
population structure in order to identify genetic traits that
are associated with PJI rather than just these specific lineages.
We used treeWAS v1.0 [39] on gene, SNP and k-mer pres-
ence/absence data, using recombination-pruned phylogeny
as outlined above as basis for lineage correction. A P value
of 0.05 after Bonferroni adjustment for multiple testing was
used as the threshold for significant associations based on
the subsequent and terminal scores calculated by treeWAS.
The presence of genes identified with this approach in

international PJT isolates was determined using Mykrobe on
the raw sequencing data provided from these studies.

Virulence determinants

In addition, we examined the presence of previously
described virulence determinants across the Swedish collec-
tion. The investigated genes are associated with biofilm
formation (aap [40], bhp [40], embp [40], icaA [40, 41]),
pathogenicity (sesI [42, 43], 1S256 [11, 41]) and commen-
salism (fdh [44], ACME-arcA [45]). The following reference
sequences were used to query the assembled genomes using
BLASTN searches in Biomatters Geneious Prime v2019.1
using >90% sequence similarity and coverage to iden-
tify hits: aap (CP000029.1, position 2461683-2454490),
bhp (CP000029.1, position 2442370-2449578), embp
(AY101364.1), icaA (U43366.1, position 761-1999),
sesI (CP000029.1, position 1693235-1693840), fdh
(NZ_AKGZ01000029, position 10249-13200), ACME-
arcA (AB817064, position 4224-5459). Due to the repeti-
tive nature of aap and bhp and the associated assembly
problems, 801 nt and 2000 nt from the non-repetitive
regions spanning positions 900-1701 and 1-2000 of the
genes, respectively, were used as input. The IS256 gene
(CP018629.1, positions 533639-534811) is, due to the high
plasticity of its surrounding genetic content, highly difficult
to assemble properly and, thus, detection of IS256 was done
using reference mapping using Mykrobe as outlined above.

Resistance determinants

Resistance mechanisms are generally divided into acquired
genes through horizontal gene transfer or mediated by
mutations. Thus, we screened for acquired antimicrobial
resistance (AMR) genes; we used the curated database used
by ResFinder v3.1 [46] obtained on 21/12/2018 to search
against gene matches using ABRicate v0.7 (https://github.
com/tseemann/abricate) on the assembled genomes. Gene
presence was determined based on a >80% hit length and
>90% sequence identity. We further investigated point
mutations associated with rifampicin [9, 47, 48], fusidic
acid [49], co-trimoxazole [50], linezolid [9], daptomycin
[51, 52] and quinolone resistance [53-55], as well as
increased tolerance towards chlorhexidine [56], see Table
S4 for positions included in analyses. In addition, the refer-
ence sequence CP022250, positions 4218-2674, was used
to query the assembled genomes for presence of gacA/B.
All analyses were performed using BLASTN in Geneious
Prime v2019.1 with subsequent translation to amino acids
of individual alignments. The term multidrug resistance is
defined in this study as the identified presence of genes and/
or point mutations associated with resistance towards three
of the following antimicrobial categories: meticillin, fusidic
acid, macrolide-lincosamide, rifampicin, aminoglycosides,
fluoroquinolones and folate pathway inhibitors.

To understand the diversity of the mobile mecA-encoding
element SCCmec, we used SCCmecFinder v1.2 [57] for initial
typing. Elements were classified to known types including
composites when previously described and acknowledged
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Fig. 2. Intra-lineage and inter-lineage diversity among major S. epidermidis lineages. Intra-lineage pairwise SNP distances of the major
lineages among the Swedish PJlisolates (ST2a, ST2b, ST5 and ST215; light red) and nasal isolates (ST73 and ST218; green) after purging
for recombination. Inter-lineages pairwise SNP distances between the ST2a lineage and the ST2b, ST5, ST215, ST73 and ST218 lineages

are depicted to the right in orange.

by the International Working Group on the Classification
of Staphylococcal Cassette Chromosome Elements [58]
(IWG-SCC; www.sccmec.org), whereas other types were
presented as composites. If divergent results were obtained
using both the BLAST- and the k-mer-based approaches, the
elements in question were manually investigated for mec
and ccr gene complexes for validation.

