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Abstract 
 
Emeli Månsson (2019): Molecular epidemiology of Staphylococcus  
epidermidis in prosthetic joint infections. Örebro Studies in Medicine 203. 
 
Staphylococcus epidermidis is ubiquitous in the human microbiota, but 
also an important pathogen in healthcare-associated infections, such as 
prosthetic joint infections (PJIs). In this thesis, aspects of the molecular 
epidemiology of S. epidermidis in PJIs were investigated with the aim of 
improving our understanding of the pre- and perioperative measures 
required to reduce the incidence of S. epidermidis PJIs.  

In Paper I, S. epidermidis retrieved from air sampling in the operating 
field during arthroplasty was characterized by multilocus sequence typ-
ing and antibiotic susceptibility testing. No isolates belonging to se-
quence types (STs) 2 and 215, previously associated with PJIs, were 
found in the air of the operating field. During air sampling, several 
Staphylococcus pettenkoferi isolates were identified, and as a spin-off of 
Paper I, the genomic relatedness of these isolates to S. pettenkoferi iso-
lates from blood cultures was described in Paper II. 

In Paper III, genetic traits distinguishing S. epidermidis isolated from 
PJIs were determined using genome-wide association study accounting 
for population effects after whole-genome sequencing (WGS) of a popu-
lation-based 10-year collection of S. epidermidis isolates from PJIs and 
of nasal isolates retrieved from patients scheduled for arthroplasty. 
Genes associated with antimicrobial agents used for prophylaxis in ar-
throplasty, i.e., beta-lactam antibiotics, aminoglycosides, and chlorhexi-
dine, were associated with PJI origin. S. epidermidis from PJIs were 
dominated by the ST2a, ST2b, ST5, and ST215 lineages.  

In Paper IV, selective agar plates were used to investigate colonization 
with methicillin resistant S. epidermidis (MRSE) in patients scheduled 
for arthroplasty. MRSE were further characterized by WGS. A subset of 
patients was found to harbour PJI-associated S. epidermidis lineages in 
their microbiota before hospitalization, but no isolates belonging to the 
ST2a lineage nor any rifampicin-resistant isolates were retrieved.    

Keywords: Staphylococcus epidermidis, molecular epidemiology, prosthetic 
joint infections, whole genome sequencing, Staphylococcus pettenkoferi 
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Introduction 
Staphylococcus epidermidis are coagulase-negative staphylococci (CoNS) 
that colonize human skin and mucous membranes soon after birth (1, 2). 
Due to the ubiquitous presence of S. epidermidis in the human microbiota, 
contamination of clinical cultures is common, and it can be difficult to 
assess whether growth of S. epidermidis should be regarded as 
contamination or as a true infection.  

Colonization with S. epidermidis is beneficial to the host in several ways 
(3), but in modern medicine S. epidermidis is also a major causative 
microorganism in healthcare-associated infections, such as foreign body-
related infections, and infections in immunocompromised patients, 
including preterm infants (4). In recent years, there have been alarming 
reports of the world-wide spread of multidrug-resistant (MDR) lineages of 
S. epidermidis (MDRSE) causing clinical infections (5, 6).   

Total joint arthroplasty (TJA) has had a tremendous beneficial effect of 
on the quality of life (7) of millions of people since its introduction in clinical 
practice in the 1960s (8). The rate of deep infection is low, about 1% (ac-
cording to data from the Swedish Hip Arthroplasty Register [SHAR, 
www.shpr.se] and the Swedish Knee Arthroplasty Register [SKAR, 
www.myknee.se], but the consequences of prosthetic joint infections (PJIs) 
are often devastating for patients: need for repeated surgery, long-term an-
tibiotic treatment associated with potential side-effects, and risk of reduced 
functional outcome compared with patients with uncomplicated arthroplas-
ties (9, 10). Additionally, PJIs are also associated with increased mortality 
(11, 12). The treatment cost of a PJI is estimated at EUR 18,900 - 44,600 
(data from Finland) (13), and the total amount spent by health care systems 
on PJI treatment is estimated to have doubled in the last decade (14).  

S. epidermidis is a major pathogen in PJIs (15). Molecular 
epidemiological studies have found that a limited number of sequence types 
(STs) are over-represented in clincal infections with S. epidermidis (6, 16-
19). Sparse data are available for PJIs, but a previous study using multi-
locus sequence typing (MLST) found S. epidermidis from PJIs (n = 61) to be 
distinct from S. epidermidis from normal skin flora (n = 24) and to be 
dominated by ST2 and ST215 (20). This thesis project started with a desire 
to understand the underlying explanation for the predominance of these 
lineages in hip and knee S. epidermidis PJIs, with the intention to, by 
extension, understand what pre- and perioperative measures are called for 
to reduce the incidence of S. epidermidis PJIs.  
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This thesis is a compilation thesis comprising four Papers. In the first 

Paper, we investigated whether the STs of S. epidermidis associated with 
PJIs were found in the air of the operating field during arthroplasty surgery, 
speaking in favour of intraoperative air-borne transmission. As a spin-off, 
we described relatedness of a relatively unknown CoNS species - 
Staphylococcus pettenkoferi – of different origins in Paper II. Using whole-
genome sequencing (WGS), high-resolution information on the 
phylogenetic relationships between S. epidermidis from hip and knee PJIs 
and isolates from nasal mucosa, as well as insights into the genetic traits 
that distinguish S. epidermidis that cause PJIs were gained in the third Paper. 
In Paper IV, we cultured samples from the nares, inguinal crease and skin 
over the hip/knee on media selective for methicillin resistance to investigate 
the colonization rate and diversity of methicillin-resistant S. epidermidis 
(MRSE) before hospitalization for total joint arthoplasty (TJA).  
  



EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 15 

Coagulase negative staphylococci 
Staphylococci, from the greek words “staphyle” meaning grape and 
“kokkos” meaning granule, are round Gram-positive bacteria that often 
appear in clusters resembling grape bunches under the microscope (21). The 
genus Staphylococcus, as of August 2019 comprising 54 species and 26 
subspecies (https://www.dsmz.de/bacterial-diversity/prokaryotic-
nomenclature-up-to-date), belongs to the family Staphylococcaceae, the 
order Bacillales, the class Bacilli, and the phylum Firmicutes (4). Coagulase-
negative staphylococci (CoNS) can be distinguished biochemically from the 
major human pathogen among staphylococci, Staphylococcus aureus, by 
testing for coagulase (Figure 1) (4). 

Figure 1. Clinical and epidemiological schema of the genus Staphylococcus based on 
the categorisation of coagulase as a major virulence factor. Reprinted from Becker 
et al. (4) with permission. 

Due to the need for labour intensive techniques, CoNS were rarely 
identified to the species levels before the introduction of matrix assisted 
laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF 
MS) in clinical practice (22). Today, species identification of staphylococci 
is however inexpensive, rapid, and accurate, largely due to this method (23), 
and there is a growing understanding that CoNS is a heterogenous group of 
species with a range of pathogenic capacities, potentially also at the strain 
level (4, 24). 
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In the past, species definition was based on morphology and 
biochemistry, later moving on to DNA G+C content, DNA:DNA 
hybridization (DDH), DNA:rRNA hybridization, and sequencing of the 
16SrRNA gene as technology advanced, but today species definition is 
increasingly based on WGS (25). The proposed and generally accepted 
species boundaries are <98.7% for 16S rRNA sequence identity, <70% for 
digital DDH (dDDH [Genome-to-Genome Distance Calculator]) similarity, 
and <95–96% for average nucleotide identity (ANI) (26). For the sub-
species level, a value of 79-80% dDDH similarity has been proposed as the 
threshold (27).  

The ability to cause clinical infection differs between CoNS species. 
Overall, S. epidermidis and Staphylococcus hemolyticus have the largest 
clinical impact, but there are case reports of clinical infections with all CoNS 
species retrieved from human skin or mucous membranes (4). Several algo-
rithms, based on a combination of number of positive cultures and clinical 
data, for determining the clinical significance of CoNS in blood cultures 
have been proposed, with reasonable specificity (91–93%) but lower sensi-
tivity (62%) (28, 29). The European Manual of Clinical Microbiology state 
that for CoNS the significance of blood cultures should be interpreted based 
on the number of positive bottles, the total number of blood cultures per-
formed, and relevant clinical information. (30). The clinical significance of 
non-S. epidermidis CoNS was investigated in a German study of 252 
patients with positive blood cultures (31). Here, S. haemolyticus (n = 28), 
Staphylococcus hominis (n = 13), Staphylococcus capitis (n = 12), and 
Staphylococcus lugdunensis (n = 3) contributed to 96.6% of all relevant 
infections, whereas S. pettenkoferi (n = 7), Staphylococcus saccharolyticus 
(n = 3), Staphylococcus caprae (n = 2), Staphylococcus auricularis (n = 1), 
Staphylococcus schleiferi (n = 1), and Staphylococcus simulans (n = 1) were 
consistently categorized as contaminants (31). The authors defined clinical 
significance from a combination of microbiology results and clinical data in 
discharge letters.  

Staphylococcus pettenkoferi  
S. pettenkoferi was first described in 2002 (32). Based on 16SrRNA, dnaJ, 
rpoB, and tuf sequencing S. pettenkoferi is most closely related to 
Staphylococcus massiliensis and belongs to the Saprophyticus species group 
(33), but the biochemical profile is most similar to S. capitis and S. 
auricularis (34). S. pettenkoferi displays 98% 16SrRNA sequence similarity 
to Staphylococcus argensis (isolated from water), but the species are 
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distinguished by phenotypical and physiological markers (35). By 2013, S. 
pettenkoferi had been isolated from human blood cultures (32, 34, 36-41), 
diabetic foot osteomyelitis (42), nasal carriage (43), and a cat cage (44). 

Introduction to genomic analyses in molecular epidemiology studies 
Molecular epidemiology is “the use of molecular typing methods for 
infectious agents in the study of the distribution, dynamics, and 
determinants of health and disease in human populations” (45), and thus 
includes studies of strain-specific pathogenicity, i.e the capacity of a microbe 
to cause damage in a host (46), and on molecular determinants and/or 
genomic traits that are associated with increased virulence within a species, 
i.e virulence factors (47). Virulence can be defined as “the relative capacity 
of a microbe to cause damage in a host” (46). 

There are four broad types of genotyping methods that can be used in 
molecular epidemiology studies: fingerprint based, hybridization based, 
PCR based, and sequence-based (45) methods: 

1. Pulse field gel electrophoresis (PFGE) and repetitive-sequence-based 
PCR typing (rep-PCR) are examples of fingerprint-based methods. 
These methods compare genome fragment patterns: in PFGE, 
restriction endonuclease enzymes cut DNA at specific recognition 
sequences, and the fragments are then separated according to size 
in a gel electrophoresis; in rep-PCR, pathogen-specific PCR primers 
binds to repetitive DNA sequences and the pattern of amplicons is 
analysed (48). 

2. DNA microarray is an example of a hybridization method. In this 
method, short nucleic-acid recognition sequences (probes) 
complementary to target sequences are fixed to a surface upon 
which purified and labelled DNA can hybridize for the 
visualization of genetic content (48).   

3. In PCR-based methods, PCR products are characterized, for 
example by size using agarose electrophoresis, as in multiple-locus 
variable number of tandem repeat analysis (48), or by the 
percentage of GC content, using high-resolution melting analysis 
(49). 

4. Sequence-based genotyping methods includes single-locus sequence 
typing (SLST) (e.g., of the spa gene in S. aureus), MLST, and the 
analysis of WGS data (e.g., SNPs in the core genome [i.e., the part 
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om the genome that is shared between all isolates of a species 
within a collection] or allel profiles of predefined core genes). In S. 
epidermidis MLST, allelic profiles of seven housekeeping genes are 
first determined by sequencing 412–465 base pair (bp)-long 
amplicons, and STs are then assigned based on the combination of 
allelic profiles (50).  

Whole genome sequencing (WGS) 
Sanger sequencing (also referred to as first-generation sequencing) was used 
to sequence the first complete bacterial genome, published in 1995 (51). 
Improvements of the original Sanger sequencing method (primarily by 
replacement of radiolabelling with detection based on fluorescence, and by 
improved detection by capillary electrophoresis) enabled commercial DNA 
sequencing machines that produces high-quality and relatively long 
sequences (500-1000 bp), but the throughput is limited (0.0003 GB) (52, 
53).  

Next-generation sequencing (NGS), or massively parallel sequencing 
(also referred to as second-generation sequencing, or short read 
sequencing), is the prevlent technology used today. NGS technology 
produces a large number of short reads of random pieces of each genome 
and permits the sequencing of multiple genomes in each run. Third-
generation sequencing (long-read sequencing) technology directly sequences 
single DNA molecules. Read lengths of up to 100 kbp can be obtained, but 
with a higher inherent error profile (54).  

In NGS, the different sequencing platforms use different technologies for 
short-read sequencing but the workflow is similar  (Figure 2): 1) discrete 
pure bacterial colonies are obtained from bacterial cultures of clinical spec-
imens; 2) bacterial DNA is extracted, using either a commercial kit or in-
house protocol, through cell lysis, DNA precipitation, and purification (i.e., 
removal of salts and other impurities); 3) DNA quality control (including 
measurement of DNA concentration); 4) DNA fragment libraries are pre-
pared by randomly cleaving the high-molecular-weight DNA into frag-
ments, and tagging them with sequencing primers, and barcodes, to enable 
the sorting of reads in a later stage (52).  
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Figure 2. Schematic overview of whole genome sequencing (WGS) workflow. Re-
printed with minor modification from Besser et al. (52) with permission.  

The technique for template generation and sequencing (5) differs between 
platforms. The Illumina platform, used to perform WGS in this thesis, uses 
a flow cell coated with primers complementary to the adaptor sequences. 
Fragment ends bind to the primers, and are amplified by bridge 
amplification by PCR into clusters. Fluorescently labelled nucleotides (A, C, 
G, and T) are added and incorporated into the complementary strand of the 
amplified template. After each “round” of incorporation the fluorescence 
of the incorporated nucleotides is imaged and the corresponding nucleotide 
at each position recorded. The results can be analysed as single-end reads, 
or a second strand can be synthesized, resulting in paired-end reads (54). 
The output – raw reads – is stored in the FASTQ format containing the 
sequence and the associated quality scores (Phred scores) for each base call 
(predicted nucleotide) (55).  

The Illumina MiSeq instrument produces read lenghts of up to 300 bp, 
has a user friendly workflow, and has a maximum output of 15 GB. In 
comparison, the NextSeq instrument produces read lengths to up to 150 bp 
and is designed for much higher sample throughput (up to 120 GB, reducing 
the per sample cost), but requires additional automation for library 
preparation (52). 
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Amplicon-based sequencing (i.e., targeted sequencing of a particular re-
gion of interest, such as the 16S rRNA gene) and shotgun metagenomic se-
quencing are examples of culture-independent applications of WGS that are 
useful in microbiome studies (56, 57).  

Analysis of WGS data: bioinformatics 
Bioinformatics is “an interdisciplinary research field that applies methodol-
ogies from computer science, applied mathematics and statistics to the study 
of biological phenomena” (55). The first step of the bioinformatic workflow 
after sequencing is quality assessment; reads or nucleotides of low quality 
are removed (trimmed), as are the sequences inserted during library 
preparation, and contamination is checked for.  

After quality control, the sequencing depth (i.e., the number of reads 
covering a particular nucleotide in the genome) and coverage (i.e., the 
average number of reads covering any given position in the sequenced 
genome) is determined (55). The coverage can also be expressed as the 
percentage of a reference genome covered to a certain depth; for example, 
a 80% coverage of 10x means that 80% of the genome has been sequenced 
to a minimum depth of 10 reads per base call (58). 

To infer phylogenetic relatedness between isolates, single-nucleotide 
polymorphisms (SNPs) in the core genome are usually used. These can be 
identified from the alignment of reads to a closely related reference 
sequence, a process referred to as SNP calling (54). A SNP is by definition 
a position in the genome where the least frequent variant is present at a 
given frequency, usually in at least 1% of the population (59). However, 
the term SNP is commonly used to define a nucleotide variant at a single 
nucleotide position (i.e., a single-nucleotide variant, SNV) in relation to the 
reference, without the requisite of a given frequency 
(https://www.ensembl.org/info/genome/variation/prediction/classification.h
tml), and in this thesis the term SNP will be used interchangeably with the 
term SNV.  

Phylogenies are estimated from SNPs by substitution models that 
describe the rate of change of fixed mutations among sequences (60). 
Horizontal gene transfer (HGT) may mask the “true phylogeny” (55), and  
to circumvent this, specific programs such as Gubbins (61) can be used to 
identify recombinations by identifiying regions with high SNP density and 
removing them from the SNP alignments.  

The approximate of phylogenetic relatedness of isolates is commonly 
depicted as a phylogenetic tree. In the phylogeny, isolates having a common 
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ancesteor can be referred to as forming a clade or a lineage (Merriam-
Webster Medical Dictionary, www.merriam-webster.com/medical), 
without any commonly used distinction between the terms, and no inherent 
limit on intra-clade or intra-lineage pair-wise SNP distances.  

Within a clade or a lineage, bacterial strains can be defined. A suggested 
broad definition of strain is “a group of pathogens that share an 
indistinguishable genome sequence by descent, but which, by the molecular 
technique or techniques used, are measurably distinct from other pathogens 
of the same species” (45), but the applied definition of strain can vary 
between studies, and strain is sometimes not defined at all. The demand for 
an indistinguishable genome sequence between isolates within a strain has 
been questioned as SNVs accumulate over generations, and as technical 
replicate sequencing errors could interfere with conclusions about strain 
identity (62, 63). At present, isolates separated by 0–3 SNVs (sequenced 
using Illumina technology) have been proposed to be regarded as 
“genomically indistinguishable” based on the average technical replicate 
error frequency plus 4.15 standard deviations (63, 64). During the course 
of an outbreak, the accumulation of SNVs in a bacterial strain is to be 
expected at a species-specific rate (63). Thus, the threshold set for pair-wise 
SNVs distances to define isolates as related will vary from species-to-species, 
and from case-to-case depending on the time frame (65). For methicillin-
resistant S. aureus (MRSA), an example of a relatedness threshold is ≤15 
SNPs (65), but a community transmission chain has been hypothesized to 
exist between isolates differing by up to 36 SNPs (66). 

To investigate not only the core genome but also the accessory genome, 
reads are assembled into draft genomes (de novo assemblies) (55). In de 
novo assembly, software identifies overlapping reads and merges them into 
longer contiguous sequences (contigs) without the use of a reference 
genome. The output of the assembler is in FASTA format, containing the 
nucleotide sequence of each contig and an identifier. The quality of the 
assembly can be assessed by the number of contigs (lower is generally 
better), the size of the assembled genome (versus to what is expected based 
on reference genomes), and the N50 value (higher is better). N50 is 
determined by ordering all contigs by size, from the largest to the smallest, 
and determining the combined assembly size after each additional contig. 
N50 is the length of the contig that results in reaching 50% of the total 
assembly size (55). 

Following assembly, gene annotation, i.e., “the process of identifying the 
location and biological role of genetic features present in a DNA sequence” 
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(55), can be performed by softwares such as RAST or Prokka (54). Next, 
core genes (i.e., genes present in all genomes) and accessory genes (i.e., all 
other genes) can be determined in a collection of annotated genomes from 
the same species by softwares such as Roary (54). The core genes and the 
accessory genes together comprise the pan-genome of a species, which can 
be analysed and associated with phenotypic traits in microbial genome-wide 
association studies (GWAS) (54, 55).  