Statistical methods

Data management and analysis were performed using R
v3.5.1 (https://www.R-project.org). All scripts for analysis
are available at GitHub (https://github.com/thej-ssi/S_
epidermidis_PJT). We used 1-Simpsons diversity index (DI)
to compare ST diversity between PJI isolates and colonizing
isolates. For the treeWAS analyses, any trait with P <0.05
after correction for multiple testing using Bonferroni was
considered significant. spss v25 (IBM) was used to test
associations between gene of interest and origin of isolates
(binary logistic regression and Fisher’s exact test), PJI
lineage and administrative region of isolation (chi-square),
and statistically significant differences in frequency of
treeWAS genes between PJI isolates obtained within this
study and international PJI sequences (chi-square).

Data availability

The sequence reads, as well as the gene sequences, for the
two hypothetical genes identified using GWAS are available
from the European Nucleotide Archive under BioProject ID
PRJEB32707 (Table S5).

RESULTS

Intotal, 11 556 primary hip and 9 770 primary knee prosthetic-
joint surgeries were performed in the two administrative
regions during the 10 year period (data from national regis-
tries: http://myknee.se, http://shpr.se). During this period,
139 patients with S. epidermidis P]Is were identified. Nasal
isolates were retrieved from 150 individuals scheduled for
arthroplasty. Demographics are presented in Tables 1 and Sé6.

Based on a conserved core genome of 1.7 Mbp (68.5% of the
reference chromosome), the population structure of all 289
isolates showed four major PJI clusters, hereafter referred
to as the ST2a (n=16), ST2b (n=43), ST5 (n=13) and ST215
(n=34) lineages (Fig. 1, Table 2). The ST2a and ST2b line-
ages represented two distinct lineages of ST2 found to be
primarily distinguished by a single recombination event span-
ning ~74kb with approximately 2800 SNPs. Isolates within
each PJI lineage were closely related within lineages (Fig. 2)
after removal of putative recombinant regions compared
to the diversity observed among the few major commensal
lineages. The remaining isolates (n=33, 24%) obtained from
PJIs represented 21 STs scattered across the phylogeny. The
proportion of isolates within each PJI lineage varied between
year of isolation and region (Table S7, Fig. S3), but there was
no trend noted over time nor any statistically significant
association between region and lineages, nor any major
regional clustering of isolates. In comparison, nasal isolates
were highly diverse (1-DI 0.96 vs 0.79; Table 2), although
two distinct lineages accounting for more than 10 isolates
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Table 3. Results of population structure-adjusted GWAS; genes, SNPs and k-mers more prevalent in S. epidermidis isolated from PJls compared to

isolates from nares

Gene/SNP/k-mer Association with resistance MGE PJI (n=139) Nares (n=150) P value*
Genes

mecA f-Lactam SCCmec 113 (81%) 8 (5%) <0.05
mvaS SCCrmec 108 (78%) 8 (5%) <0.05
maoC SCCmec 113 (81%) 8 (5%) <0.05
ugpQ SCCmec 112 (81%) 8 (5%) <0.05
group_3224 SCCmec 98 (71%) 3 (2%) <0.05
aac(6')-aph(2") Aminoglycoside Transposon 99 (71%) 1 (1%) <0.05
group_4693 Transposon 99 (71%) 1 (1%) <0.05
1S256 Aminoglycoside IS element 99 (71%) 1(1%) <0.05
ermC MLS Plasmid 76 (55%) 1 (1%) <0.05
repL Plasmid 76 (55%) 1(1%) <0.05
qacA Antiseptics Plasmid 97 (70%) 14 (9%) <0.05
qacR Antiseptics Plasmid 99 (71%) 14 (9%) <0.05
group_596 Unknown Undetermined 104 (75%) 1 (1%) <0.05
SNPs

parB:G24A Quinolone 113 (81%) 16 (11%) <0.05
parB:G577A Quinolone 113 (81%) 16 (11%) <0.05
grlA:C239A Quinolone 111 (80%) 4 (3%) <0.05
gyrA=zC251T Quinolone 112 (81%) 4 (3%) <0.05
k-mers (n=47)

1S256 Aminoglycoside Transposon 99 (71%) 1(1%) <0.05

MGE, Mobile genetic element; MLS, macrolide, lincosamide and streptogramin.