Classical MLST profiles can be assigned from draft genomes, and 
provided a scheme is available for the species, the discriminatory power can 
be enhanced by assessing allel profiles for all core genes (cgMLST) or the 
whole genome (wgMLST) (55). 

Staphylococcal Cassette Chromosome mec (SCCmec) 
SCCmec is the mobile genetic element (MGE) responsible for conferring 
broad-spectrum beta-lactam resistance in staphylococci. SCCmec is 
composed of three major elements: the mec gene complex, the ccr gene 
complex, and the junkyard regions (J-regions, also referred to as joining 
regions). The mec gene complex is further composed of: the mec gene, 
encoding penicillin-binding protein 2a (PBP2a), which confers beta-lactam 
resistance, the regulatory elements mecR1 and mecI, and associated 
insertion sequences (ISs). The ccr gene complex is composed of cassette 
chromosome recombinase (ccr) genes (ccrA, ccrB, and ccrC), which encode 
site-specific recombinases responsible for the accurate integration and/or 
excision of SCCmec into/from the chromosome, and open reading frames 
(ORFs) of unknown functions. The J-regions are nonessential cassette 
components that may contain determinants of additional antimicrobial 
resistance (AMR) (67).  

SCCmec typing is based on the types of mec and ccr gene complexes, with 
subtyping based on polymorphism in the J-regions. Composite SCC 
elements are SCC elements carrying two or more ccr gene complexes (67). 

Staphylococcus epidermidis: a friend and a foe 
S. epidermidis belong to the “Epidermidis” cluster group together with S. 
capitis, S. caprae and S. saccharolyticus (33). The first valid taxonomic 
description of the species S. epidermidis (at that time called Albococcus 
epidermidis) is from the beginning of the 20th century (4, 68). The median 
size of complete S. epidermidis genomes submitted to the National Center 
for Biotechnology Information (NCBI) Reference Sequence (RefSeq) 
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database (n = 19) is 2.6 Mbp, comprising approximately 2550 genes and 
with a GC content of ≈32% (https://www.ncbi.nlm.nih.gov/genome/genomes/ 
155#, accessed September 2019). S. epidermidis has an open pan-genome 
(64, 69), with approximately 20% of the genome comprising variable genes 
shared only by a few strains (69). 

S. epidermidis in the human microbiota 
S. epidermidis are symbionts – commensal bacteria with beneficial effects 
for the host (70) – that promotes wound healing, host immunity, and 
defense against pathogens by interaction with keratinocytes, T lymphocytes, 
and other bacterial species in the microbiota (Table 1) (3). 

 

Table 1. Examples of S. epidermidis interactions that are beneficial to the human 
host (3). 6-HAP = 6-N-hydroxyaminopurin. TLR = toll-like receptor. 

Interactions between S. epidermidis and the host can be strain-specific, 
and can vary depending on the local environment (e.g., intact or inflamed 
skin) (3). An exciting example of a strain-specific beneficial effect of S. epi-
dermidis is the reported local control of skin cancer by the antimicrobial 
substance 6-N-hydroxyaminopurin (6-HAP) produced by some S. epider-
midis strains present in the human microbiome (74). Application of 6-HAP 
producing strains of S. epidermidis protected mice against ultraviolet-in-
duced skin neoplasia, presumably by competing with adenine to inhibit 
DNA synthesis (74). 

S. epidermidis colonizes the human skin and gastro-intestinal tract rap-
idly after birth (1, 2). The relative abundance of S. epidermidis is highest in 
moist areas of the skin (e.g., the nares, inguinal crease, foot, and popliteal 
fossa), but S. epidermidis is also found in sebaceous and dry areas (76). 
Shotgun metagenomic sequencing has demonstrated that several strains of 

Type of interaction Mechanism (example(s)) Reference 
Control of inflammation Regulation of T-lymphocyte 

response (effector vs. suppressive) 
(71) 

Control of infection Regulation of keratinocytes’ 
antimicrobial peptide production 
Production of bacteriocins 

(71) 
(72) 

Control of atopic dermatitis Reducing S. aureus colonization (73) 
Control of skin cancer Production of 6-HAP (74) 
Wound repair Inhibition of proinflammatory TLR3 

signalling 
(75) 
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S. epidermidis are present simultaneously on a single body area, and that 
there is a greater difference in the relative abundance of each strain between 
type of area (i.e., moist vs. sebaceous) than between individuals (76). Inter-
individual variation in the human skin microbiome is likely dependent on a 
various host factors, such as the immune system, the host genotype, host 
lifestyle, and chronic conditions such as diabetes, as well as on the environ-
mental (e.g., climate and geographical location) factors (77).  

In healthy humans, the individual profile of S. epidermidis strains per site 
seems to remain stable over both the short (weeks) and long term (months) 
(78). This is in contrast to the changes in the strain profile of CoNS in the 
skin microbiota noted during hospitalization for orthopaedic surgery, with 
rates of methicillin-resistant CoNS (MRCoNS) retrieved from the 
microbiota increasing from 4–25% to 31–81% during hospitalization (79-
81). Furthermore, nearly double carriage rates of MRCoNS (46%) was 
found in patients undergoing revision total hip arthroplasty (THA) 
compared with primary THA (24%) (82). In these studies, CoNS were 
generally not determined to the species level, but as S. epidermidis is the 
major CoNS species retrieved from human skin, these findings likely reflect 
changes in the S. epidermidis strain profile. The carriage rates of MRCoNS 
among orthopaedic ward staff and orthopaedic surgeons have also been 
investigated. MRCoNS were retrieved from 33–50 % of orthopaedic ward 
staff in two Swedish studies (79, 80), as compared with a 6% nasal carriage 
rate of MRCoNS among orthopaedic surgeons from Northern Europe (83). 

S. epidermidis in clinical infections 
S. epidermidis are not merely beneficial to humans but also significant 
pathobionts – commensal bacteria with pathogenic potential (70), and 
could also be referred to as colonising opportunistic patghogens (COP) – 
bacteria able to cause disease when they are introduced into a susceptible 
body site or an immunologically compromised host (84). S. epidermidis is a 
major pathogen in PJIs (9, 85), as well as in clinical infections associated 
with other medical devices such as intravascular catheters, vascular grafts, 
prosthetic heart valves, cardiac devices, cerebrospinal fluid shunts, and 
continuous ambulatory peritoneal dialysis catheters (4). S. epidermidis can 
also cause bacteremia/septicaemia in neonates and immunocompromised 
(neutropenic) patients, as well as native-valve endocarditis, predominantly 
in association with health-care or among people who inject drugs (4).  
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Molecular epidemiology of S. epidermidis   
The first study of the molecular epidemiology of S. epidermidis (86), 
indexed in MEDLINE in 1988, suggested that patients acquire multidrug-
resistant S. epidermidis strains from the hospital environment when their 
normal flora is disrupted by antimicrobial administration or antiseptics 
used in preparation for surgery, and that these strains are then disseminated 
to hospital staff, who convey them to the operating room where the strains 
gain access to prosthetic devices during implantation.  

ST2 is the predominant ST in S. epidermidis clinical infections world-
wide, reported to constitute 18–65% of isolates (16, 17, 19, 87-89). In 
studies including only MRSE, MDRSE, or rifampicin-resistant S. 
epidermidis, the proportion of ST2 is even higher at 40-100% (6, 90-92). 
ST5, ST22, and ST23 are other major STs in invasive S. epidermidis 
infections globally (6, 16-18, 93), whereas ST215, first reported in 2009 
from eight Swedish hospitals (including Västerås) and one Norweigan 
hospital (90), as of October 2019 still has not been reported from any other 
country (https://pubmlst.org/bigsdb?db=pubmlst_sepidermidis_isolates). 
After ST2, ST215 was the second most prevalent ST found in a long-term 
molecular epidemiology study of blood culture isolates of S. epidermidis 
retrieved from a Swedish haematological ward (Örebro), being retrieved 
from blood cultures throughout the study period (1980–2009) (19). As of 
June 2019, 875 MLST profiles (STs) were recognized in the S. epidermidis 
pubMLST database (https://pubmlst.org/sepidermidis/). 

Molecular typing of S. epidermidis from PJIs 
Limited molecular typing data for S. epidermidis isolated from PJIs were 
available when this thesis project started in 2013. In a single-centre study 
from Paris, France, including 101 S. epidermidis isolates from 70 patients 
with bone and joint infections (proportion of PJI not presented), MLST was 
performed on 97 isolates (94). The most prevalent STs were ST5 (20/97), 
ST2 (18/97), and ST23 (17/97). The remaining 42 isolates belonged to 30 
different STs. Hellmark et al. (20) compared S. epidermidis isolates from 
PJIs from two Swedish counties with isolates representing colonization, and 
found a predominance of ST2 (28/61 isolates) and ST215 (19/61 isolates) 
in PJIs, whereas the distribution of STs among isolates from nares (n = 13) 
and wrists (n = 11) from healthy individuals was more diverse (20). PFGE 
was used to characterize S. epidermidis from hip and knee PJIs (n = 11) and 
intramedullary osteosynthesis device infections (n = 4) in a study from Lyon, 
France (95), but apart from the small number of included isolates, this study 
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excluded gentamicin-resistant strains (n = 9), so conclusions are difficult to 
draw from the pattern analysis demonstrating partial clustering of isolates 
from bone and joint infections.  

Biofilm formation by S. epidermidis  
William Costerton, “the father of biofilms”, described in 1978 how bacteria 
adhere to surfaces in most natural environments, as well as in clinical dis-
eases such as dental caries and pneumonia, through “glycocalyx” compris-
ing branching sugar molecules (96). Biofilm, defined as a “community of 
microorganisms in a structural matrix usually adherent to an underlying 
substratum” (97), is formed in a complex and dynamic process involving 
adherence, attachment, accumulation, maturation, and detachment (Figure 
3) (98).  

Figure 3. S. epidermidis biofilm formation. Reprinted with minor modifications 
from Otto (98). 

Adherence to the surface is achieved largely by bacterial cell surface 
hydrophobicity. Bacterial proteins that contribute to the hydrophobic 
character of the S. epidermidis cell surface, such as autolysin of S. 
epidermidis (AtlE) and the biofilm-associated protein (Bap)/bap-homologue 
protein (Bhp), are involved in this step, as is wall teichoic acid. Extracellular 
DNA (eDNA) released from autolysis by hydrolysis mediated by AtlE is 
probably also important at this early stage of biofilm formation (4).  

Attachment to host matrix proteins that rapidly cover foreign material 
after implantation is mediated by S. epidermidis surface molecules. These 

1

2 3 4
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surface molecules includes cell-wall-anchored (CWA) proteins, including 
microbial surface components recognizing adhesive matrix molecules 
(MSCRAMMs), such as serine-aspartate repeat protein G (SdrG), serine-
aspartate repeat protein F (SdrF), and serine-asparate repeat protein H 
(SdrH), and S. epidermidis surface (Ses) proteins; non-covalently linked 
surface-associated proteins, such as AtlE, S. epidermidis autolysin/adhesin 
(Aae), and extracellular maxtrix-binding protein (Embp); and cell wall 
teichoic acids (4).  

The molecules involved in the steps of accumulation and maturation, 
may differ between strains of S. epidermidis. An important adhesin that 
encloses and connects S. epidermidis cells in biofilms is the polysaccharide 
intercellular adhesin (PIA), or poly-N-acetyl-glucosamine (PNAG), 
synthezied by the icaADBC genes (99). In S. epidermidis lacking the ica 
operon, adhesion may be accomplished by the accumulation associated 
protein (Aap), Bhp, or Embp (99). Ses proteins (SesC and SesE) have also 
been associated with PIA-independent biofilm formation (100, 101). The 
morphological properties of PIA-dependent biofilms may differ significantly 
from biofilms dependent on, for example Aap or Embp, which could 
explain why ica-positive S. epidermidis isolates are more prevalent in 
catheter-related infections (with high mechanical stress) than in PJIs 
(characterized by a static condition at the implant-tissue interface) (101).  

The final step is detachment or the release of bacterial cells from the 
biofilm. This is controlled by the quorum-sensing system accessory gene 
regulator (agr) (98), possibly by regulating S. epidermidis phenol-soluble 
modulins (PSMs) (99). 

Quorum sensing - molecular crosstalk within the biofilm 
S. epidermidis in biofilms “communicate” by secreting an autoinducing 
peptide (AIP) (whose precursor is coded for by the agrD gene, whearas 
modification/cleavage/export is coded for by the agrB gene) that enables the 
community to regulate cell transcription based on cell density (102). When 
extracellular levels of AIP reach a threshold concentration (due to increased 
cell density), AIP binds to a membrane sensor protein (coded for by agrC). 
This initiates a series of intracellular events (involving agrA) that results in 
the expression of regulatory RNA (RNAII and RNAIII), which in turn 
regulates the translation of adhesions (inhibition) and exoenzymes/toxins 
(derepression). Sequence variants of agrB, agrC and agrD lead to AIPs with 
varied signalling specificities that allow AIP to inhibit agr activity in strains 
belonging to other agr specificity groups and/or other staphylococcal species 
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(102). S. epidermidis are classified as agr type I-III based on the sequence of 
the agrD gene (103).  

Attenuated host immune response in biofilms  
Host immune response against S. epidermidis in biofilms is attenuated due 
to functionally impaired granulocytes and evasion of phagocytosis (104). 
Lower levels of pro-inflammatory cytokines and elevated levels of anti-
inflammatory cytokines have been reported from biofilm-grown S. 
epidermidis compared with planktonic cells (105). However, the precise 
mechanisms of how S. epidermidis biofilms attenuate polymorphonuclear 
cell and macrophage killing, and whether this ability of S. epidermidis differ 
between different lineages of S. epidermidis, remains to be clarified (106).  

Recalcitrance towards antimicrobial treatment 
Bacteria within biofilms are difficult to eradicate with antibiotic treatment. 
There are multiple reasons for this: restricted antibiotic penetration, altered 
microelement leading to the reduced efficacy of e.g. beta-lactams or 
aminoglycosides, altered expression of genes coding for, for example, efflux 
pumps, and the presence of persister cells (i.e., genetically susceptible 
growth arrested bacteria that survive treatment with antibiotics (107)) 
(108). Furthermore, biofilms facilitate the horizontal gene transfer of genes 
encoding AMR, and the selection of resistant mutants due to subinhibitory 
concentrations of antibiotics. Last, hypermutability within biofilms also 
contributes to antibiotic tolerance (108). 

Antibiotic susceptibility testing (AST) of S. epidermidis 
The Swedish national recommended antibiotic panel for the susceptibility 
testing of staphylococci (including S. epidermidis) from PJIs, issued by Ref-
erensgruppen för antibiotikafrågor (RAF) (https://www.sls.se/RAF/Re-
sistensbestamning/Minimiurval-for-resistensbesked/, accessed September 
2019) lists aminoglycoside, isoxazolyl penicillin, clindamycin, fusidic aid, 
ciprofloxacin, and rifampicin. In the extended AST of clinically relevant 
CoNS linezolid, rifampicin, teicoplanin, trimethoprim/sulfamethoxazole, 
and vancomycin are suggested.  

AST is generally performed using the European Committee on Antimi-
crobial Susceptibility Testing (EUCAST) disk diffusion test methodology 
(109), with the exception of teicoplanin and vancomycin testing, performed 
using gradient minimum inhibitory concentration (MIC) strip tests or, pref-
erably, by broth microdilution. Briefly, disk diffusion testing is performed 
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by preparing an inoculum suspension of a specified turbidity (equivalent to 
0.5 McFarland, measured by a photometric device) by suspending well-iso-
lated colonies from overnight growth on non-selective medium in saline. 
The suspension is inoculated evenly on Mueller–Hinton (MH) agar plates, 
after which antibiotic disks are applied and the plates subsequently incu-
bated at 35±1°C in air over night. After incubation, a confluent lawn of 
growth, evenly distributed over the agar, should be verified. The inhibitory 
zones are measured to the nearest millimetre with a ruler or calliper. Zone 
diameters are interpreted as susceptibility categories according to the cur-
rent EUCAST Breakpoint Table.  

MDR isolates are in literal terms resistant to more than one drug, but the 
definition most frequently used for Gram-positive bacteria is “resistant to 
three or more antimicrobial classes” (110). However, there has not been 
consensus on the types, classes, or groups of antimicrobial agents to be used 
when defining MDR. A expert group proposal initiated jointly by the Euro-
pean Centre for Disease Prevention and Control (ECDC) and the Centers 
for Disease Control and Prevention (CDC) has suggested that an MDR S. 
aureus is an isolate that is i) an MRSA and/or ii) non-susceptible to at least 
one agent in ≥3 antimicrobial categories out of 17 listed therapeutically rel-
evant groups (110), but there is no suggested definition for MDR S. epider-
midis. 

WGS in AST 
For most bacteria, the evidence for using WGS to predict antimicrobial re-
sistance in clinical microbiology is currently either poor or non-existent 
(111). For S. aureus, however, the use of WGS to infer AST has been found 
to be effective for most clinically relevant agents, with sensitivity of 0.97–
0.99, and specificity of 0.99–0.996 reported for genotypic predictions in the 
largest studies, but several problems have been identified: genetic instability 
with loss of the plasmid carrying ermC (encoding erythromycin resistance) 
and of the SCCmec element from the chromosome during passage; 
knowledge gaps regarding the genetic basis of resistance (e.g. vancomycin); 
and laboratory variation in phenotypic testing. Standardization of quality-
control metrics, bioinformatic tools, and the establishment of a single data-
base of all known resistance genes and gene variants have been called for 
(111). No data for S. epidermidis are reported in the review article cited 
above.  
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What distinguishes clinical S. epidermidis from commensal S. epidermidis 
isolates? 

Biofilm formation  
Increased capacity to form biofilm, and the presence of the icaA gene has 
been associated with S. epidermidis isolates of clinical origin (112). 
However, contradictory results have been found; icaA was unable to 
discriminate commensal strains from invasive strains in patients undergoing 
stem cell transplantation (113), and no statistically significant difference 
was found between isolates from PJIs and colonizing isolates in terms of 
prevalence of icaADB genes, nor phenotypic biofilm formation (20). 
Biofilm formation on foreign material is a key factor in establishing 
infection and evading host immune response (114), but is also important 
for survival in the skin microbiota, especially on moist skin (69), and it is 
likely that factors (i.e., genes and proteins) that facilitate the establishment 
of S. epidermidis infection and persistence are also important for 
colonization (99).  

Antimicrobial resistance, IS256 and sesI 
Clinical S. epidermidis isolates are often methicillin resistant (≈70-90%) and 
MDR, compared to colonising S. epidermidis retrieved from sampling of 
healthy individuals, from whom the reported rate of methicillin-resistance 
is 3-7% (20, 87, 113, 115). However, 24/25 of colonising S. epidermidis 
retrieved from sampling of patients undergoing stem cell transplantation 
were found to be mecA-positive, but still clonally unrelated, and mecA thus 
not able to discriminate invasive from colonising strains within this patient 
population (113).  

The IS element IS256 has more frequently been identified in clinical 
rather than colonizing S. epidermidis strains (115-117). IS256 was first 
described as part of the transposon Tn4001, which confers resistance 
towards aminoglycosides, but IS256 can be found in multiple copies in 
staphylococcal genomes (118). IS256 can modify expression of genes 
encoding antimicrobial resistance through the insertion into regulators, or 
by formation of hybrid promoters, and can also modulate biofilm formation 
by transposition into the ica genes (112). In addition, IS256 contributes to 
genome flexibility by serving as a cross-over point for homologous 
recombination events (118). 



EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 
 

31 
  

The cell-wall-associated surface protein SesI has been suggested as a 
marker of invasive S. epidermidis isolates, and found to be rare among col-
onising isolates retrieved from healthy individuals (119, 120), but the prev-
alence of SesI in colonising isolates retrieved from hospitalised patients is 
not known.  

fdh and ACME: markers of commensalism?  
In a comparative genomic study, ten genes were found to differentiate S. 
epidermidis isolates of commensal origin from a phylogenetically distinct 
group of S. epidermidis isolates of mixed origin (69). The only gene of 
known function – the formate dehydrogenase (fdh) gene (present in 16/71 
commensal strains) – was suggested as a marker of commensalism, and 
reported to have higher discriminative capacity than IS256 (69).  

The arginine catabolic mobile element (ACME) function in S. epidermidis 
remains to be clarified, but in MRSA USA300 (where it was first described), 
allotype I, harbouring arcA (encoding an arginine deaminase pathway), and 
opp3 (encoding an oligopeptide permease ABC transporter), have been 
linked to increased fitness and colonization capability (121). Colonising S. 
epidermidis isolates reportedly harbour ACME to a greater extent than do 
isolates from clinical infections (122, 123). 

 
To summarize, present data suggest an association between antimicrobial 
resistance and IS256 and clinical infections with S. epidermidis, whereas 
divergent results concerning the association between biofilm formation and 
clinical infections have been reported. There is a possible relationship 
between fdh and ACME and colonising isolates of S. epidermidis. However, 
S. epidermidis has been argued to be “an accidental pathogen” causing 
infections not because of specific virulence traits, but because of frequent 
introductions into susceptible hosts due to its ubiquitous presence on 
human skin and mucous membranes, and its ability to adhere and avoid 
host immune defence (98). 

 
  



32 
 

EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 
 

Hip- and knee prosthetic joint infections with S. epidermidis 
Professor Themistocles Glück, surgical chief physician at the Emperor and 
Empress Friedrich Paediatric Hospital in Berlin, implanted the first hinged 
knee joint in 1890, followed by hip, wrist and elbow arthroplasties all made 
from ivory. However, he was later forced by his chief to publish a repentant 
declaration where he concluding that replacing joints affected by active 
tuberculosis was erroneous because the infection recurred (124). The first 
prosthetic total hip (i.e., replacement of both the head of the femur and the 
acetabulum) was developed in the late 1930s, but the major step forward 
was the introduction of cemented low-friction arthroplasty by UK 
orthopaedic surgeon Sir John Charnley in the late 1950s (125). The 
prosthesis’ design, component materials, fixation methods, and surgical 
techniques have developed over the years, and total joint replacement is 
today restoring quality of life for millions of patients suffering from arthritis 
world-wide (126, 127).  

The number of patients affected by hip- and knee PJIs is projected to 
increase in coming decades because of the increased number of hip and knee 
replacements performed (128-131). In Sweden, ≈15,000 primary knee joint 
replacements and ≈18,000 primary hip joint replacements are performed 
annually (data from SKAR and SHAR).  

Diagnostic criteria for S. epidermidis PJI 
The Swedish Society of Infectious Diseases (SILF) 2018 guidelines on the 
management of joint- and skeletal infections (132) have adopted the 
Infectious Disease Society of America criteria for defining PJI (133), with 
modifications according to Zimmerli (134) (Table 2).  
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Table 2. SILF criteria for the diagnosis of PJI 

To improve culture results, antimicrobial treatment should preferable be 
withheld ≥2 weeks before sampling, and five tissue samples should be ob-
tained from different aspects of the periprosthetic tissue in the operating 
field (with a new set of sterile instruments for each sample), and placed in 
separate sterile containers (or directly in broth) (132). A 2018 survey of 
19/25 clinical microbiology departments in Sweden revealed great diversity 
in the of use of transportation media, culture media, whether AST is per-
formed on all samples or only one, and how the results are presented to the 
referring physician (personal communication, Martin Sundqvist). Soni-
cation of the removed prosthetic device (i.e., application of ultrasound 
waves to release bacteria imbedded in biofilm) was performed by four la-
boratories. This reportedly increases the culture positivity (135), but expe-
riences differ, and in a retrospective review from a centre specializing in 
bone and joint infections, sonication did not improve sensitivity, but was 
associated with lower specificity than was tissue culture (136). The present 
study also found similar sensitivities between culture and sonication within 
the subgroup of low-virulent microorganisms such as CoNS, and in the sub-
groups of patients undergoing surgery while on antibiotics, or under recent 
antibiotic exposure (136).  

S. epidermidis is a ubiquitous skin commensal and the possibility of con-
tamination (either intraoperatively or at the microbiology laboratory) must 
be considered. According to Swedish guidelines, a single positive intraoper-
ative culture of S. epidermidis should be interpreted as a probable contam-
ination, but with consideration of the clinical context (132). The signifi-
cance of a single positive intraoperative culture was investigated in a regis-
try-based retrospective study of 2305 revisions of presumed aseptic loosen-
ing (137). In revisions with a single positive culture (likely to have been 

SILF PJI criteria (one of five is required for diagnosis) 
• A sinus tract communicating with the prosthesis 
• Purulence surrounding the prosthesis, without another known etiology 
• Two or more intraoperative cultures (or a combination of preoperative as-

piration and intraoperative cultures) that yield the same microorganism 
(indistinguishable by clinical routine laboratory methods, including spe-
cies identification and common antibiogram). 

• Histopathological evidence of acute inflammation in periprosthetic tissue 
• Elevated leukocyte count in the synovial fluid and/or predominance of 

neutrophils 
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dismissed as probable contamination), the relative risk (RR) of subsequent 
overall revision surgery within a year was 1.7 (95% confidence interval [C.I] 
1.1-2.8), and the RR of revision due to PJI 2.6 (95% C.I 1.6-2.0), compared 
with culture-negative cases, whereas no increased risk of revision was noted 
for surgeries with ≥2 positive intraoperative cultures. Out of the 100 revi-
sions of presumed aseptic revision with a single positive culture, CoNS was 
retrieved from 71, and out of the 43 revisions that were re-revised within a 
year due to PJI, all grew CoNS. No data on the correlation of CoNS species 
nor antibiogram between the initial revision and the re-revisions was pre-
sented in the study, but the authors concluded that some cases of unex-
pected growth in a single culture is likely to represent true infection (137).  

The 2013 International Consensus Meeting (ICM) criteria for PJI was 
established by the joint meeting of the Musculoskeletal Infection Society 
(MSIS, US) and the European Bone and Joint Infection Society (EBJIS) in 
2013 and differ somewhat from the modified IDSA criteria endorsed by 
SILF. According to these criteria, a single positive culture is a minor crite-
rion. A PJI is defined either by fulfilling one major criterion (i.e., two posi-
tive periprosthetic cultures with phenotypically identical organisms or a si-
nus tract communicating with the joint) or three minor criteria (138). The 
specificity of the ICM criteria is reportedly excellent (99.5%), but the sen-
sitivity is somewhat lower (86.9%) (139). To address this, and to ease pre-
operative diagnosis of infection, a scoring system for the minor criteria, 
which also includes the synovial marker alpha-defensin and serum d-dimer, 
has recently been developed and validated (139), and the revised 2018 ICM 
criteria for hip- and knee PJIs were endorsed in July 2018 (140) (Table 3) 
by the 2018 ICM on Musculoskeletal Infection.  
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Table 3. The 2018 International Consensus Meeting (ICM) criteria for hip- and knee 
PJIs. For minor criteria, a combined preoperative and postoperative score of ≥6 
points is interpreted as PJI, 3–5 points as inconclusive, and <3 points as no PJI. ESR 
= erythrocyte sedimentation rate. WBC = white blood cell count. PMN = poly-
morphnuclear leukocytes.   

Classification of PJIs 
PJIs are classified as (134): 

• acute haematogenous PJIs (duration of symptoms less than 3 weeks 
in a previously uncomplicated prosthetic joint) 

• early postoperative PJIs (manifest infection within 1 month 
ofarthroplasty surgery), and 

• chronic PJIs (duration of symptoms for more than 3 weeks 
debuting >1 month after arthroplasty surgery)  

Incidence of hip and knee S. epidermidis PJIs 
The reported two-year cumulative incidence of reoperation/revision surgery 
due to PJI (all species) in Sweden during the years 2014–2017 and 2006–
2015 are 1.2% for THA and 0.7% (with osteoarthritis as primary 
indication) for total knee arthroplasty (TKA), respectively (data from SKAR 
and SHAR). However, the true rate of PJIs is higher, as not all patients with 
a clinical diagnosis of PJI are deemed fit for revision surgery, and hence are 
treated conservatively with suppressive antibiotic treatment. This was 
illustrated by a Swedish study combining data from the SHAR and the 

The 2018 ICM criteria for PJI diagnosis 
Major criteria 

• two positive growths of the same organism using standard culture meth-
ods 

• sinus tract communicating with the joint or visualization of the prosthesis 
Minor criteria 

• elevated CRP or D-dimer (2p) 
• elevated ESR (1p) 
• elevated synovial WBC or leukocyte esterase or positive alpha-defensin 

(3p) 
• elevated synovial PMN (%) (2p) 
• a single positive culture (2p) 
• positive histology (3p) 
• positive intraoperative purulence (3p) 
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Swedish Prescribed Drug Register that included primary THA performed 
from July 2005 to December 2008 and defined PJI according to modified 
MSIS criteria (141). Out of 443 patients identified with PJIs, 38 patients 
(8.5%) were not reoperated. The two-year cumulative incidence of PJI was 
found to be 0.9% (95% C.I 0.85–1.02), and thus higher than the SHAR 
reported two-year cumulative incidence of reoperation due to PJI 2005–
2008 of 0.7%.  

Furthermore, a study from Denmark found that only two thirds of all 
revisions due to PJIs were captured by the Danish Hip Arthroplasty Registry 
(DHR), and of  those reported as PJIs, more than 1/5 were misclassified as 
infections (142). In this Danish study, data on >37,000 primary THAs were 
matched with data from the microbiology databases, the national 
prescription database, the clinical biochemistry databases, and data from 
the National Register of Patients. When DHR data were combined with 
data from the microbiology databases, 9/10 of PJIs were identified, and the 
specificity increased to 100% (the microbiology criterion in the study was 
three or more intraoperative samples yielding the same microorganism).  

The cumulative incidence of revision surgery due to PJI has increased in 
recent years, as outlined above. This is believed to be partly due to a change 
in surgical strategy due to increased awareness of the importance of 
debridement and of replacing prosthetic components when treating PJIs 
(141).  

Incidence data on S. epidermidis hip- and knee PJIs are lacking as species 
determination of CoNS was uncommon until recently. Together with S. au-
reus, CoNS are the most frequently identified microorganisms in PJIs, re-
ported in 25–29% of infections (9, 85, 141, 143, 144). This percentage is 
even higher (55%) in infections presenting more than a year after primary 
surgery (i.e., late chronic infections) (85). In studies identifying CoNS to the 
species level, S. epidermis reportedly represents 61-85% of all CoNS isolates 
(15, 145). Taken together, this means that the two-year cumulative inci-
dence of revision surgery for S. epidermidis PJIs could be roughly estimated 
to be in the range of 0.18–0.30% in THA and 0.11–0.17% in TKA, and the 
number of patients undergoing revision surgery/reoperation due to a hip- or 
knee S. epidermidis PJI after THA and TKA in Sweden thus to be between 
50 to 90, annually.  

Pathogenesis of S. epidermidis PJIs 
Bacteria can be introduced to the prosthetic joint: i) directly to the prosthetic 
joint during surgery; ii) in the immediate postoperative period via the 
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wound before the superficial and deep facial planes have healed; or iii) by 
haemotogenous seeding. (9). Haematogenous seeding is probably the route 
of infection in a very small proportion of all S. epidermidis PJIs (85), but 
the relative importance of the other two possible routes is unknown. 
Prolonged wound leakage may be both a symptom and a risk factor of PJI, 
and in an ongoing Dutch study the optimal way to handle patients 
exhibiting prolonged wound leakage is investigated by randomisation to 
either early debridement, antibiotics, and implant retention (DAIR) (at day 
9–10 after index surgery) or non-surgical treatment (146).  

The origin of S. epidermidis causing PJIs is likely the patients’ 
perioperative microbiota; ≈70–95% of all surgical site infections has been 
estimated to arise from the patients’ nasal and skin microbiota (147). Once 
S. epidermidis has gained access to the prosthetic joint, the ability to attach, 
adhere, and form biofilm on the implant is a key factor for the successful 
establishment of an infection (148, 149).  

Bacteria in PJIs can be found both as planktonic (i.e., single cell) bacteria 
in the joint fluid, embedded in biofilm both on the implant and in the 
periprosthetic tissue, and in host cells (Figure 4) (97). Recently S. 
epidermidis was shown to persist in phagolysosomes in fibroblasts and 
osteoblasts in vitro, and viable bacteria to be released upon cell death (150). 
Formation of small colony variants (SCV) were promoted in intracellular 
persistence, and the authors speculated that this could be important for the 
suppression of proinflammatory cytokine response. 
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Figure 4. Biofilm formation in a prosthetic knee joint. Bacteria in biofilm can be 
found on the implant and in the periprosthetic tissue. Bacteria may also reside inside 
host cells (150) and in planktonic form in the joint fluid. Reprinted from McCo-
noughey et al. (97) with permission. 

Treatment of S. epidermidis PJIs 
Revision surgery, with meticulous debridement of infected tissue and ex-
change of parts of or the entire prosthesis, is crucial in treatment of all PJIs, 
including S. epidermidis PJIs. Antibiotic treatment without surgery will not 
achieve cure and is regarded as suppressive treatment, usually continued 
lifelong (10). The SILF guidelines on the management of joint- and skeletal 
infections management were recently updated and the recommendations for 
treatment of PJIs will be summarized below (132).  

In hip and knee PJIs manifesting within 4 weeks of primary surgery, or 
with a maximum of three weeks of symptoms (acute haematogenous), 
DAIR is the recommended procedure, provided that the prosthetic joint is 
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stable (Figure 5). During this procedure, modular components (i.e., the fem-
oral head and polyethylene liner) are exchanged, but the bone–prosthesis 
interface is left intact. Treatment outcomes in terms of infection cure are 
similar for DAIR and two-staged revision, but the functional outcome may 
be better for DAIR (151).  

In chronic PJIs, a one- or two-stage procedure with exchange of the im-
plant is recommended (Figure 5). One-stage revision surgery is potentially 
associated with decreased surgical morbidity and mortality, earlier func-
tional return, lower costs, and increased health-related quality-adjusted life 
years compared with the two-stage protocol, but randomized, adequately 
powered multicentre studies are currently lacking (152). Two-stage ex-
change is preferred to one-stage exchange in cases of difficult-to-treat mi-
croorganisms: rifampicin resistant staphylococci, enterococci, quinolone-re-
sistant gram-negatives, and fungi). A cement spacer with antibiotic(s) effec-
tive against the causative microorganism is introduced at the first stage of a 
two-stage procedure with the aim of achieving high local concentrations of 
antibiotics (153).  
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Figure 5. Treatment algorithms for revision surgery in PJIs. Modified from (132). 
DTT= difficult to treat; i.e rifampicin resistant staphylococci, enterococci, quinolone 
resistant gram-negatives, and fungi. → = prosthesis retention, ↑ = prosthesis re-
moval, and ↓ = prosthesis implanted. wks = weeks (duration of treatment). 

Intravenous antimicrobial treatment is started at the time of revision sur-
gery based on AST (e.g., cloxacillin for methicillin-sensitive S. epidermidis 
[MSSE] and vancomycin or daptomycin for MRSE). Intravenous treatment 
is continued for 1–2 weeks until the wound is dry, and then followed by 
oral treatment with rifampicin, preferably in combination with ciprofloxa-
cin or levofloxacin (or according to AST result if fluoroquinolone resistant) 

Acute infection (≤3 wks of
symptoms)?
Implant stable?
Good quality soft tissue?
No DTT microorganism?

Debridement, Antibiotics,
and Implant Retention
(DAIR)

Yes

2 wks iv 10 wks rifampicin based combination therapy

One-stage exchange
revision surgery
(not for DTT microorganisms)

Two-stage exchange
revision surgery

No

2 wks iv 10 wks po rifampicin based combination therapy

Two-stage with short
interval 
(not for DTT
microorganisms)

2-3 wks iv 10 wks po rifampicin based combination therapy

Two-stage with long
interval 
(including DTT
microorganisms)

6 wks iv/po antibiotics (no rif)) 2 wks no ab

antibiotic impregnated spacer

+/- ab
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for a total treatment period of three months in all patients undergoing revi-
sion surgery, except for two-staged exchange with a long interval, in which 
standard osteomyelitis treatment without rifampicin is preferred (Figure 5). 
Side-effects of rifampicin includes anorexia, nausea, and vomiting, and pa-
tients must be monitored for liver toxicity and bone marrow suppression 
(154). A recent systematic review found that shorter treatment (8 weeks 
after DAIR for hip PJI and 75 days for knee PJIs) is not associated with 
increased risk of treatment failure, and that shorter treatment (less than 4–
6 weeks) also appear safe for staged exchange arthroplasty (155). In multi-
variate analysis, increasing age was associated with greater advantage of 
short-course antibiotics (155).  

Morbidity and mortality in PJI 
PJI is associated with substantial morbidity and mortality. Patients treated 
for PJI have an overall lower health-related quality of life, and report more 
pain, more stiffness and poorer function scores, as well as poorer mental 
health, than do patients with uncomplicated arthroplasties (156). One out 
of eight patients treated for PJI rated their health status as equivalent to, or 
worse than, death (156). PJI patients express an absence of, and need for, 
psychological support during the process of diagnosis, treatment and 
protracted recovery (157).  

The profoundly negative impact of PJIs on patients’ quality of life is well 
recognized by the treating orthopaedic surgeons, as determined by a 
qualitative study of how PJIs affect orthopaedic surgeons professionally and 
personally (158). “The worst thing to happen … beyond dying” and “a 
catastrophe, absolute disaster” are two representative quotations from 
participating surgeons, and feelings of some level of personal responsibility 
were found to be common, especially when the source of the infection was 
unknown, despite the understanding that risk and complications are 
inherent in surgery. Support from colleagues in multidisciplinary teams with 
regular, open discussions of complications and treatment choices were 
found to be important. The authors suggested that orthopaedic surgeons 
who treat patients with PJIs are at an increased risk of burnout, and that 
the uncertainty about the cause of PJIs may significantly contribute to the 
negative stress.  

A five-fold increased risk of death (multivariate adjusted odds ratio 5.9 
[95% C.I 3.5–10.2]) one year after revision surgery was found for patients 
treated for PJI compared with patients undergoing revision surgery for 
aseptic failure in a single-centre study from the USA (11). Five years after 



42 
 

EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 
 

revision surgery for PJI, 25% of patients were deceased. In a population-
based cohort study from Denmark, including all patients reported to the 
Danish Hip Arthroplasty Registry for 10 years, linking data to the 
microbiology databases, the National Register of Patients, and the Civil 
Registration System, the relative mortality risk, adjusted for age, sex, and 
comorbidity, for patients undergoing revision for PJI compared with 
patients with uncomplicated primary THA was 2.18 (95% C.I 1.54–3.08) 
(12). Mortality risk was not statistically significicantly different between S. 
aureus (RR 1.0) and CoNS PJIs (RR 1.08 [95% C.I 0.42–2.73]). 

Preventive strategies in arthroplasty surgery in Sweden 
ProtesRelaterade Infektioner Ska Stoppas (PRISS) (in English, “Prosthetic 
related infections shall be stopped”) was a joint project between 
Landstingens Ömsesidiga Försäkringsbolag (LÖF) (a Swedish insurance 
company that insures publicly financed health care providers), and the 
Swedish associations of orthopaedic surgeons, orthopaedic nurses, 
perioperative nurses, physiotherapists, infectious diseases physicians, 
anesthesia and intensive care physicians, and infection control specialists 
from 2009 to 2013. The final recommendations of the expert group 
(https://lof.se/patientsakerhet/vara-projekt/rekommendationer/), includes 
statements on PJI risk factors, patient optimization before surgery, and 
antimicrobial prophylaxis as well as recommendations for the follow-up 
and registration of infections, and for the optimization of the operative 
environment.  

In the section on preoperative optimization, the expert group states that 
preoperative whole-body cleansing with chlorhexidine gluconate (CHG)- 
containing soap should be performed twice before surgery. Patient skin mi-
crobiota is noted to change rapidly after hospitalization, so it is suggested 
that preoperative stay in the hospital be minimized. 

In terms of antimicrobial prophylaxis, the expert group states that 2g of 
anti-staphylococcal penicillin (cloxacillin) should be given in three doses (at 
0, 2, and 6 h), with the first dose given 30–45 minutes before incision. This 
is in contrast to the 2018 ICM, which advocates a broader spectrum of ac-
tion, including against gram-negatives, and recommends a first- (cefazolin) 
or second-generation cephalosporin (cefuroxime) in a single- and weight-
adjusted dose (159).  

As for the operative environment, the expert group states that ultra-clean 
air with fewer than 5 colony forming units (CFU) per m3 should be achieved, 
and that CFU/m3 levels should be monitored. 
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The PRISS statement does not discuss locally administered antimicrobial 
prophylaxis in bone cement. However, fixation of both the cup and the stem 
with bone cement in primary hip arthroplasty is recommended in Sweden 
for most patients aged over 75 years, and was used in 60% of all total hip 
replacements in Sweden in 2017 (160). Out of all more than 10,000 ce-
mented hip arthroplasties performed that year, bone cement containing gen-
tamicin was used in all but 58 procedures, and the historic use of antibiotics 
in bone cement may explain why (in Sweden) the reported adjusted relative 
risk of reoperation due to infection is 1.29 (95% C.I 1.13–1.47) higher in 
uncemented than cemented THA (160). The 2018 ICM recommendation is 
that antibiotic-impregnated cement may be used in primary TJA to reduce 
the risk of PJIs, but acknowledges that the cost-benefit analysis may be most 
favourable for patients at high risk of infection (161). 

Summary of introduction 
S. epidermidis PJIs are rare but devastating to the patients affected. The 
limited data available on the molecular epidemiology of S. epidermidis in 
PJIs suggest that, as in other clinical infections with S. epidermidis, a limited 
number of hospital-associated STs predominate. During hospitalization, the 
proportion of patients colonized with MRCoNS increases, but whether this 
is due to the selection of MRCoNS already present in the pre-admission 
microbiota but in low relative abundance, or due to intra-hospital transmis-
sion of  hospital-associated MDRSE is not known. Furthermore, the under-
lying reason for the success of certain S. epidermidis STs in PJIs remains to 
be elucidated, and last, if a genetic trait or traits could be identified that 
could distinguish S. epidermidis isolates representing true infection from 
isolates representing contamination this would be useful in clinical practice.  
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Aims 
The main aim of this thesis was to study the molecular epidemiology of S. 
epidermidis in PJIs, in order, by extension, to contribute to improved 
perioperative care of patients undergoing hip and knee arthroplasty.  
 
Accordingly, the thesis objectives were: 

 
• To characterize S. epidermidis isolates from PJIs and nasal mucosa 

by WGS, and determine what genomic traits differentiate PJI iso-
lates from nasal isolates, to understand the underlying factors ex-
plaining the success of predominant MDRSE lineages. 
  

• To investigate whether patients are colonized with MDRSE 
lineages associated with PJIs before hospitalization for TJA. 

 
• To investigate whether STs of S. epidermidis associated with PJIs 

are found in the air of the operating field during arthroplasty sur-
gery. 
 

During the thesis work a separate aim – to study the genomic relatedness of 
S. pettenkoferi isolates of different origins – was defined.  
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Materials and Methods 

Sampling of patients (Papers III–IV) 
After informed consent, and according to a protocol approved by the Regional 
Ethical Vetting Board, patients scheduled for hip- or knee arthroplasty in 
Region Örebro County (Lindesberg hospital, n = 29, November 2015 to 
December 2015), Region Östergötland (Linköping university hospital, n = 23, 
March 2013 to January 2015), Region Värmland (Karlstad hospital, n = 40, 
January 2013 to January 2014) and Region Västmanland (Västerås hospital, n 
= 37, December 2012 to May 2014) were sampled from their nares, inguinal 
crease, and either skin over hip/knee (depending on planned surgery) at the 
orthopaedic outpatient clinics 11 days (median, interquartile range [IQR] 8-19 
days) before hospitalization. Sampling was performed using flocked swabs 
(ESwab, Copan Italia Spa, Brescia, Italy).  

All samples were sent to the Department of Clinical Microbiology, 
Örebro University Hospital, and subsequently plated on blood agar 
(Columbia Blood Agar Base 3.9% w/v [Oxoid, Basingstoke, Hampshire, 
UK] supplemented with 6% defibrinated horse blood [Håtunalab AB, Bro, 
Sweden]). All growth on the plates was harvested and stored frozen (–80°C) 
in preservation medium (Trypticase Soy Broth, BD Diagnostic Systems, 
Sparks, MD, USA), supplemented with 0.3% w/v yeast extract (BD 
Diagnostic Systems), and 29% horse serum (Håtunalab AB).  

Sampling was repeated after the first whole-body cleansing with CHG-
containing soap for patients in regions Örebro County, Östergötland, and 
Värmland (after admission to hospital), and after the second whole-body 
cleansing with CHG containing soap for patients from all regions (patients 
in Västmanland performed their whole-body cleansing with CHG contain-
ing soap at home). A final set of samples was taken at discharge.  

Additional sampling of the nares of patients scheduled for hip and knee 
joint replacement surgery was performed in Region Örebro County 
(Lindesberg hospital, n = 262 September 2017 to May 2018).  

In Paper III, S. epidermidis from 150 nasal samples taken before 
hospitalization (Figure 6) were included for comparison with S. epidermidis 
isolates from PJIs. In Paper IV, pre-admission samples from the nares, 
inguinal crease and skin over hip/knee of patients from Östergötland, 
Värmland and Västmanland who contributed with nasal S. epidermidis in 
Paper III were included (Figure 6). 
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Figure 6. Overview of sampling of patients, and origin of nasal S. epidermidis iso-
lates included in Paper III and pre-admission samples from nares, inguinal crease 
and skin over hip/knee included in Paper IV.  
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Intraoperative air sampling (Paper I) 
Air sampling in the operating field was performed at Hospital of 
Västmanland, Västerås, Sweden, during 17 hip or kne arthroplasties 
between November 2011 and January 2012. The operating theatres (OTs) 
were equipped with mobile laminar air flow (MLAF) units.  

A Sartorius MD-8 air scanner (Sartorius Mechatronics, Göttingen, 
Germany) operating at a flow rate of 6 m3/h was used by an experienced 
infection control nurse according to local guidelines for air quality 
monitoring. The sterile filter holder was placed approximately 20 cm from 
the skin incision, directed in line with the laminar flow. Sterile gelatine 
filters (3 µm pore size, 80 mm diameter) were exchanged every 10 minutes 
by the scrub nurse and given to the infection control nurse who placed the 
filters on blood agar plates (Columbia II agar [BD Diagnostics Systems, 
Sparks, MD, USA] 4.25% w/v; horse blood, defibrinated, [Håtunalab AB] 
6% w/v). A negative control (i.e., an unused filter) was analysed from all 
operations. 

The infection control nurse responsible for air sampling did not intervene 
with the positioning of MLAF units before or during surgery, but the results 
of the air quality measurements were conveyed to the perioperative team 
continuously during the study period. 

Bacterial isolates (Papers I–IV) 

Paper I 
The blood agar plates (with filters) from the 17 joint replacement surgeries 
during which air sampling was performed were incubated in an aerobic 
atmosphere at 36°C for 48 h at the Department of Clinical Microbiology 
laboratory, Hospital of Västmanland, Västerås, Sweden. The total numbers 
of colonies per plate were counted, and the plates were sent to the 
Department of Clinical Microbiology, Örebro University Hospital, Örebro, 
Sweden, where 743 colonies were sub-cultured and stored in preservation 
medium (Trypticase Soy Broth, BD Diagnostic Systems, Sparks, MD, USA), 
supplemented with 0.3% yeast extract (BD Diagnostic Systems), and 29% 
horse serum (Håtunalab AB) at –80°C pending further analysis.  

Paper II 
S. pettenkoferi isolates retrieved from air-sampling in Paper I (n = 9) were 
analysed together with S. pettenkoferi isolates from blood cultures 
identified at the departments of Clinical Microbiology in Örebro (n = 1) and 
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Växjö (n = 13), as well as two S. pettenkoferi isolates from the European 
arm of the SENTRY Antimicrobial Surveillance Program (provided by JMI 
Laboratories, North Liberty, IA, USA), and the type strain CCUG 51270T 
for a total of 26 isolates of S. pettenkoferi.  

Paper III 
S. epidermidis isolates from tissue cultures obtained during debridement or 
revision surgery due to presumed hip or knee PJI between 2007 and 2016 
in two Swedish regions (n = 139) were included. Only isolates from surgeries 
with a minimum of two positive tissue cultures displaying identical 
antibiograms were included, and only one isolate per patient was included 
(isolates from repeated surgeries were excluded). The isolates were 
prospectively collected and preserved at –80°C in preservation medium 
Trypticase Soy Broth (BD Diagnostic Systems), supplemented with 0.3% 
yeast extract (BD Diagnostic Systems), and 29% horse serum (Håtunalab 
AB), at the departments of Clinical Microbiology at Örebro University 
Hospital, Örebro, Sweden and Linköping University Hospital, Linköping, 
Sweden, as per clinical routine.  

 
The PJI isolates were compared with S. epidermidis isolates retrieved from 
nasal swabs of patients scheduled for hip- or knee arthroplasty surgery in 
four Swedish regions, i.e., Örebro, Östergötland, Värmland and 
Västmanland, between 2012 and 2017. The 150 nasal S. epidermidis 
isolates were identified from stored samples from which 10 µL of 
preservation medium was plated on blood agar plates (n = 129), and in 
primary streaks of nasal swabs plated on Mueller-Hinton (MH) II agar 
3.8% w/v (BD Diagnostic Systems) plates (n = 82) (Figure 6). Staphylococci 
were identified by colony morphology after overnight culture in an aerobic 
atmosphere at 36°C followed by species identification with MALDI-TOF 
MS. A single S. epidermidis isolate per nasal sample was randomly chosen 
for further analysis.  

Paper IV 
Ten µL of the stored preservation medium of samples from the nares, ingui-
nal crease, and skin over hip/ knee of 66 patients sampled before hospitali-
zation for arthroplasty surgery was dispensed and subcultured on MH agar 
plates supplemented with 5 mg/L cefoxitin (Sigma Aldrich, Darmstadt, Ger-
many), and on a chromogenic medium primarily used for the detection of 
MRSA (CHROMID MRSA, bioMérieux). After 48 h of incubation in an 
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aerobic atmosphere at 36°C, five colonies (in total from the two plates, 
when available) with macroscopic colony morphology consistent with 
staphylococci were randomly chosen and determined to species level by 
MALDI-TOF MS. Isolates identified as S. epidermidis were further charac-
terized by mecA PCR (162) or loop-mediated isothermal amplification 
(LAMP, Genie II, Amplex Diagnostics GmbH, München, Germany and 
easyplex MRSAplus, Amplex).  

In total, 163 MRSE isolates were identified in the 198 patient samples 
and further characterized by WGS.  

Species identification (Papers I–IV) 

MALDI-TOF MS (Papers I–IV) 
MALDI-TOF MS was performed using Microflex LT and Biotyper software 
(Bruker Daltonik, Bremen, Germany; software versions and databases 
continuosly updated during the study period). The score cut-off score for 
species identification was  ≥2.0 (Papers I–IV).  

In Paper I, extraction using a formic acid was used when a score value 
<2.0 was obtained. Furtermore, isolates with no reliable identification 
(score <1.7), despite extraction, but with good quality spectra, were clus-
tered in Flex Analysis (these isolates were interpreted as likely to be species 
that were not represented in the database). A centrally placed isolate in each 
cluster was chosen for species identification by 16S rRNA gene sequencing. 
The MS spectra of isolates identified to species level by 16S rRNA gene 
sequencing were added to the MALDI-TOF MS database and a new match-
ing of isolate spectra that previously had no reliable identification was per-
formed. 

rpoB gene sequencing (Paper II) 
rpoB gene sequencing was performed as previously described (163) to verify 
species identification (S. pettenkoferi) in Paper II. Briefly, a 485 bp segment 
of the rpoB gene was amplified and the nucleotide sequence determined by 
fluorescence-based cycle sequencing, a modification of Sanger sequencing 
(ABI PRISM 3100 Genetic Analyzer, Applied Biosystems, Carlsbad, CA, 
USA). For species verification, a 485 bp segment was analysed by basic local 
alignment search tool (BLAST) (164) searching against staphylococcal rpoB 
sequences deposited in GenBank (165) using ≥94% sequence similarity as 
cut-off for species level (166).  
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16S rRNA gene sequencing (Paper I) 
16S rRNA gene sequencing was performed as previously described (167). 
The nucleotide sequence was determined by fluorescence-based cycle se-
quencing using capillary electrophoresis (ABI PRISM 3100 Genetic Ana-
lyzer, Applied Biosystems). Species identification was performed by BLAST 
searching against sequences deposited in GenBank (165) using ≥99% simi-
larity as the cut-off for species level.  

Antimicrobial susceptibility testing (Papers I–III) 
AST was performed by disc diffusion testing according to EUCAST guide-
lines (http://www.eucast.org). The antibiotics tested were cefoxitin 30 µg, 
fusidic acid 10 µg, clindamycin 2 µg, erythromycin 15 µg, gentamicin 10 
µg, rifampicin 5 µg, trimethoprim/sulfamethoxazole 25 µg, and norfloxacin 
10 µg (all discs from Oxoid, Basingstoke, Hampshire, UK). The clinical 
breakpoints were according to the recommendations of EUCAST at the time 
of the study. 

Gradient minimum inhibitory concentration (MIC) strip tests (ETEST, 
bioMérieux) were used for the determination of vancomycin MIC for PJI 
isolates in Paper III.  

Genotyping methods 

MLST (Papers I,III-IV) 
In Paper I, MLST of S. epidermidis was performed by the amplification of 
fragments of seven house keeping genes; carbamate kinase (arcC), shikimate 
dehydrogenase (aroE), ABC transporter (gtr), DNA mismatch repair 
protein (mutS), pyrimidine operon regulatory protein (pyrR), 
triosephosphate isomerase (tpiA), and acetyl coenzyme A acetyltransferase 
(yqiL) according to Thomas et al (50). Primers described by Wang et al 
(168) were used for the aroE gene, and primers described by Wisplinghoff 
et al. (169) for the tpiA gene for a few isolates for which no PCR products 
of the aroE and tpiA genes could be detected. The nucleotide sequences were 
determined by fluorescence-based cycle sequencing using capillary electro-
phoresis (ABI PRISM 3100 Genetic Analyzer, Applied Biosystems). Allelic 
profiles and STs were assigned using the S. epidermidis MLST database 
(http://eburst.mlst.net).  
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In Papers III and IV , allelic profiles and STs were assigned from sequenc-
ing data using mlst (https://github.com/tseemann/mlst) based on the S. epi-
dermidis MLST typing scheme (https://pubmlst.org/sepidermidis/) sited at 
the University of Oxford (170). 

Rep-PCR typing (Paper II) 
DNA was extracted using the UltraClean Microbial DNA isolation kit (bio-
Mérieux) following the manufacturer’s instructions. Amplification of DNA 
was performed using the DiversiLab Staphylococcus DNA fingerprinting kit 
(bioMérieux) and the amplified rep-PCR products were then separated by 
electrophoresis in a microfluidics DNA LabChip (bioMérieux) and detected 
with an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, 
USA). 

 The DiversiLab software package (bioMérieux) calculates the similarity 
between samples using the Pearson’s Correlation, the modified Kullback-
Leibler (KL) divergence, and the extended Jaccard similarity. All methods 
calculate similarity based on the relative intensities of the sample pair at 
each datapoint, but they each place a different emphasis on peak intensity 
and presence. The KL divergence was chosen to present similarity, as it is 
recommended in the user manual when there are only one or two high-in-
tensity peaks at the same molecular weight, but similar dendrograms/scatter 
plots were obtained with the other methods.  

WGS and analysis of WGS data (Paper II-IV) 

DNA extraction and library preparation 
In Paper II, DNA was extracted using the DNeasy Blood and Tissue Kit 
(Qiagen, Valencia, CA, USA) following the manufacturer’s instructions. 
Fragment libraries were constructed using the Nextera XT Kit (Illumina 
Inc., San Diego, CA, USA). 

In Paper III, DNA was extracted using the QIAsymphony DSP Vi-
rus/Pathogen Kit (Qiagen, Hilden, Germany). Extracted DNA was quanti-
fied using a Qubit fluorometer (Invitrogen, Waltham, MA, USA), followed 
by library preparation using the Nextera XT DNA Library Prep Kit (Illu-
mina Inc.) following the manufacturer’s protocol. 

In Paper IV, DNA was purified using the Roche MagNA Pure 96 System 
(F. Hoffman-La Roche Ltd, Basel, Switzerland). Quantification of DNA and 
library preparation were performed as in Paper III.  
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Genome sequencing and quality control 
In Paper II, 251 bp paired-end sequencing was performed on a MiSeq plat-
form (Illumina Inc.). 

In Paper III-IV, the libraries were sequenced on a NextSeq 550 platform 
(Illumina Inc.,) to obtain paired-end 151 bp reads. 

The generated sequencing data were subjected to quality control using 
bifrost (https://github.com/ssi-dk/bifrost) to ensure adequate sequencing 
depth of all isolates. Interspecies contamination was checked for using Kra-
ken v1.0 (171), whereas intraspecies contamination was investigated using 
NASP v.1.0.0 (172). 

All genome sequences were archived at the European Nucleotide Archive 
under study IDs ERS1751294-ERS1751319 (Paper II), BioProject ID 
PRJEB32707 (Paper III), and BioProject ID PRJEB34788 (Paper IV).  

Publicly available genome sequences used in this thesis (Papers II–IV) 
In Paper II, a draft genome of S. pettenkoferi NZ_JVVL00000000.1 (strain 
1286_SHAE) from the NCBI Reference Sequence Database (RefSeq, 
https://www.ncbi.nlm.nih.gov/refseq) was used as the reference for read 
mapping and subsequent SNP analysis. S. pettenkoferi draft genomes 
NZ_JVAY00000000.1 (strain 589_SHAE) and NZ_AGUA0000000.1 
(strain VCU012) were included in the analysis of phylogenetic relationships.  