*After Bonferroni correction using treeWAS.

[ST73 (n=18, 12%) and ST218 (n=21, 14%)] were observed
among nasal isolates. Three nasal isolates clustered within the
four PJI lineages, all within the ST5 lineage.

We performed a GWAS to investigate whether S. epider-
midis from PJIs harbour specific genetic features that could
be anticipated to be important in the pathogenesis of PJI.
We identified 13 genes, 4 SNPs and 47 k-mers, of which
all were significantly associated with PJI origin (Figs 1 and
S4-S6, Tables 3 and S8-S10). Most of the genes (12/13, 92%)
encoded proteins involved in AMR or decreased susceptibility
to biocides (meticillin, aminoglycosides, erythromycin and
chlorhexidine), or were present on mobile genetic elements
harbouring these genes (Table 3). Three out of the four core
SNPs were non-synonymous: gyrA::S84F/Y, parB::A193T and
parC::S80F/Y. Of these, the changes in gyrA and parC (grlA)
had been reported elsewhere to imply reduced susceptibility
to fluoroquinolones in S. epidermidis [53]. All k-mers were
associated with IS256, an insertion sequence that confers
genomic plasticity and has been described as being associated

with regulation of biofilm formation and antimicrobial-
resistance genes in S. epidermidis [11, 12].

We then complemented the genome-wide analyses with a
targeted search for acquired AMR genes and point muta-
tions associated with AMR across the collection. PJI isolates
harboured genes and/or point mutations associated with
AMR to a significantly greater extent than did nasal isolates
(Tables S4 and S11-S13). In particular, we noted high rates of
genotypic resistance to f-lactam antibiotics and aminoglyco-
sides used in systemic and local prophylaxis, respectively, in
arthroplasty surgery [meticillin, odds ratio (OR) 77.1, 95%
confidence interval (CI) 33.6-177.0; and aminoglycosides,
OR 196.7, 95% CI 46.4-833.7; Table S11]. In addition, the
efflux pump-encoding qacA/B gene that causes decreased
susceptibility to quaternary ammonium compounds such
as chlorhexidine, used for preoperative skin disinfection in
arthroplasty, was identified in 71% (99/139) of P]I isolates
compared to 9% (14/150) of nasal isolates (OR 22.3, 95% CI
11.7-42.6) (Tables S14 and S15). Furthermore, recently
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swabs from patients with planned prosthetic-joint surgery (n=150; green). Major PJI lineages (ST2a, ST2b, ST5 and ST215) are coloured
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described point mutations within qacA/B associated with
increased tolerance of chlorhexidine [56] were identified in
isolates in the ST2a and ST2b lineages (Table S4).

Higher rates of genetic resistance markers to compounds
used for treatment of PJIs were noted among PJI isolates
compared to nasal isolates: rifampicin 30/139 (22%) versus
0/150 (P<0.0001), fluoroquinolones 114/139 (82%) versus
16/150 (11%) (OR 38, 95% CI 19.4-75.0), and macrolide—
lincosamide 87/139 (63%) versus 22/150 (15%) (OR 9.7,
95% CI 5.5-17.2) (Table S11). We found that rates of geno-
typic resistance differed between the major PJI lineages
(Table S12). The largest difference was noted for rifampicin;
all ST2a-isolates were classified as genotypic resistant due
to specific dual mutations in rpoB::D471E/1527M, whereas
additional mutations in rpoB linked to rifampicin resistance

were exclusive to other major PJI lineages (Table S4). No point
mutations associated with daptomycin or linezolid resistance
were identified among the 289 isolates (Table S4).