In Paper III, ATCC 12228 chromosome (173) (GenBank accession num-
ber CP022247) was used as reference for SNP calling, and for international 
validation and extrapolation sequence data from two recently published S. 
epidermidis papers (6, 174) as well as all additional sequence data from S. 
epidermidis of human origin present in RefSeq as of 13 March 2019 (with 
metadata on country of isolation) were used, after removing isolates with 
low sequencing depth or signs of contamination using NASP v1.0.0 (172). 

Phylogenetic relationships 
In Paper II, the NASP v1.0.0 (172) pipeline was used to align raw reads to 
the draft genome of S. pettenkoferi NZ_JVVL00000000.1 obtained from 
RefSeq, using the short-read alignment component of the Burrows-Wheeler 
aligner (BWA-MEM) (175) after removing duplicated regions of the refer-
ence genome as identified using NUCmer (176). Two other available S. pet-
tenkoferi draft genomes; i.e.; NZ_JVAY00000000.1  and 
NZ_AGUA0000000.1, were also aligned to the reference draft genome. 
Each alignment was analysed for SNPs identified using GATK (177). Sites 
that did not meet a minimum sequencing depth of 10, or if the variant was 
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present in <90% of the base calls (i.e., failed proportion filter), were ex-
cluded across the collection. Phylogenetic relationships were reconstructed 
using the maximum-likelihood method implemented in PhyML using Smart 
Model Selection with 100 replicates of all included isolates (178). 

In Paper III, the NASP v.1.0.0 pipeline was used with the same programs 
as in Paper II to align raw reads (and assembled genomes in selected cases) 
to the S. epidermidis ATCC 12228 reference chromosome (173)(GenBank 
accession number CP022247), and for SNP calling. Phylogenetic recon-
struction was carried out using different approaches in Paper III due to com-
putational limitations in calculations on the larger dataset. For the complete 
set of Swedish and international human isolates of S. epidermidis (n = 
1,161), the phylogeny was obtained using the approximately-maximum-
likelihood implementation in FastTree v2.1.10 (179) using the generalized 
time-reversible (GTR) substitution model as well as nearest-neighbor inter-
changes (NNI) and subtree-pruning-regrafting (SPR) rearrangements for 
tree optimization. Phylogenies for the ST2 clade (n = 353), the ST5-clade (n 
= 93), and the Sweden-only collection (n = 289) were obtained with RAxML 
v8.2.1 (180) using the GTRCAT model and 100 replicates for bootstrapping.  

Visualization and annotation of midpoint-rooted phylogenies were per-
formed in iTol v4.3 (181) (https://itol.embl.de) with subsequent editing in 
Adobe Illustrator (Adobe Inc., San Jose, CA, USA). 

Genome-wide analysis study (GWAS) (Paper III) 
The open-source R package treeWAS (182), designed to minimize the con-
founding effects of population structure and recombination, was used to 
perform GWAS of genes, SNPs, and k-mers associated with PJI origin in 
Paper III. SPAdes v3.11.1(183) using default settings was used to assemble 
reads. Genes and their locations in the assemblies were identified (anno-
tated) using Prokka (184), followed by identification of the core, pan-, and 
accessory genome using Roary (185). To mitigate inaccuracies in gene pres-
ence/absence data due to difficulties in gene assembly in certain regions we 
used Mykrobe (186) on sequence data (reads) to identify genes in the acces-
sory genome (identified by Roary), with 80% coverage and a minimum se-
quencing depth of five as cut-offs. K-mers (31 bp) were obtained using 
pyseer (187). To mitigate the effects of homologue recombination on the 
phylogenetic relationships, Gubbins (61) was used with default settings on 
the SNP-only alignments obtained from NASP before treeWAS was applied.  
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Genotypic antimicrobial resistance (AMR) (Papers II-IV, additional data) 
In paper II–IV, ABRicate (https://github.com/tseemann/abricate) was used 
to search the assembled genomes for acquired AMR genes in the ResFinder 
(188) database. Gene presence was determined based on a >80% hit length 
and >90% sequence identity.  

Point mutations associated with AMR and tolerance of biocides were in-
vestigated in Papers III-IV; Geneious Prime v2019.1 (Biomatters Ltd, Auck-
land, New Zealand) was used for the BLASTN search for positions in genes 
where SNPs associated with AMR have been described. Genes and positions 
are presented in a Supplementary Table in Paper III.  

Genes and gene variants associated with AMR were determined in S. ep-
idermidis from PJIs in Västmanland (this thesis) using ResFinder 
(https://cge.cbs.dtu.dk/services/ResFinder/).  

SCCmec diversity (Paper III) 
SCCmecFinder v1.2 (189) was used for initial typing. Elements were classi-
fied as known types, including composites when previously described and 
acknowledged by the International Working Group on the Classification of 
Staphylococcal Cassette Chromosome Elements (IWG-SCC, www.scc-
mec.org) (190), whereas other types were presented as composites. If diver-
gent results were obtained using the BLAST and the k-mer-based ap-
proaches, the elements in question were manually investigated for mec and 
ccr gene complexes for validation.  

Genes associated with biofilm, virulence, and commensalism (Papers III, 
and IV, additional data) 
Geneious was used for the BLASTN search of reference sequences of aap, 
bhp, embp, icaA, ses I, fdh, and ACME-arcA (Paper III). The IS256 gene 
was detected using Mykrobe to map reads to reference (CP018629.1, posi-
tions 533,639-534,811) (Paper III). 

Genes associated with PJIs as determined by GWAS in Paper III were 
identified in MRSE sequenced in Paper IV using Mykrobe on raw sequenc-
ing data. Genes were identified using a 90% proportion of gene length cov-
ered and a minimum coverage of five as cut-offs.   

PathogenFinder (191) – an online tool developed to estimate the patho-
genic potential of an isolate based on its sequence – was used on S. petten-
koferi genomes (this thesis).  
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Digital DNA:DNA hybridization (additional data) 
The genomic relatedness of twenty S. pettenkoferi isolates included in Paper 
II was investigated by uploading genome sequence data to the Type (Strain) 
Genome Server (TYGS) (25), a free online tool for whole genome-based 
taxonomic analysis available at https://tygs.dsmz.de. TYGS analysis extract 
16S rDNA gene sequences from the user genomes using RNAmmer (192). 
Each 16S rDNA sequence is then analysed using BLAST against the 16S 
rDNA gene sequence of each of the type strains available in the TYGS da-
tabase. This is used as a proxy to find the best 50 matching type strains for 
each uploaded genome. Precise distances using the Genome BLAST Dis-
tance Phylogeny (GBDP) approach under the “coverage” algorithm and dis-
tance formula d5 (193) are subsequently calculated and the 10 closest type 
strain genomes for each of the user genomes is determined. Pairwise com-
parisons among the set of genomes are conducted using GBDP and interge-
nomic distances are inferred under the “trimming” algorithm and distance 
formula d5 (193). One hundred distance replicates are calculated. Digital 
DNA:DNA hybridization (dDDH) values and confidence intervals are cal-
culated using the recommended settings of the genome-to-genome distance 
calculator (193). The resulting intergenomic distances were used to infer a 
balanced minimum evolution tree with branch support via FASTME v2.1.4 
including SPR postprocessing (194). Branch support was inferred from 100 
pseudo-bootstrap replicates each. The trees were rooted at the midpoint and 
visualized with PhyD3 (195). Type-based species clustering was done as pre-
viously applied using a 70% dDDH radius around each of the 15 type 
strains (196), and subspecies clustering was done using a 79% dDDH 
threshold as previously suggested (27). 

Phenotypic biofilm production (Paper II) 
A microtiter plate assay was used to detect biofilm formation, as described 
previously (117). 
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Ethical considerations 
Paper I 
Air sampling was undertaken as part of the Department of Infection 
Control’s routine surveillance of air quality in the OT. No data that could 
be traced back to an individual patient were recorded.  
 
Paper II 
Subcultured S. pettenkoferi isolates were included. Bacterial isolates were 
obtained from air sampling (study I) and clinical infections. No personal 
data that could be traced back to an individual patient were obtained.  
 
Paper III 
Subcultured S. epidermidis isolates from PJIs were prospectively stored 
without clinical data. Limited clinical data from the original microbiology 
request form (joint, sex, year of birth, and date of sampling) were provided 
with the isolates. No personal data that could be traced back to an 
individual patient were obtained.  
 
S. epidermidis isolates from nasal swabs were obtained from patients 
scheduled for arthroplasty surgery after informed consent (protocol 
approved by the Regional Ethics Review Board [Uppsala, Dnr 2012/092; 
Uppsala, Dnr 2016/151/2], for further details please see below under Paper 
IV).  
 
Paper IV 
After informed consent, the normal skin and mucosal flora of patients 
scheduled for arthroplasty surgery were sampled by rubbing a soft swab 
against the skin in the inguinal crease, the skin over the affected joint, and 
the sides of one nostril. Swabbing was pain free, and the participants were 
subject to no harm nor risk. As the sampling procedure was repeated after 
pre-operative cleansing with CHG-containing soap, and at discharge from 
hospital, samples were marked with patient identification numbers to 
facilitate pairing of samples, but after finalization of the collection, further 
analyses were undertaken using serial numbers. The study protocol was 
approved by the Regional Ethics Review Board (Uppsala, Dnr 2012/092). 
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Statistics 
In Paper I, median, interquartile range (IQR), and range were used to 
describe the number of CFU/m3 air per operation in Paper I (the data was 
not normally distributed). Chi-square testing was used to test the frequency 
of Micrococcus and CoNS, respectively, between operations during which 
ultra-clean air was and was not obtained.  

In Paper II, the modified Kullback–Leibler method was chosen to 
calculate percent similarities between samples in the DiversiLab software.  

In Paper III, Simpson’s Diversity Index (DI) with 95% confidence 
intervals (197) was used to compare ST diversity between PJI isolates and 
colonizing isolates. The value of the DI ranges from 0 to 1; with 0 
representing no diversity and 1 infinitive diversity. Median and IQR were 
used to present the age of patients contributing with PJI and nasal isolates, 
respectively, after using Shapiro-Wilk to determine normality. The 
association between between gene of interest and isolate origin was tested 
using Binary Logistic Regression and Fisher’s exact test. The association 
between PJI lineage and administrative region of isolation was tested using 
Chi-square testing, as were differences in the frequency of PJI associated 
genes (as determined by treewas) between PJI-isolates obtained within this 
study and in internationally available PJI sequences. Bonferroni adjustment 
was not performed, and a p-value < 0.05 (two-sided) was considered statis-
tically significant. For the GWAS analyses, any trait with p-value <0.05 after 
correction for multiple testing using Bonferroni adjustment was considered 
significant. 

In Paper IV, mean and SD were used to describe patient age (after deter-
mining normality using Shapiro-Wilk testing). Chi-square testing and t-test-
ing were used to test differences in MRSE colonization rates and in mean 
age between patients recruited between the three administrative regions, re-
spectively. Fisher’s exact test was used to test differences in the frequency 
of co-existing genotypic AMR in MRSE from different body areas. A p-
value (two-sided) <0.05 was considered statistically significant. 

Statistical analysis was performed using SPSS v25 (IBM Corp., Armonk, 
N.Y, USA), R v3.5.1 (https://www.R-project.org), or using online tools at 
www.openepi.com (i.e., confidence interval for normal approximation con-
fidence interval for a given percentage) and www.comparingpartitions.info/ 
(i.e., Simpson’s DI with confidence intervals).  
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Results and Discussion 

Molecular epidemiology of S. epidermidis in relation to PJIs (Pa-
pers I, III, and IV) 

Clonal relatedness of S. epidermidis isolated from PJIs 

Swedish PJI isolates 
S. epidermidis isolates prospectively collected from hip- and knee- PJIs over
a ten-year period (2007–2016) in Region Örebro County and Region
Östergötland, (n = 139) were sequenced in Paper III. Phylogenetic related-
ness was inferred from SNPs in the core genome after inclusion of 150 nasal
S. epidermidis for comparison. Four major PJI-lineages, hereafter referred
to as ST2a (n = 16), ST2b (n = 43), ST5 (n = 16, 13 of PJI origin), and ST215
(n = 34) lineages based on the dominant ST as determined by MLST (Figure
7), were identified. The four lineages together comprised 76% of all PJI
isolates.

Figure 7. Phylogenetic relatedness of S. epidermidis from PJIs (n = 139, green) and 
nasal microbiota (n = 150, red). The midpoint-rooted phylogeny was based on 
95,245 SNPs and the scale-bar indicates substitutions per site.  
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The ST2a and ST2b represent two distinct lineages of ST2, primarily dis-
tinguished by a single recombination event. The ST2a lineage comprised 
only ST2 isolates, whereas the in the other lineages single locus variants 
(SLVs) of the founder ST were found (i.e.: in the ST2b-lineage ST2, ST731, 
and ST735; in the ST5-lineage ST5, ST87, and ST713; and in the ST215-
lineage ST215, ST434, and ST730). 

 ST434 is an SLV of ST215 not found in the previous PJI study by 
Hellmark et al.(20), or in a long-term molecular epidemiology study of 373 
bacteremia isolates from a haematological ward in Örebro, 1980–2009 
(19). In the pubMLST database (pubmlst.org), however,  ST434 is repre-
sented by three isolates, reported from three PJIs from Umeå and Östersund, 
Sweden, 2010–2011. Looking into details of the ST215-lineage of isolates 
from Paper III, 4/34 were ST434 and these were isolated in the later study 
period (2012–2014, two isolates from each region), suggesting the spread 
of ST434 between hospitals in Sweden over the last decade.  

Isolates within each major PJI lineage were closely related (Figure 8). The 
median (interquartile range, IQR) pair-wise SNP distances within each ma-
jor PJI lineage were: ST2a, 69 (42-81 SNPs); ST2b, 135 (96-164); ST5 97 
(86-113); and ST215, 46 (38-53).  

Figure 8. Intra-lineage (red) and inter-lineages (orange) diversity (pairwise SNP dis-
tances) among the major S. epidermidis lineages identified in Paper III. Three nasal 
S. epidermidis isolates clustered with PJI isolates within the ST5 lineage. For com-
parison two major lineages with predominantly nasal isolates (ST73 and ST218) are 
included. Boxes represent the interquartile range (IQR) with median outlined as a 
horizontal line, whereas whiskers present lowest/highest value within 1.5 IQR.   



60 
 

EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 
 

The four major PJI-lineages were all identified and present, but with varia-
tion in relative abundance, over the ten-year period in both regions (Figure 
9, Table 4).  

Figure 9. PJI isolates sequenced in Paper III (n = 139); number of isolates per lineage 
per year of isolation.  

Table 4. PJI isolates sequenced in Paper III; number of PJI isolates per lineage per 
administrative region. Chi-square=5.53, df=4, p=0.2546 (two-sided).  

The findings in Paper III thus confirmed the results of Hellmark et al (20) 
in a larger collection of isolates – that S. epidermidis PJIs were dominated 
by a few lineages. The higher discriminatory ability of SNP-based analysis 
in relation to MLST was illustrated by the presence of two distinct lineages 
of ST2, as was the sensitivity of MLST to SNPs (leading to the assignment 
of new STs within a lineage).  

MLST profiles of S. epidermidis isolates from hip- and knee PJIs in Väst-
manland (n = 18), prospectively collected over a two-year period (2012–

Lineage Örebro Östergötland total 

ST2a  8 (15%) 8 (10%) 16 (12%) 

ST2b 21 (38%) 22 (26%) 43 (31%) 

ST5 6 (11%) 7 (8%) 13 (9%) 

ST215 11 (20%) 23 (27%) 34 (24%) 

other STs 9 (16%) 24 (29%) 33 (24%) 

Total 55 (100%) 84 (100%) 139 
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2013, two years after intraoperative air sampling was performed in Paper 
I), were determined by WGS (this thesis). Only isolates retrieved from tissue 
cultures from revision surgeries for suspected of hip- or knee PJIs from 
which a minimum of two intraoperative cultures grew S. epidermidis with 
identical antibiograms were sequenced, and only one isolate per patient was 
included. The most common STs were ST2 (n = 7) and ST434 (n = 3), to-
gether comprising 55% of all isolates. No ST215, nor ST5 (or STs clustering 
with ST5 in Paper III) was found. 

Reference-based SNP calling and estimation of phylogenies have not been 
performed for these isolates, so the ST2a- and ST2b-lineages could not be 
distinguished, but, in one ST2 isolate the dual rpoB mutations 
D471Y/H481N were identified which only were found among ST2a isolates 
in Paper III. One SLV of ST5 (ST17) was identified, but ST17-isolates in 
Paper III did not cluster with the ST5-lineage (Supplementary data in Paper 
III). The remaining isolates belonged to ST19, ST35, ST73 (n=2), ST203, 
ST218, and ST307.  

International data 
Phylogenetic relationships of isolates sequenced in Paper III to publicly 
available S. epidermidis sequences of human origin (n = 872) was deter-
mined in Paper III (Figure 10). The Swedish PJI isolates were found to con-
sist of several subgroups within S. epidermidis lineages ST2a, ST2b, and 
ST5 isolated from hospitals world-wide (Figure 10). Only three isolates be-
longing to the ST215 lineage were found among publicly available interna-
tional S. epidermidis sequences, two clinical isolates from Denmark (none 
with metadata “PJI”) and one colonising isolate from Iceland.   

International S. epidermidis sequences with metadata indicating “pros-
thetic joint infection” (n = 122) were found within the ST2b and ST5 line-
ages, but also in a third ST2 lineage (ST2c), in the ST59 lineage, and in the 
globally distributed hospital-associated ST23.  
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To further relate the present findings to international data, PubMed was 
searched using the search terms (“molecular epidemiology” OR “MLST”) 
AND (“Staphylococcus epidermidis”) AND (Humans[Mesh])) on 22 July 
2019. The titles and abstracts of all 85 Papers retrieved were reviewed to 
identify studies reporting MLST typing data from S. epidermidis PJIs, but 
no study of the molecular epidemiology of PJIs presenting MLST data was 
found other than that of Hellmark et al (20). Next, the ESCMID eLibrary 
was searched for ECCMID abstracts using the broad search term “epider-
midis”; 103 abstracts were reviewed and three abstracts on the molecular 
epidemiology of S. epidermidis in PJIs were identified.  

Data from these presentations (198-200) (including material presented 
during oral presentation at 29th ECCMID, Amsterdam, the Netherlands, 
2019) are presented in Table 5, together with MLST data for the 122 pub-
licly available S. epidermidis genomes with metadata indicating PJI origin 
(accessed in Paper III). STs were assigned to lineages based on the phyloge-
netic analysis in Paper III. As shown in Table 5, available data from Europe 
and the USA indicate a similar predominance of ST2- and ST5-lineages in 
S. epidermidis PJIs, whereas the ST215 lineage has not been isolated from 
PJIs outside Sweden.  
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Table 5. MLST of S. epidermidis in PJIs in accessible study collections. 
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Genetic diversity of S. epidermidis retrieved from the microbiota of  
patients scheduled for arthroplasty surgery (Paper III and IV) 

Nasal S. epidermidis retrieved from standard culture medium 
In Paper III, a single random colony of S. epidermidis from 150 nasal sam-
ples taken a median of 2 weeks before admission to hospital for arthroplasty 
surgery and cultured on standard medium (MH agar plates) was selected 
for further characterization by WGS. Phylogenetic analysis based on core 
genome analysis demonstrated considerable diversity of the nasal isolates 
(Figure 7, Simpson Diversity Index 0.964 [95% C.I 0.950-0.978] vs. 0.798 
[95% C.I 0.742-0.855] for PJI isolates). However, discrete lineages were 
also evident, including two lineages with more than 10 isolates each: ST218 
(n = 21) and ST73 (n = 18) (Figure 7). Three nasal isolates clustered within 
the PJI-associated ST5 lineage (Figure 7), but no nasal isolate clustered with 
the PJI-associated lineages ST2a, ST2b, and ST215. Seven nasal isolates 
were closely related to ST59 isolates from PJIs.  

Nasal and skin S. epidermidis retrieved from media selective for 
methicillin resistance  

In Paper IV, selective culture media were used to investigate whether 
MRSE were present, but at low abundance, in the microbiota before hospi-
talization, and thus potentially missed by random selection of a single col-
ony from non-selective medium (as was done in Paper III). Samples from 
the nares, inguinal crease and skin over the hip/knee of 66 patients were 
plated on MH agar plates supplemented with cefoxitin and on MRSA chro-
mogenic plates. In total, 409 CoNS colonies (presumably methicillin-re-
sistant due to their growth on selective media) were found in samples from 
the vast majority of patients, i.e., 52/66. 

The most frequently identified CoNS species was S. epidermidis (n = 167, 
32 patients), followed by S. haemolyticus (n = 76, 18 patients), S. petten-
koferi (n = 54, 10 patients), S. hominis (n = 31, 6 patients), Staphylococcus 
cohnii (n = 21, 4 patients), S. capitis (n = 11, 4 patients), and S. lugdunensis 
(n = 10, 3 patients). Identification to species level with MALDI-TOF was 
impossible for 34 staphylococcal isolates (“Staphylococcus species”) from 
ten patients. Four S. aureus isolates (all mecA/mecC negative) were retrieved 
from two patients.  

A total of 163 S. epidermidis isolates from 30 patients (30/66, 45% of 
sampled patients, 95% C.I. 34–57%) were verified as mecA positive (here-
after referred to as MRSE). Colonization rates with MRSE varied between 
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hospitals: Karlstad (A) 20/29 (69%), Västerås (B) 6/19 (32%), and Linkö-
ping (C) 4/18 (22%) (p=0.003, df=2) (Table 6). In more than half of the 
MRSE-colonized patients (17/30), MRSE was retrieved from a single body 
site (nares, n = 7; inguinal crease, n = 6; hip/ knee, n = 4) (Table 6). In 
samples from eleven patients, MRSE was retrieved from the nasal mucosa 
and either the inguinal crease or site of planned surgery, and in one patient 
MRSE was retrieved from all three sampled body areas. 
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  STs of MRSE strains 
(number in bold = multidrug-re-
sistant) 

SNVs      
distance 
(range)   
between 
samples 

ST of 
MRSE in 
paper III 

ID 
nr. Age Sex Hospital 

Nasal  
mucosa 

Inguinal 
crease 

Hip/ 
knee 

1 84 M A 5 5 5 6-40 - 

2 83 M A 87 87 - 2 87 

3 80 F A 54 54 - 12 54 

4 79 F A - 230 -   - 

7 76 F A 5 5 - 1 - 

8 75 M A - 5 22 3917 - 

10 75 F A 22 - 22, 22 13-20 - 

13 73 F A - 22 -     

14 71 M A 54 35 - 3917 - 

15 71 F A 290 - -   - 

16 70 F A 2,2,2 - 2 9-10 - 

19 61 M A 22 - -   22 

24 54 F A 48,38,59 48 - 3-8466 - 

29 43 F A 22 - 22 19 - 

30 73 F A 173 - 5 5842 - 

33 78 F A 882 - -   - 

35 73 F A - - 22   - 

36 60 F A 22 - -   - 

37 83 F A 5 - -   - 

39 74 F A 21,21,21,46 22, 22 - 5641-6381 - 

42 77 M B - 2 -   - 

46 70 M B - - 210, 210   - 

51 61 F B - 2 -   - 

55 60 M B - - 2   - 

58 81 M B - 81 -   - 

61 57 F B 17 46, 46 - 5411-5414 54 

88 46 M C 881 - -   - 

89 64 M C - - 215   - 

91 49 M C 38 - -   - 

98 53 F C - 487 -   - 

57 85 F B - - -   713 

 

Table 6. Methicillin-resistant S. epidermidis (MRSE) strains per patient sample (Pa-
per IV). ID nr. = patient identification number, STs = sequence types, SNVs = single 
nucleotide variants.  
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Following quality control of sequence data, sequences from six isolates 
were excluded: four due to signs of intraspecies contamination based on the 
failed proportion filter (SNPs were not found in >90% of base calls per 
nucleotide), and two due to contamination with other species. In total, high 
quality sequence data were available for 157 MRSE that were included in 
the first phylogenetic analysis. Based on a conserved core genome of 1.8 
Mbp (69.7% of the chromosome of reference RP62a), 52 MRSE strains 
(isolates separated by 0-3 SNVs) were identified in 44 samples.  

Most patients who were colonized with MRSE at multiple sites (10/13) 
were colonized with multiple strains (i.e., strains that differing more than 
three SNVs between samples). In 3/13 patients, isolates from the same strain 
were identified in samples from two locations. The maximum SNV distance 
displayed between MRSE strains with identical STs, retrieved from the same 
patient, was 40 SNVs. Overall, 23 STs were identified, including two novel, 
but unrelated, STs: ST881 and ST882.  

To simplify the presentation of the clonal relatedness of MRSE strains 
retrieved from pre-admission sampling, a second phylogeny with a single 
isolate per MRSE strain per sample (n = 55, three MRSE strains were iden-
tified in two samples from three patients) was generated (Figure 11). Strains 
belonging to lineages associated with PJIs in Sweden were identified in sam-
ples from ten patients. ST2b, n = 3; ST5, n = 6; ST215, n = 1. No ST2a 
isolate was retrieved from the 198 (66 x 3) samples. Nine patients were 
colonized with MRSE strains belonging to the ST22 lineage, and one patient 
with an ST2 strain (non-ST2a/2b) closely related to the ST22 lineage.  
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Figure 11. Phylogenetic relatedness of n = 55 mecA-positive S. epidermidis isolates 
retrieved from sampling of 66 patients before hospitalization for arthroplasty sur-
gery. Lineages previously associated with PJIs in Sweden are marked in grey. Col-
umns from left to right: ST (sequence type)/lineage, genes previously associated with 
PJI origin (genes associated with SCCmec [dark blue], aminoglycoside resistance 
[medium blue], macrolide-lincosamide resistance [light blue], chlorhexidine toler-
ance [purple], IS256 [orange], gene coding for proteins of unknown function [dark 
red]), patient identification number, sample origin (body area), hospital of isolation. 
The midpoint-rooted phylogeny was based on 66,152 SNPs and the scale bar indi-
cates substitutions per site. 

By use of selective plating of samples from three body sites, we were able 
to demonstrate that a great proportion of patients scheduled for arthro-
plasty surgery harbour presumably MRCoNS in their microbiota before 
hospitalization (52/66, 79%), and that a subset are colonized with MRSE 
belonging to lineages associated with PJIs (up to 30% of patients, if includ-
ing ST22 which was found among international S. epidermidis sequences 
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from PJIs [Table 5]), but plausibly in low relative abundance. MRSE was 
most often retrieved from nasal samples, but one third of MRSE-colonized 
patients would have been missed by mere nasal sampling (10/30, including 
4/10 patients colonized with PJI-associated lineages). 

The colonization rate with MRSE was higher in Paper IV than in two 
previous studies using selective medium (80, 201) (p=0.01, Chi square), in 
which MRCoNS were retrieved from 2/14 patients (14%, 95% C.I 0–33%) 
(80) and MRSE from 25/100 (25%, 95% C.I 18–34%) (201) at admission. 
In the previous studies agar plates supplemented with 10mg/L methicillin 
were used, and the different choices of selective media might have influenced 
the results, but it is also possible that colonization with MRSE has increased 
in the population in recent decades.  

S. epidermidis in the air of the operating field during arthroplasty surgery 
(Paper I) 
To study whether STs of S. epidermidis associated with PJIs are found in 
the operating field air during arthroplasty surgery, air sampling was per-
formed during 14 THAs, 2 TKAs, and one unicompartemental knee arthro-
plasty (UKA) in Hospital of Västmanland, Västerås, Sweden, from Novem-
ber 2011 to January 2012 by an experienced infection control nurse (Figure 
12). The ORs were equipped with mobile laminar airflow elements, but ul-
tra-clean air (<10 CFU/m3) was not achieved during 4/17 (24%) prosthetic 
joint surgeries, and during 2/13 surgeries with a median CFU/m3 ≤10, this 
was not obtained consistently throughout the operation.  

The intention was to perform species identification of all colonies that 
were retrieved from air sampling, but as the air quality was unexpectedly 
poor during the first procedure, this was limited to 20 colonies per plate 
(specifically selecting colonies with macroscopic appearance of CoNS) for 
the first operation (totalling 100 colonies retrieved from the first proce-
dure). From the remaining 16 operations, all colonies (n = 643) were sub-
cultured and frozen pending species identification. Eight colonies did not 
grow after thawing, so in total 735 colonies were available for species iden-
tification.  
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Figure 12. Positioning of the air sampling device in the proximity of the operating 
field. Photo by Christer Häggström.  

Species identification demonstrated that isolates retrieved from air sam-
pling were predominantly either Micrococcus sp. (n = 303) or Staphylococ-
cus sp. (n = 247), followed by Corynebacterium sp. (n = 37), Kocuria sp. (n 
= 17), Dietzia sp. (n = 9) and Stenotrophomonas sp. (n = 7). MALDI-TOF 
did not result in species identification of 68 isolates (presumably due to the 
absence of species-specific spectra in the Biotyper database). These 68 iso-
lates had unique spectra when investigated with Flex Analysis and were not 
subjected to 16S rRNA gene sequencing (as the aim of the study was to 
characterize S. epidermidis).   

S. epidermidis (n = 32) was retrieved in air samples from 11/17 opera-
tions (Table 7). In four of the eleven operations, the air quality was below 
the threshold of <5 CFU/m3 set by the PRISS project. MLST demonstrated 
18 different S. epidermidis STs (1-4 STs per operation). All but one of the 
S. epidermidis isolates were susceptible to cloxacillin (cefoxitin) used for 
systemic prophylaxis in arthroplasty surgery, and all isolates were suscepti-
ble to gentamicin (used in bone fixation cement). One ST204 isolate was 
resistant to fusidic acid, clindamycin and erythromycin and thus was cate-
gorized as MDR.  

Of S. epidermidis isolates retrieved from air sampling, 10/32 belonged to 
STs that were later found among S. epidermidis isolates from nasal samples 
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taken from patients before hospitalization for TJA (Paper III) (Table 7). 
Most remaining isolates (15/22) belonged to new STs and had thus so far 
not been reported from any clinical infections (nor as isolates representing 
colonization). STs previously associated with PJIs (20) were not found in 
the air of the operating field during arthroplasty surgery, and neither were 
any other STs associated with PJIs (Table 5), with the exception of two PJI 
isolates from Västerås collected during 2012–2013, which were ST73. The  
STs found in the air were mostly associated with carriage in the PubMSLT 
S. epidermidis database, with the exception of ST86, ST130, and ST54 
which had been isolated from clinical infections (Table 7).  

The only isolate reported in Paper I as non-susceptible (intermediate) to 
cefoxitin was a ST54 isolate with a zone diameter of 26 mm. This isolate 
was tested and found to be mecA positive. The current EUCAST breakpoint 
table (v9.0) cut off for cefoxitin sensitivity is ≥ 25 mm for S. epidermidis, 
but zone diameters 25–27 mm are highlighted as area of technical uncer-
tainty (ATU). Isolates with zone diameters within the ATU can either be 
retested, have AST complemented with a genotypic test, be downgraded in 
terms of susceptibility category, or be reported to the clinician with infor-
mation about the uncertainty (EUCAST breakpoint tables version 9.0). It 
can be noted that two out of three ST54 isolates retrieved from nasal sam-
ples in Paper III were mecA positive, and that 2/66 patients in Paper IV were 
colonized with a mecA positive ST54 isolate.  

To summarize, in more than half of the surgeries, S. epidermidis was re-
trieved from air sampling in the operating field. MLST of these isolates 
demonstrated heterogenous STs, but most isolates belonged to STs associ-
ated with colonization, and no isolate associated with the ST2a, ST2b, ST5, 
or ST215 lineage was retrieved from intraoperative air sampling.  
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Genetic traits in S. epidermidis in relation to isolate origin (Papers III and 
IV) 

GWAS adjusting for lineage effect (Papers III and IV) 
In Paper III, we identified 13 genes, four SNPs, and 47 k-mers to be signifi-
cantly associated with PJI origin (p-value <0.05 after Bonferroni-adjust-
ment). Most of the genes (12/13, 92%) are associated with AMR (i.e., 
methicillin, aminoglycosides, and macrolide-lincosamides resistance) or de-
creased susceptibility to chlorhexidine, or are genes present on the MGE 
harbouring these genes (Table 8, Figure 13). Two genes, group_596 and 
group_3224, encoded hypothetical proteins of unknown function. 

Table 8. Genes associated with PJI origin in Paper III (GWAS). AMR; antimicrobial 
resistance (gene associated with), MGE; mobile genetic element.   

 

Gene Gene ID Protein AMR 
Length 
(bp) MGE 

PJI  
n (%) 

Nares  
n (%) 

mecA pbp 

Penicillin -
binding  
protein 2a beta-lactam 2007 SCCmec 

113 
(81%) 

8  
(5%) 

mvaS mvaS_1 
HMG-CoA 
synthase  168 SCCmec 

108 
(78%) 

8  
(5%) 

maoC paaZ 

acyl dehy-
dratase 
MaoC  429 SCCmec 

113 
(81%) 

8  
(5%) 

ugpQ ugpQ 

glycerophos-
phoryl diester 
phos-
phodiesterase  744 SCCmec 

112 
(81%) 

8  
(5%) 

group_3224  
Hypothetical 
protein  1257 SCCmec 

98 
(71%) 

3  
(2%) 

aac(6')-
aph(2'') aacA-aphD 

AAC(6')-
APH(2'') 

aminoglyco-
side  1440 transposon 

99 
(71%) 

1  
(1%) 

group_4693 group_4693 

GNAT family 
N-acetyltrans-
ferase  405 transposon 

99 
(71%) 

1  
(1%) 

IS256 group_3861   
aminoglyco-
side 1173 IS  

99 
(71%) 

1  
(1%) 

ermC_2 ermC ErmC MLS 735 plasmid 
76 
(55%) 

1  
(1%) 

repL group_1688 RepL  477 plasmid 
76 
(55%) 

1  
(1%) 

qacA qacA QacA antiseptics 1530 plasmid 
97 
(70%) 

14 
(9%) 

qacR qacR QacR  561 plasmid 
99 
(71%) 

14 
(9%) 

group_596  
Hypothetical 
protein  456 undetermined 

104 
(75%) 

1  
(1%) 
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Figure 13. Phylogenetic relatedness and genomic traits identified in S. epidermidis 
from PJIs and nasal microbiota in Paper III. S. epidermidis isolates from PJIs (n = 
139; light red) and S. epidermidis isolates from nasal swabs from patients scheduled 
for arthroplasty surgery (n = 150; green). Major PJI lineages (ST2a, ST2b, ST5, and 
ST215) are coloured in grey. GWAS results are presented in purple (colour intensity 
indicates the numbers of genes, k-mers, and SNPs present). Genes associated with 
biofilm formation are presented in blue, from centre and outwards; icaA, aap, bhp, 
and embp. Genes previously associated with clinical infections are presented in dark 
red, from centre and outwards: IS256 and sesI. Genes previously associated with 
colonization are presented in dark green, from centre and outwards: IS256, and sesI. 
The mid-point rooted phylogeny was based on 95,245 SNPs and the scale-bar indi-
cates substitutions per site.  

Three out of four core genome SNPs identified with treeWAS were non-
synoymous (altered the amino acid sequence of the protein), and two of 
these two, i.e., gyrA::S84F/Y and grlB::S80F/Y, have been associated with 
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decreased susceptibility to fluoroquinolones in S. epidermidis (202). All k-
mers were associated with IS256.   

To validate the GWAS results, the presence of the 13 genes associated 
with PJI origin were investigated in international S. epidermidis sequences 
from PJIs (n = 122). Genes associated with SCCmec (mecA, mvaS, maoC, 
ugpQ, and group_3224) were found to a similar degree in international se-
quences and in PJI isolates from Örebro/Östergötland, while the proportion 
of isolates harbouring genes related to aminoglycoside and macrolide-lin-
cosamide resistance and reduced susceptibility towards chlorhexidine was 
somewhat lower, though the prevalence still significantly higher compared 
to nasal isolates in Paper III (Table 9, Table 8). It can be speculated that less 
usage of bone fixation cement (loaded with gentamicin) and less usage of 
preoperative cleansing with CHG have exerted less selection pressure in in-
ternationally for these agents (203), partly explaining the lower proportion 
of S. epidermidis harbouring genes associated with resistance to/tolerance 
of these agents.  

 

Gene 

PJI isolates  
in Paper III        
(n = 139) 

International PJI  
sequences  
(n = 122) Pearson Chi-square 

mecA 113 (81%) 88 (72%) p = 0.0792 

mvaS 108 (78%) 75 (62%) p = 0.0043 

maoC 113 (81%) 88 (72%) p = 0.0792 

ugpQ 112 (81%) 88 (72%) p = 0.1077 

group_3224 98 (71%) 80 (66%) p = 0.3935 

aac(6')-aph(2'') 99 (71%) 69 (57%) p = 0.0136 

group_4693 99 (71%) 69 (57%) p = 0.0136 

IS256 99 (71%) 69 (57%) p = 0.0136 

ermC 76 (55%) 45 (37%) p = 0.0040 

repL 76 (55%) 42 (34%) p = 0.0010 

qacA 97 (70%) 60 (49%) p = 0.0007 

qacR 99 (71%) 59 (48%) p = 0.0002 

group_596 104 (75%) 113 (93%) p = 0.0001 

Table 9. Prevalence of genes associated with PJI origin (by GWAS) in S. epidermidis 
isolates from Örebro/Östergötland and in international S. epidermidis PJI se-
quences.  
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In Paper III, AMR was found to be the common trait shared by S. epi-
dermidis that cause PJIs, and no previously described or putative virulence 
factor was identified by GWAS. However, lineage-specific (virulence) fac-
tors important in the pathogenesis of PJI will not be captured by this 
method.   

The genes associated with PJIs in Paper III were investigated in MRSE 
isolates retrieved from sampling of patients before hospitalization for TJA 
in Paper IV. Genes associated with the SCCmec element were, as expected, 
identified in all isolates, but genes associated with aminoglycoside resistance 
were rare among MRSE that did not belong to ST2b, ST5, ST22, and ST215 
lineages (Figure 11). The aac(6’)-aph(2’’) gene was only present in 12/52 
MRSE strains in samples from 11/30 MRSE-colonized patients,  suggesting 
that gentamicin in bone cement is effective for most MRSE strains that pa-
tients harbour in their microbiota before hospitalization, and thus provides 
supplementary coverage for systemic antimicrobial prophylaxis. IS256 and 
ermC were also rare among MRSE strains retrieved from selective plating 
and found in 14/52 MRSE strains. However, the genes encoding two hypo-
thetical proteins, group_596 and group_3224, were strikingly present in 
50/52 and 43/52 MRSE strains, but only group_3224 could be associated 
with the SCCmec element. qacA was present in 28/52 MRSE strains from 
19/66 patients.  