Overall, 115/139 (83%) PJI isolates and 7/150 (5%) nasal
isolates were classified as MDR based on the presence of
antimicrobial genes and/or point mutations associated with
resistance (Table S4). Most PJI isolates classified as MDR
based on genomic analyses were also classified as MDR based
on phenotypic AST (113/115, 98%) (Tables S16-S18).

Our analysis of the staphylococcal cassette chromosome
(SCC) element (Fig. 3, Table S19) indicated a high degree of
plasticity due to the high prevalence of unrelated composite
elements nested in lineages with non-composite elements,
and display its frequent acquisition into the S. epidermidis
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Table 4. Distribution of genes previously associated with biofilm formation, clinical infections and colonization in S. epidermidis from PJIs (presented

by major lineages) and S. epidermidis from nares

Data for the genes are given as numbers, with percentages in parentheses.

Gene PJI (n=139) Nares (n=150)
ST2a ST2b ST5 ST215 Other STs

(n=16) (n=43) (n=13) (n=34) (n=33)
Biofilm formation
icaA 16 (100%) 42 (98%) 0 0 8 (24%) 36 (24%)
aap/sesF 15 (94%) 42 (98%) 12 (92%) 0 23 (70%) 104 (69%)
bhp/sesD 0 0 13 (100%) 0 10 (30%) 27 (18%)
embp 16 (100%) 37 (86%) 13 (100%) 34 (100%) 33 (100%) 149 (99%)
Clinical infections
15256 16 (100%) 43 (100%) 2 (15%) 34 (100%) 5(15%) 1(1%)
sesl 16 (100%) 13 (30%) 0 34 (100%) 0 0
Colonization
fdh 0 0 0 0 2 (6%) 14 (9%)
ACME-arcA 0 5 (12%) 12 (92%) 0 24 (73%) 114 (76%)

population. Overall, 67% (194/289) of all isolates were found
to carry part of this element as defined by detection of ccr
recombinase genes. Among these, mecA was frequently absent
(63/71; 89%) in nasal isolates, whereas SCCmec composite
elements were abundant among PJT isolates. ST215 exclusively
carried type I(1B); ST5 harboured type IV(2B) or composite
variants thereof; and ST2a/b carried types III(3A), IV(2B) or
V(5C2), where composite variants of IV(2B) were frequent
(Table S19).

We found no association of biofilm-associated genes (icaA,
aap, bhp, embp), a previously suggested marker for clinical
infections (sesI) or previously suggested markers of commen-
salism (fdh and ACME-arcA) with PJI origin using a GWAS
accounting for population structure, although they were
over-represented in individual PJI lineages (Fig. 1, Tables 4,
S$20 and S21).

When we analysed the relatedness of the Swedish isolates with
international S. epidermidis of human origin (n=872), the PJI
isolates in this study did not constitute monophyletic groups
but rather several subgroups within international epidemic
ST2a/ST2b and ST5 lineages (Fig. 4). A third ST2 lineage,
here denominated ST2c, was evident among international
sequences. To validate our GWAS findings, we determined
the presence of the 13 genes identified by GWAS among the
international S. epidermidis with metadata indicating PJI
origin (n=122, 14%). Within this international PJI collec-
tion, the four genes associated with the mec gene complex
(mecA, mva$S, maoC and ugpQ) were as prevalent as in the
PJIisolates sequenced within this study, while the proportion
of isolates harbouring genes related to aminoglycoside and
macrolide-lincosamide resistance and reduced susceptibility

to chlorhexidine was less predominant, but still significantly
higher compared to nasal isolates of this study (Table S22).

DISCUSSION

In this study of the molecular epidemiology of S. epidermidis
in PJIs, we showed that global MDRSE lineages ST2 and ST5,
and the regional ST215, dominate. However, importantly,
almost a quarter of the PJI isolates did not belong to any of
the previously described major nosocomial lineages of which
one third were MDR. To understand the underlying genomic
traits important in the pathogenesis of PJI, we included nasal
S. epidermidis isolates from individuals scheduled for arthro-
plasty surgery for comparison and performed GWAS analyses
adjusting for lineage effects to look for shared characteristics
between PJTisolates, rather than (confounding) genomic traits
only associated with major lineages. We found that S. epider-
midis causing P]JIs including those outside the major known
lineages differed from nasal isolates not by pathogenicity
factors, but by presence of genomic traits associated with
decreased susceptibility to compounds used for prevention
of PJIs: chlorhexidine, f-lactams and aminoglycosides. These
traits were also found to be highly prevalent in S. epidermidis
from PJIs internationally.