Genes associated with biofilm formation (Paper III) 
Gene presence/absence data for icaA, aap, bhp, and embp were analysed 
across the collection in Paper III. Individual biofilm-associated genes were 
found to be over-represented in specific PJI-lineages (e.g. all ST2a isolates 
harboured icaA, and all ST215 isolates harboured embp, Table 10a). icaA 
was associated with PJI origin (OR 2.9 [1.7–4.7)]) (Table 10b) when gene 
absence/presence data was analysed without consideration to population 
effects, but, as presented above, no statistically significant association was 
found between any biofilm-formation–associated gene and PJI origin in 
GWAS accounting for population structure. The association between icaA 
and PJIs was thus confounded by the predominance of ST2 isolates among 
isolates from PJIs.  

 



78 EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 

Table 10a. Data from Paper III. Genes associated with S. epidermidis biofilm for-
mation, clinical infections, and colonization by origin and major PJI lineages. 

PJI isolates 
(N = 139) 

Nasal 
isolates 
(N = 150) 

ST2a 
(n = 16) 

ST2b 
(n = 43) 

ST5 
(n = 13) 

ST215 
(n = 34) 

other STs 
(n = 33) 

B
io

fi
lm

 f
or

m
at

io
n 

icaA, 
n (%) 

16 
(100%) 

42 
(98%) 

0 0 8 
(24%) 

36 
(24%) 

aap/sesF, 
n (%) 

15 
(94% 

42 
(98%) 

12 
(92%) 

0 23 
(70%) 

104 
(69%) 

bhp/sesD, 
n (%) 

0 0 13 
(100%) 

0 10 
(30%) 

27 
(18%) 

embp, 
n (%) 

16 
(100%) 

37 
(86%) 

13 
(100%) 

34 
(100%) 

33 
(100%) 

149 
(99%) 

Cl
in

ic
al

 in
fe

ct
io

ns
 

IS256, 
n (%) 

16 
(100%) 

43 
(100%) 

2 
(15%) 

34 
(100%) 

5 
(15%) 

1 
(1%) 

sesI, 
n (%) 

16 
(100%) 

13 
(30%) 

0 34 
(100%) 

0 0 

C
ol

on
iz

at
io

n fdh, 
n (%) 

0 0 0 0 2 
(6%) 

14 
(9%) 

ACME-arcA, 
n (%) 

0 5 
(12%) 

12 
(92%) 

0 24 
(73%) 

114 
(76%) 
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PJIs 
(N = 139) 

Nasal isolates 
(N = 150) 

OR* 
(95% C.I.) 

Biofilm 
formation icaA, n (%) 66 (48%) 36 (24%) 2.9 (1.7–4.7) 

aap/sesF, n (%) 92 (66%) 104 (69%) 0.9 (0.5–1.4) ns 

bhp/sesD, n (%) 23 (17%) 27 (18%) 0.9 (0.5–1.7) ns 

embp, n (%) 133 (96%) 149 (99%) 0.1 (0.02–1.3) ns 
Clinical 
infections IS256, n (%) 100 (72%) 1 (1%) 382.1 (51.7–2825.9) 

sesI, n (%) 63 (45%) 0 p < 0.0000** 
Colonization fdh, n (%) 2 (1%) 14 (9%) 0.1 (0.0–0.6) 

ACME-arcA, n (%) 41 (30%) 114 (76%) 0.1 (0.1–0.2) 

Table 10b. Data from Paper III. Genes associated with S. epidermidis biofilm for-
mation, clinical infection, and colonization presented by origin of isolates. CI, con-
fidence interval; N, total number of isolates within each isolate group; n, number 
of isolates with gene present; ns, non-significant. * OR for S. epidermidis isolates 
from PJIs. **Fisher's exact test.  

IS256 and sesI (Paper III) 
In GWAS, IS256 was found to be statistically significantly associated with 
PJI origin (Table 8), and also without corrections for lineage effects an as-
sociation between IS256 and PJI origin was found (Table 10b), but as 
shown in Table 10a, IS256 was rare in isolates in the ST5 lineage. SesI was 
not identified in GWAS, but found to be highly prevalent in the ST2a and 
ST215 lineages (Table 10a and 10b).  

ACME-arcA and fdh (Paper III) 
ACME-arcA and fdh have previously been suggested as markers of com-
mensalism in S. epidermidis (69, 123). In Paper III, both were negatively 
associated with PJI origin (OR 0.1 [0.0–0.6] and OR 0.1 [0.1–0.2] (Table 
10b) but the results were found to be highly lineage dependent (Table 10a) 
and failed to reach statistically significance when the population structure 
was corrected for in GWAS.  
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Genes and gene variants associated with antimicrobial resistance (Papers 
III and IV) 
As demonstrated by GWAS, S. epidermidis isolates from PJIs harboured 
genes and gene variants associated with AMR to a significantly greater ex-
tent than isolates retrieved from nasal sampling in Paper III (Table 11). 
 

Antimicrobial category, n (%) 
PJI isolates     
(N = 139) 

Nasal isolates  
(N = 150) OR* (95% CI) 

Beta-lactam antibiotics a 113 (81%) 8 (5%) 77.1 (33.6–177.0) 

Fusidic acidb 57 (41%) 18 (12%) 5.1 (2.8–9.3) 

Macrolides-Lincosamidesc 87 (63%) 22 (15%) 9.7 (5.5–17.2) 

Rifampicind 30 (22%) 0 **p < 0.0001 

Aminoglycosidese 101 (73%) 2 (1%) 196.7 (46.4–833.7) 

Fluoroquinolonesf 114 (82%) 16 (11%) 38.2 (19.4–75.0) 

Folate-pathway inhibitorsg 68 (49%) 8 (5%) 17.0 (7.7–37.3) 

        

Multidrug resistant, n (%) 115 (83%) 7 (5%) 97.9 (40.7–235.3) 

Table 11. Data from Paper III. Gene and gene variants associated with antimicrobial 
resistance per antimicrobial category and isolate origin. CI, confidence interval; N, to-
tal number of isolates within each isolate group; n, total number of isolates with gene(s) 
and/or point mutation(s) associated with resistance. * OR for S. epidermidis isolates 
from PJIs. ** Fisher's exact test. a mecA. b fusA (variant), fusB, fusC. c erm(A), erm(C), 
lnu(A), mph(C), msr(A), vat(B), vga(A), vga(B). d rpob (variant). e aac(6')-aph(2''), 
aadD. f gyrA (variant), grlA (variant), grlB (variant). g dfrG, folA (variant). Multidrug 
resistant defined as presence of genes and/or mutations associated with resistance to-
wards ≥3 antimicrobial categories.  

In particular, we noted high rates of genotypic resistance to compounds 
used for systemic (beta-lactam antibiotics; OR 77.1 [33.6–177.0]) and local 
(aminoglycosides; OR 196.7 [46.4–833.7]) antimicrobial prophylaxis in 
PJIs. The qacA gene that encodes an efflux pump that causes decreased sus-
ceptibility to quaternary ammonium compounds such as chlorhexidine was 
identified in 70% (97/139) of isolates from PJIs, versus in 9% (14/150) of 
isolates from anterior nares (OR 22, 95% C.I. 11.6–43.3). Recently de-
scribed point mutations in qacA associated with increased tolerance of 
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chlorhexidine (204) were identified in 12/16 ST2a isolates and 14/43 ST2b 
isolates.  

Higher rates of resistance towards antimicrobial categories used for treat-
ing PJIs were noted among PJI isolates than among isolates from anterior 
nares in Paper III: rifampicin 30/150 versus 0/150, fluoroquinolones 
114/139 versus 16/150, and macrolides-lincosamides 87/139 versus 22/150. 
The specific dual mutations in rpoB::D471E/I527M, associated not only 
with rifampicin resistance but also with vancomycin heteroresistance (6) 
were identified in all 16 ST2a isolates, whereas additional rpoB-associated 
resistance towards rifampicin was exclusive to other major PJI lineages (i.e., 
ST2b 4/43, ST5 3/13, and ST215 7/34). No point mutations associated with 
daptomycin or linezolid resistance were identified in the collection.  

Among PJI isolates from Västmanland, methicillin resistance (as deter-
mined by the presence of mecA) was less common (9/18, 50%) than among 
PJI isolates in Paper III (p = 0.01, Fisher’s exact test, two-sided). All mecA-
positive isolates belonged to the ST2- or ST215-lineages and were also 
found to be genotypic MDR. Genes encoding aminoglycoside resistance and 
gene variants associated with fluoroquinolone resistance were only found 
within isolates belonging to ST2 and ST215 lineages.  

In MRSE retrieved from nasal and skin microbiota in Paper IV, no mu-
tations associated with rifampicin resistance were found. MDRSE was 
found in 26 samples from 19/66 patients. 

SCCmec diversity (Paper III) 
The ccr recombinase genes were identified in 67% (194/289) of all isolates 
sequenced in Paper III, but mecA was frequently absent (89%, 63/71) from 
the SCC element in isolates from anterior nares, whereas composite ele-
ments (i.e., SCCmec carrying two or more ccr gene complexes) where 
abundant in isolates from PJIs (Figure 15). All isolates in the ST215 lineage 
carried SCCmec type I(1B), all ST5 isolates carried type IV(2B) or composite 
variants thereof, and all 15/16 mecA positive ST2a isolates carried type 
III(3A) or composite varians thereof, whereas multiple SCCmec elements 
were identified in ST2b isolates: type III(3A), type IV(2B), type V(5C2), and 
composite variants of thereof (Figure 14). 
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Figure 14. SCCmec and phylogenetic relationships of S. epidermidis isolates from 
PJIs (n=139; light red) and S. epidermidis isolates from nasal swabs from patients 
scheduled for arthroplasty surgery (n = 150; green in Paper III. Major PJI lineages 
(i.e., ST2a, ST2b, ST5, and ST215) are coloured in grey. SCCmec types are presented 
in shades of blue, from centre and outwards: I(1B), III(3A), IV(2B), V(5C2), 
VIII(4A), Composite, and SCC. The midpoint-rooted phylogeny was based on 
95,245 SNPs and the scale-bar indicates substitutions per site.  
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Clinical aspects (Papers I, III and IV) 

Is there a marker able to distinguish S. epidermidis isolates with a 
higher capacity to cause PJIs? 
As outlined in the introduction, differentiating culture contamination from 
a true PJI with S. epidermidis can be difficult, so a marker, easily detected 
by, for example, PCR, would ease clinical decision making. However, this 
assumes that S. epidermidis differs in terms of virulence between lineages or 
strains. The predominance of a few lineages in S. epidermidis PJIs, as 
demonstrated in this thesis, could be taken as indicating that such a differ-
ence exists, and during the last year, several studies investigating patho-
genicity factors in S. epidermidis have been published. Four of these studies 
(174, 205-207) will be discussed below in relation to the findings of this 
thesis.  

The largest study included 415 S. epidermidis isolates from multiple 
sources: 141 isolates from healthy carriage obtained in both hospitals and 
in the community from 11 countries (most were sampled at a UK univer-
sity), and 274 isolates from clinical infections (mainly PJIs but also other 
ODRIs, bacteraemia, and colonized catheters linked to infection) (174). Iso-
lates from infections were present across the phylogenetic tree, interpreted 
as reflecting the emergence of infection from multiple genetic backgrounds.  
GWAS was performed on two datasets (n = 76 each) of paired isolates with 
different phenotypes (asymptomatic carriage vs. infection) but with high se-
quence similarity to identify k-mers associated with infection; 636 genes 
containing infection-associated k-mers were identified. The threshold for 
significance was set at p = 0.0001, unadjusted for multiple testing.  

Out of the top 40 genes (ranked according to p-values), nearly half (n = 
17) were components of the SCCmec. Phenotypic testing found no differ-
ence between isolates representing colonization and infection in terms of 
biofilm formation or induction of IL-8 production in keratinocytes, but iso-
lates from infections were more often methicillin resistant and displayed re-
duced cell toxicity. A single k-mer mapping to mecA was the best predictor 
of infection with a classification accuracy of 75% (174).  

In Paper III, the accuracy of mecA in predicting PJI origin was even higher 
(88%), but as demonstrated in Paper IV, colonization with mecA-positive 
S. epidermidis (plausibly in low relative abundance) is not uncommon in 
patients scheduled for TJA, and the accuracy of mecA to predict isolate 
origin (true infection vs contamination by colonising isolate) is likely to be 
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dependent on the patient population, as previously shown by Rohde et al. 
(113).  

A recent study (205) claimed that a marker gene – yxeP, encoding a hy-
drolase – can identify isolates belonging to cluster A/C, one of two major S. 
epidermidis clusters defined by SNPs in core genes. The cluster A/C (known 
to include ST2) was inferred by phenotypic testing to be of higher patho-
genic capacity, and to possibly occupy a different niche in the skin than 
isolates within the other cluster (B). The findings were based on a collection 
of 83 isolates, sampled between 1996 and 2001, representing 71 different 
STs, with a pan-genome of approximately 6700 genes. No differences in 
resistance to oxacillin was found between clusters A/C and B, but A/C iso-
lates were more often resistant to gentamicin. The authors concluded that 
yxeP is a marker of cluster A/C that “can improve significantly the progno-
sis and management of medical-device related infections caused by this bac-
terium”; this would appear to be a somewhat bold statement, given the lim-
ited number of isolates included, and that isolates of clinical origin were 
found in cluster B. yxeP was not found to be significantly associated with 
PJI origin in Paper III by GWAS, and presence/absence of yxeP in our col-
lection of S. epidermidis sequences has not been analysed.  

In a study focusing solely on genetic determinants for PJIs (206), 51 iso-
lates from PJIs were compared with 51 isolates from healthy skin. PJI iso-
lates were collected at a single centre in Mexico during a four-year period, 
and skin isolates were collected from the arms of healthy individuals that 
did not work in the hospital. All isolates were subjected to AST, determina-
tion of in vitro biofilm formation, and investigated for a set of 14 putative 
marker genes using PCR. The authors found that PJI isolates were distin-
guished by presence of icaA, in vitro biofilm formation, and resistance to 
oxacillin, fluoroquinolones, and gentamicin, whereas carriage isolates were 
associated with embp, sesA, sesB, sesC, sesD, sesE, sesG, and sesH genes. 
The association of embp with colonization is in contrast with the findings 
of Paper III, in which empb was found in all PJI lineages and identified by 
BLASTN in 133/139 isolates from PJIs. The difference in embp prevalence 
found in these two studies could be due to different methodologies (i.e., 
PCR versus BLASTN) and/or to differences in the predominating lineages 
in PJIs between Mexico and Sweden. The presence of icaA was found to be 
highly associated with ST2a/b in Paper III, and all PJI isolates that lacked 
embp (n = 6) were ST2b, suggesting that ST2b might be the predominant 
lineage in the Mexican study, but as PFGE and not MSLT was performed 
in that study, this remains a speculation.  



EMELI MÅNSSON Molecular epidemiology of S. epidermidis in PJIs 
 

85 
  

In the last of the four studies aiming to identify genetic traits associated 
with S. epidermidis infections, comparative genomic analyses of 198 pub-
licly available S. epidermidis sequences (207) were performed, finding no 
enrichment of genes that could distinguish blood cultures isolates from skin 
isolates. Whether isolates with metadata indicating “blood culture” were 
representatives of true infections or were mixed with contaminating isolates 
retrieved from blood cultures cannot be assessed, and the study by Su et al. 
(207) exemplifies the difficulties of extrapolating findings when data on 
case definitions and sampling procedures are missing.  

The associations between different markers and specific genetic back-
grounds/lineages noted in Paper III highlights the importance of the relative 
abundance of STs/lineages in a study collection when genetic traits are as-
sociated with isolate origin (clinical versus colonization), emphasizing that 
population structure needs to be taken into account. For example, if isolates 
are selected based on resistance to rifampicin, an ST2-weighted collection is 
likely to be the result, as the dominant genetic determinant of rifampicin 
resistance in S. epidermidis, the dual rpoB::D471E/I527M mutations (6), is 
primarily found in ST2a isolates (Paper III). Likewise, if isolates are selected 
to achieve an even distribution of STs (205), this will skew the collection 
from the actual proportions of STs found in clinical infections and may also 
result in spurious associations. Furthermore, as noted in Paper III, the great 
diversity among nasal isolates sampled from what is, from an international 
perspective, a small area, and from patients of more or less similar age, as 
well as the within-host diversity of MRSE noted in Paper IV, suggest that 
to capture the true diversity of colonizing S. epidermidis isolates in compar-
ative genomic studies, very large isolate collections are probably needed. In 
general, stricter adherence to the Strengthening the Reporting of Molecular 
Epidemiology for Infectious Diseases (STROME-ID) statement (45) could 
improve future studies in this field, and ease the extrapolation of results to 
other settings.   

Or are all S. epidermidis isolates equally fit to cause PJIs? 
The overrepresentation of MDRSE in PJIs could also be regarded as illus-
trating the principle that “opportunity makes a thief”: all S. epidermidis 
isolates may be of almost equal virulence, but their pathogenicity could dif-
fer due to host factors. The finding of a (limited) number of isolates lacking 
all genetic traits associated with PJIs, but still isolated from a PJI, in paper 
III supports the view of S. epidermidis as a truly accidental pathogen (98). 
This would mean that isolates lacking resistance genes only rarely get a 
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chance to establish a PJIs as they generally succumb to the prophylaxis 
measures: preoperative whole-body cleansing with CHG-containing soap, 
systemic antimicrobial prophylaxis with cloxacillin, and, in some cases, gen-
tamicin admixed into bone fixation cement. The antimicrobial resistance 
profile of isolates from PJIs would, according to this theory, be the end re-
sult of selection by current prophylaxis regimens, and the predominance of 
certain lineages would be due to the acquisition of AMR genes rather than 
to increased virulence per se.  

Can the proportion of MDRSE in S. epidermidis PJIs reflect adherence 
to prophylaxis regimens? 
If all S. epidermidis are able to cause PJIs, centres with a high incidence of 
S. epidermidis PJIs due to suboptimal adherence to prophylaxis regimens 
would be expected to have a lower relative abundance of MDRSE. The 
number of MDRSE PJIs as a proportion of all S. epidermidis PJIs could thus 
potentially be a proxy for adherence to prophylaxis guidelines that could be 
monitored, in addition to the total incidence of PJIs (which is influenced by 
the case-mix). 

However, also the relative proportion of MDRSE PJIs could reflect the 
case-mix: younger patients might harbour relatively less MDRSE in their 
microbiota (Paper IV), there may be a lower density of MDRSE in dedicated 
elective orthopaedic surgery wards due to a lower selection pressure from 
antibiotics (208); and it could be speculated that fewer patients may har-
bour MDRSE at the time of the surgery in hospitals admitting patients the 
day of planned arthroplasty, as transmission of MDRSE between patients 
via colonized or contaminated health care workers has been suggested (90) 
and carriage rate of MDR microorganisms (but not specifically MDRSE) 
has been found to increase within eight hours of admission to hospital 
(209). Centre-specific incidence rates of PJIs are reported by Swedish na-
tional joint arthroplasty registries, but these registries do not capture data 
on causative microorganisms.  