In this study, increased rates of resistance were noted also
for compounds that generally are not used for prophylaxis
in arthroplasty (macrolides-lincosamides and fluoroqui-
nolones). We interpret this finding as indicative of an adapta-
tion to the hospital environment of lineages of various genetic
backgrounds, suggesting that patients may acquire these
strains in their microbiota during hospitalization for arthro-
plasty (Fig. 5). The current prophylaxis regimens including
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chlorhexidine showers/bathing may select for these lineages
by reducing the abundance of non-MDRSE in the microbiota
and thereby facilitating recolonization with hospital-adapted
MDRSE that subsequently may gain access to the prosthetic
device. However, given the low incidence of S. epidermidis
PJIs, it is also possible that MDRSE PJIs stem from a subset
of patients who harbour MDRSE in their microbiota in low
abundance prior to hospitalization, and that these are selected
for by the current prophylaxis regimens (Fig. 3). Independent
of whether acquisition of MDRSE lineages takes places during
hospitalization or whether MDRSE lineages are selected
from the normal microbiota, the high prevalence of the
shared AMR traits between genetically diverse PJI isolates is
worrisome, as treatment failure of S. epidermidis orthopaedic-
device-related infections has been linked to prevalence of
qacA/B, genes associated with SCCmec (ccrA and ccrB) and
phenotypic aminoglycoside resistance [15].

Recent work on S. epidermidis has raised awareness of the
impact of the global spread of specific clinical MDRSE line-
ages [9]. Combining our isolates with available international
data highlighted significant overlap between international
isolates and Swedish isolates belonging to ST2a, ST2b and
ST5. Detailed analyses revealed multiple, locally circulating,
clones in Sweden, originating from separate introductions
of these lineages (Fig. 4). However, our data also support
regional differences. ST215 is prevalent in our collection, but
there are only three isolates (all from Nordic countries) within
the extensive international collection. The ST215 lineage has
previously been reported to circulate in hospital environ-
ments and cause clinical infections, even though it lacks the
icaA gene and rarely forms biofilm in vitro [14, 59]. On the
contrary, neither the international MDRSE lineage ST23 nor
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a previously unreported ST2c lineage, predominantly of Euro-
pean origin (Fig. 4), was found in our collection.

The PJI isolates outside the four major S. epidermidis line-
ages in this study (n=33) were found to carry a varying
number of GWAS-identified traits (Fig. 1). We found three
ST59 MDRSE isolates, all harbouring the mec gene complex,
and clustering with international ST59 isolates including PJI
isolates. But there were also a number of isolates that were
susceptible and did not harbour any of the traits identified
with GWAS, which may be explained by inappropriate
adherence to the prophylaxis regimen and/or host factors.
However, the overall prevalence of GWAS traits was higher
in this group compared to nasal isolates. Multiple models of
S. epidermidis infection have been suggested, with recent find-
ings supporting the importance of horizontal gene transfer
into different genetic backgrounds [30]. Our data generally
support this model, as 12 out of 13 genes associated with PJI
origin were found on mobile genetic elements introduced
into multiple genetic backgrounds. Likewise, the diversity of
SCC elements points to frequent horizontal gene transfer. At
the same time, mutations within the core genome (associ-
ated with fluoroquinolone resistance) were also found in the
GWAS, implying that vertical transmission of antimicrobial
traits also contributes to the overall high rates of AMR.

In general, virulence determinants such as icaA and sesI were
found to be lineage dependent. This could be explained either
by each of the dominating lineages having evolved different
pathogenic traits important for their ability to cause PJI,
which would not be identified be the GWAS approach, or by
all S. epidermidis being able to cause P]Is, but S. epidermidis
with AMR traits predominating in PJIs as they are able to
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resist the prophylactic measures. Multidrug resistance was
common among PJI isolates in this study. More specifically,
genes encoding meticillin, aminoglycoside and macrolide-
lincosamide resistance were more prevalent among Swedish
PJI isolates compared to international S. epidermidis from
PJIs. This was somewhat surprising, given the generally
low rates of AMR in our setting, but could indicate high
adherence to prophylaxis guidelines, thereby reducing the
number of susceptible S. epidermidis isolates in PJIs. This is
supported by the limited number of S. epidermidis PJI cases
during the study period. A time factor could also contribute
to the observed difference in AMR between international
and Swedish isolates, as the international PJI isolates were
sampled during 2000-2015 and the Swedish isolates during
2007-2017. Even though we found high rates of multidrug
resistance in our collection, most PJI isolates in this study
were susceptible to rifampicin, and rifampicin resistance, thus,
was not a reliable marker for clinical isolates in Sweden, in
contrast to recent international findings [9]. Device impreg-
nation with rifampicin is uncommon in our setting, which
could contribute to the lower rate of rifampicin resistance.

This study has limitations. First, the nasal isolates were not
collected from the patients who subsequently were affected
with PJIs. However, to include only nasal isolates from patients
with PJIs would have required sampling of ~21000 patients
before hospitalization over the 10 year period. We believe that
the patients scheduled for arthroplasty surgery contributing
nasal isolates were representative of the population at risk for
PJL, although information regarding prior hospitalization was
not available. Second, we included a single nasal S. epidermidis
isolate per sample for comparison and no isolates originating in
skin over hip or knee. Furthermore, this study was designed to
identify genetic traits associated with PJIs and we had no access
to clinical outcome data nor data on what specific prophylaxis
the individual patients received at the time of primary surgery.
However, preoperative showers with chlorhexidine gluconate-
containing soap and antimicrobial systemic prophylaxis were
mandatory in both regions when the clinical isolates were
collected, and based on data from national registries gentamicin-
loaded bone cement is used in approximately 60% of primary
total hip arthroplasty and in more than 90% of primary total
knee arthroplasty in Sweden.

This study also has several strengths. To our knowledge, this
is the largest and most comprehensive investigation of the
molecular epidemiology of S. epidermidis in P]Is. This study
is not based on convenient or selective sampling or potentially
biased publicly available data, but represents all prospectively
collected isolates, exclusively from hip and knee P]Is, over a
10 year period in a well-defined region of Sweden with the
same definition of PJI throughout the study period. We drew
conclusions from high-quality sequence data and used only
curated international data to extrapolate our findings.

The clinical implication of this study is dependent on when
S. epidermidis gains access to the prosthetic device. If this takes
place predominantly during surgery, improved measures to
reduce the rate of translocation with MDRSE are warranted,
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as are clinical studies of antimicrobial prophylaxis with agents
that are efficient against MDRSE, both systemic and local.
However, if S. epidermidis are also able to access the joint
during the first days after surgery, before the wound is healed,
it will be important to try to preserve the normal microbiota
in order to hinder (re-)colonization with hospital-associated
S. epidermidis lineages, with the intention to reduce the rela-
tive proportion of difficult-to-treat MDRSE PJIs. Thus, we are
currently at a crossroads where we can accept the current low
rate of what is to the individual a devastating complication
or consider changing the antimicrobial prophylaxis, knowing
that this is likely to result in further selection of AMR in
hospital-adapted MDRSE lineages.

In conclusion, genomic analyses identified the parallel acqui-
sition of specific combined traits that has given rise to highly
distinct, globally successful MDRSE lineages causing noso-
comial infections including PJIs. S. epidermidis causing PJ1s
differed from nasal isolates not by pathogenicity factors but
by harbouring traits associated with resistance to compounds
used in prevention of PJIs: f-lactams, aminoglycosides and
chlorhexidine.
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