Is preoperative whole-body cleansing with chlorhexidine driving the 
rate of MDRSE PJIs? 
It has been proposed that it might be time to discuss not only antibiotic but 
also biocide stewardship, as high prevalence of qacA/B (78–85%), associ-
ated with increased tolerance towards chlorhexidine, has been found in 
globally distributed MDR ST2 lineages (210). This is in line with our find-
ings in Paper III, where the prevalences of qacA in PJI-associated lineages 
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were: ST2a 75%, ST2b 93%, ST5 54%, and ST215 68%, whereas qacA 
was only found in 9% of methicillin-sensitive nasal isolates. In MRSE re-
trieved from patients before admittance to hospital for TJA, we found qacA 
to be present in 28/52 MRSE strains from 19/66 patients. Importantly, 8 
out of 10 patients colonized with PJI-associated lineages were colonized 
with isolates harbouring qacA.  

It can be speculated that the relative abundance of MRSE might increase 
after pre-operative whole-body cleansing with CHG in patients colonized 
with qacA positive MRSE. If so, this could imply greater risk of peri-oper-
ative contamination of the wound, and subsequently the prosthetic joint, 
with S. epidermidis resistant to the systemic antimicrobial prophylaxis. 
Cleansing with CHG could also potentially increase the risk of acquisition 
of MDRSE from sources within the hospital, though this too remains to be 
demonstrated, and balanced against the likely beneficial effect against the 
other major pathogen in PJIs, S. aureus, although the evidence base for 
whole-body cleansing with CHG is limited (211). To summarize, the rela-
tive proportion of MDRSE in PJIs might be affected by the use of preoper-
ative whole-body cleansing with CHG-containing soap, but the overall ef-
fect on PJI incidence may still be beneficial.  

In their analysis of MDR ST2 sequences, Zamudio et al. (210) also noted 
that the ST2-BPH0662 lineage (corresponding to ST2a) carried a composite 
SCCmec element composed of SCCmec type III and a copper and mercury 
resistance mobile element (COMER)-like locus orthologous to the SCCmec 
associated with COMER in community-associated MRSA USA300. In 
COMER-positive S. aureus, decreased susceptibility to copper has been 
linked to intracellular survival within macrophages (212), and Zamudio et 
al. (210) suggested that a similar increased resistance to innate immunity 
might be associated with carriage of SCCmec in association with metal re-
sistance genes in MDRSE as well.  

In Paper III, 15/16 mecA-positive ST2a isolates carried SCCmec type III 
or composite variants thereof, but whether a COMER-like locus is present 
remains to be investigated. The nature of the hypothetical protein encoded 
by group_3224, associated with SCCmec, and identified by GWAS to be 
associated with PJI origin is also of interest in this matter. We have 
published two studies (213, 214) indicating that decreased host 
inflammatory response might contribute to the predominance of the ST2- 
and ST215 lineages in PJIs, but both host- and isolate-dependent differences 
were noted to be significant, and further studies in this field are needed.  
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Finally, gene variants associated with mupirocin resistance were found to 
be common in the global MDRSE lineages ST23 (56%) and ST2-BPH0662 
(i.e., ST2a, 48%) (210). In contrast, Salih et al. (215) found that both PJI 
and nasal S. epidermidis isolates were generally susceptible to mupirocin 
(215), which could reflect the lower use of mupirocin in Sweden than in 
settings with higher rates of MRSA where mupirocin is used to eradicate 
MRSA. Two strains found to be mupirocin resistant in the study by Salih et 
al. (one PJI isolate and one nasal isolate) were sequenced within Paper III. 
Both were found to be ST218, but the genetic determinant(s) of mupirocin 
resistance has not been investigated.  

Should the current antimicrobial prophylaxis regimens in TJA be 
adapted to cover for MDRSE? 
Treatment outcomes for patients with MRSE and aminoglycoside-resistant 
S. epidermidis PJIs are reportedly worse than those with susceptible S. epi-
dermidis. In a study of 74 chronic hip- and knee staphylococcal PJIs treated 
with two-stage exchange, the vast majority (11/15, 73%) of patients who 
did not achieve clinical resolution of infection were patients with MRSE 
(Figure 15) (216).  

 

 

Figure 15. Treatment outcome for 74 patients treated for hip- and knee prosthetic 
joint infection with 2-stage exchange procedure. The proportion of patients free of 
infection after ≥2 years of follow up was significantly lower for PJIs due to methi-
cillin-resistant S. epidermidis (MRSE) compared to methicillin-susceptible S. aureus 
(MSSA) and S. epidermidis (MSSE) (p=0.027* and p=0.002**, respectively). (Free 
of infection was defined as no signs of infection, CRP<10 mg/dL, after ≥2 years of 
follow up.) Reprinted from (216) with permission.  
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Likewise, in a study of patients with different types of S. epidermidis 
ODRIs, genes associated with the SCCmec and qacA, were associated with 
a “not-cured” clinical outcome, as was phenotypic resistance towards ami-
noglycosides and biofilm formation (217). Genes associated with the SCC-
mec and qacA were associated PJI origin in Paper III and found to be highly 
prevalent in the ST2a, ST2b, ST5, and ST215 lineages. 

It can therefore be argued that preventive strategies should take the risk 
of treatment failures in MDRSE PJIs into account, and that prophylaxis 
measures be adapted to cover MDRSE. Use of the glycopeptide vancomycin 
(effective against methicillin-resistant staphylococci) has been found to be 
inferior to use of a beta-lactam antibiotic as antimicrobial prophylaxis in 
TJA (218), but dual-agent antibiotic prophylaxis with vancomycin in com-
bination with a beta-lactam (cefazolin) has been associated with reduced 
incidence of PJI after TJA (219), and in particular with lower incidence of 
methicillin-resistant microorganisms in PJIs (220).  

An alternative route to broader coverage of systemically administered an-
timicrobial prophylaxis would be to exchange gentamicin in bone cement 
with an antimicrobial agent to which MDRSE-lineages are generally suscep-
tible. Based on in vitro studies, antibiotics admixed into bone polymethyl 
methacrylate (PMMA) cement are expected to continue to be eluted from 
the cement to various total extents and for various duration, but with sig-
nificant drop of concentration noted after the first day (221), and could thus 
potentially offer protection against contamination of the prosthetic joint 
with S. epidermidis PJIs in the period immediately after surgery when tissue 
levels of systemically administered antimicrobial prophylaxis have dropped 
below MIC.  

Commercial formulations of antibiotic loaded bone PMMA cement have 
been found to release more antibiotics than do manually mixed prepara-
tions, but are only available with vancomycin, clindamycin, tobramycin, 
and gentamicin (222). In paper III, most PJI isolates demonstrated vanco-
mycin MICs at 2 mg/mL, clindamycin resistance was found in 59% of iso-
lates, and resistance to gentamicin in 70% of isolates. Alternative agents are 
linezolid, that in vitro studies has been found to be more efficacious than 
vancomycin against S. epidermidis in PMMA cement, and the lipopeptide 
antibiotic daptomycin, that has also been found to be bioactive against S. 
epidermidis when admixed into bone cement (222). Also ceftaroline, a fifth-
generation cephalosporin, could be of interest as an antimicrobial prophy-
lactic agent in TJA. Ceftaroline has been found to be highly active against 
S. epidermidis isolated from clinical infections, including MRSE from PJIs 
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(223, 224), and in an in vitro study, ceftaroline was found to elute from 
PMMA cement and inhibit bacterial growth (of MRSA) without signifi-
cantly weakening the biomechanical properties (225). However, a clinical 
breakpoint for ceftaroline for S. epidermidis has not been established (but 
based on in vitro data a breakpoint similar to that of S. aureus has been 
suggested as appropriate (224)), and there has been no clinical trial of 
ceftaroline, linezolid or daptomycin as prophylactic agents in TJA, neither 
administered locally nor systemically (clinicaltrials.gov, a clinical trial 
[NCT01196169] of daptomycin for intravenous antimicrobial prophylaxis 
in MRSA-colonized patients undergoing TJA was terminated due to slow 
rate of enrolment). 

To summarize, adjusting current antimicrobial prophylaxis regimens to 
include coverage for MDRSE is feasible, but as TJA is a high-volume surgery 
with over 30,000 procedures performed each year in Sweden alone, and as 
MDRSE PJIs are rare, the potential down-sides of broader antimicrobial 
prophylaxis in terms of further selection of resistance, side-effects, and costs 
must be considered. Preoperative identification of patients at a significantly 
higher risk of MDRSE PJI would enable targeted use of a combination of 
systemic antibiotics or an alternative agent to gentamicin in cemented pro-
cedures. However, the experience from Paper IV is that screening for 
MDRSE using culture-based techniques is labourious and, as such, associ-
ated with high costs.   

 

What is the origin of S. epidermidis causing PJIs: selection from pa-
tients’ pre-hospital admission microbiota or nosocomial transmission? 
The relative sequence abundance of S. epidermidis in nasal samples has been 
shown to increase after antibiotic surgical prophylaxis with flucloxacillin 
and gentamicin (226). This could result from the selection of MDRSE al-
ready present in patients’ pre-hospital admission microbiota (by growth ad-
vantage), or from acquisition of hospital-adapted lineages from sources 
within the hospital environment, or both (Figure 16).  

In Paper IV, we investigated the former hypothesis and found that a sub-
set of patients is colonized with MDRSE lineages associated with PJIs before 
admission to hospital, but we did not retrieve any isolates belonging to the 
ST2a lineage nor any rifampicin-resistant isolates. We have collected sam-
ples to investigate the second hypothesis, and, based on findings from met-
agenomic sequencing of the diversity and complexity of S. epidermidis com-
munities in human microbiota (76, 78) and our experience from selective 
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culturing (Paper IV) and standard culturing (Paper III), we believe that a 
targeted sequencing approach, enabling measurement of both relative and 
absolute abundance, is probably the best choice for investigating the possi-
ble in-hospital transmission of PJI-associated MDRSE-lineages. 

Figure 16. Two hypotheses: MDRSE lineages predominant in PJIs (red) are selected 
from pre-hospital admission microbiota, low-relative-abundance populations by the 
prophylactic regimens, i.e., whole-body cleansing with chlorhexidine gluconate-con-
taining soap and antimicrobial prophylaxis (systemic and local), and/or are acquired 
from sources in the hospital environment, i.e., health care workers and contact sur-
faces). Illustration by Tobias Flygar.  

To address this, our collaborators at Statens Serum Institut, Copenhagen, 
are working to develop a targeted sequencing method – the “Epidome” –
(227). At present, in-hospital transmission of PJI-associated lineages of S. 
epidermidis to patients undergoing TJA can neither be confirmed nor dis-
proved.     
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Limitations  

Paper I 
The main limitation in Paper I is the limited number of procedures during 
which air sampling was performed, which means that intraoperative trans-
mission of ST2 and ST215 could be neither verified, nor disproved. Another 
limitation is that no patient data were collected and follow-up of patients 
thus impossible.  

Paper III 
Limitations in Paper III are as follows: only limited patient data was col-
lected and PJI diagnosis thus not confirmed in medical records; pre-admis-
sion nasal isolates were not from the same patients who had a S. epidermidis 
PJIs; and only a single nasal S. epidermidis colony was included from each 
of 150 patients (due to high diversity, a collection of a larger number of 
colonizing isolates, possibly from different body areas, would have strength-
ened the study).  

Paper IV 
Limitations in Paper IV are the size of the study population (n = 66), and 
the selection of patients with previously identified growth of S. epidermidis 
in nasal samples cultured on standard medium, as well as that no data on 
previous admissions to hospital or stay in long-term care facilities were col-
lected. Furthermore, the colonization rate of MRSE might have been under-
estimated for the following reasons: i) MRSE might have been outgrown by 
other species and/or by MSSE in the first culture on standard medium; ii) 
use of a relatively small sample volume (10 µL + 10 µL) of the frozen bac-
terial suspensions for selective culturing; iii) the chosen cefoxitin concentra-
tion (5 mg/mL) in the supplemented plates was based on expert opinion (Bo 
Söderquist and Robert Skov) and no tests were performed with plates of 
different cefoxitin concentrations; and iv) sampling was restricted to five 
CoNS colonies per sample.  
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Genomic relatedness of S. pettenkoferi isolates of different ori-
gins (Paper II)  

Study collection  
Nine S. pettenkoferi isolates retrieved from intraoperative air sampling 
during one TKA and one THA were included in the analysis together with 
the reference strain CCUG 51270T and 16  S. pettenkoferi isolates from 
blood cultures, of which 11/13 were deemed as probable contaminants 
(defined as only one positive blood culture bottle; no data for three isolates). 
Species identification was performed with MALDI-TOF MS and verified by 
rpoB-sequencing. 

Repetitive sequenced-based PCR typing  
A dendrogram and scatter plot showed two major clades, clade A (n = 7) 
and clade B (n = 11) (Figure 17). Three isolates (i.e., Vaxjo_3, Vaxjo_8, and 
Vaxjo_5) clustered together in a possible third clade, whereas the remaining 
four isolates were scattered. The reference strain CCUG 51270T was found 
in clade A together with isolates representing both probable blood culture 
contaminants as well as isolates retrieved from intra-operative air sampling. 
Based on the results of repetitive-sequence–based PCR typing, genomic dif-
ferences between isolates in clades A and B were substantial, with the simi-
larity estimated at ≈ 55% (Figure 17). 
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Figure 17. Dendrogram a) and scatterplot b) showing repetitive-sequenced–based 
PCR typing of n = 26 S. pettenkoferi isolates of different origins. Source is isolate 
orgin; A = intraoperative air sampling (blue dot in scatter plot), RS = reference strain 
(pink), BC = blood cultures (green). Isolates marked with * were retrieved from 
more than one blood culture bottle.  

Phylogenetic relationships  
The genomic relatedness of S. pettenkoferi isolates of different origin was 
verified by analysing the phylogenetic relationships inferred from SNPs in 
the core genome after the WGS of all isolates (Figure 18). Clades A and B 
differed by >58,000 SNPs, whereas the intra-clade diversity was <2000 
SNPs and <700 SNPs, respectively. The environmental isolate Vast-
eras_18:1, with a unique rep-PCR fingerprinting pattern, differed from iso-
lates in clades A and B by a minimum of 85,000 SNPs. The overall resem-
blance to the reference chromosome NZ_JVVL00000000.1 (strain 
1286_SHAE) was ≈87%.  
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Figure 18. Phylogenetic relationships of S. pettenkoferi isolates of different origins 
based on 157,438 core genome SNPs. Scale bare indicates SNP distances.  

Methicillin resistance and presence of mecA  
Three isolates from blood cultures were cefoxitin resistant (zone diameter 
<22 mm) and mecA was detected by PCR (and WGS) in two of these isolates 
(Table 12). None of the six additional S. pettenkoferi isolates with a 
cefoxitin zone diameter of <25mm (the break point for S. epidermidis) 
harboured mecA, indicating that the current clinical breakpoint for 
cefoxitin (22mm) is valid and distinguishes mecA positive S. pettenkoferi 
isolates (Table 12).  
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Isolate ID Cefoxitin (mm) mecA 
Vaxjo_1 19 0 
Vaxjo_2 30 0 
Vaxjo_3 30 0 
Vaxjo_4 26 0 
Vaxjo_5 30 0 
Vaxjo_6 6 1 
Vaxjo_7 27 0 
Vaxjo_8 28 0 
Vaxjo_9 6 1 
Vaxjo_10 23 0 
Vaxjo_11 22 0 
Vaxjo_12 32 0 
Vaxjo_13 26 0 
Orebro_14 n.d. 0 
JMI_15 23 0 
JMI_16 25 0 
Vasteras_17:1 31 0 
Vasteras_17:2 29 0 
Vasteras_17:3 25 0 
Vasteras_17:4 25 0 
Vasteras_17:5 24 0 
Vasteras_17:6 27 0 
Vasteras_17:7 25 0 
Vasteras_17:8 23 0 
Vasteras_18:1 25 0 

Table 12. Cefoxitin zone diameters (mm) determined by disk diffusion testing and 
mecA presence/absence for the 25 S. pettenkoferi isolates sequenced in Paper II. 
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Prediction of pathogenicity  
The assembled genomes of S. pettenkoferi isolates sequenced within Paper 
II were investigated for genes coding for proteins associated with 
pathogenicity by PathogenFinder 1.1, using the model created for 
Firmicutes (unpublished data). For comparison two S. epidermidis isolates 
from PJIs (representing the ST2a and ST215 lineages) were also investigated 
by PathogenFinder. All S. pettenkoferi isolates were classified as probable 
human pathogens (probability 0.872–0.954, Table 13). The total number 
of identified genes were similar between S. pettenkoferi genomes and S. 
epidermidis genomes, but the average number of matched S. pettenkoferi 
genes (matched to pathogenic and non-pathogenic families; the proteome 
coverage) was lower for S. pettenkoferi genomes. A sequence with 96.82% 
identity to S. aureus glycosyl transferase group 1 family protein (protein ID 
AAW38701) was identified in 10/11 genomes in clade B, but not in any 
other S. pettenkoferi genome.  

Table 13. Prediction of pathogenicity based on identified protein sequences within 
S. pettenkoferi genomes sequenced within Paper II. A = pathogen probability, B =  
proteome coverage, C = matched pathogenic families, D = matched non-pathogenic 
families. 
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Digital DNA:DNA hybridization  
The clustering yielded 17 species clusters (Figure 19, this thesis). All isolates 
within clade A clustered with the type strain S. pettenkoferi CCUG 51720T 
(included in the analysis by TYGS based on the 16S rDNA gene similarity 
as outlined in the “Materials and methods” section). Isolate Vasteras_18_1 
was defined as a unique species cluster not represented in the TYGS data-
base, and the remaining S. pettenkoferi isolates were defined as a second 
unique species cluster not represented in the TYGS database, with isolates 
within clade B representing a subspecies cluster.  

 

Figure 19. Midpoint-rooted tree inferred with FastME v2.1.6.1 from GBDP dis-
tances calculated from genome sequences. The branch lengths are scaled in terms of 
GBDP distance formula d5.  

The tree inferred from GBDP distances calculated from 16S rDNA gene 
sequences data demonstrates that species identification based on 16S rDNA 
gene sequence (extracted from sequencing data) of S. pettenkoferi, and the 
two suggested staphylococcal species that hitherto are unrepresented in the 
TYGS database, is troublesome (Figure 20). 
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Figure 20. Midpoint-rooted tree inferred with FastME v2.1.6.1 from GBDP dis-
tances calculated from 16S  rDNA gene sequences. The branch lengths are scaled in 
terms of GBDP distance formula d5.  

BLAST of the rpoB sequence of the proposed species  
“S. pseudolugdunensis” 
The dDDH results suggested that isolates in clade B in Paper II are repre-
sentatives of a separate species that is currently not represented in the type 
strain database. Likewise, the dDDH results suggested that isolate Vast-
eras_18_1 is a separate hitherto unrepresented species in the database.  

In Trülzsch et al.’s description of the novel species S. pettenkoferi (34), 
one of the strains that was originally proposed to represent S. pettenkoferi 
(32) (strain A6664) was not included due to differences in the results of 
physiological and chemotaxonomic investigations, and DNA-DNA hybrid-
ization data, but this strain displayed identical 16S rRNA sequence with the 
S. pettenkoferi strains and 99.2% similarity to the partial rpoB sequence 
(equivalent to 4 SNVs in the 485 bp fragment).  

Twelve CoNS isolates that were found to be positive for pyrrolidonyl 
arylamidase(PYR)/ornithine decarboxylase (ODC) (a test used to discrimi-
nate the CoNS species S. lugdunensis in the era before MALDI-TOF MS 
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was introduced in clinical practice) but was different to S. lugdunensis ac-
cording to 16S rRNA and tuf sequence analysis were characterised in 2008 
and proposed to be a novel species with the suggested name “S. pseudo-
lugdunensis” (228). The full 16S rRNA sequence was closely (99.94% se-
quence similarity) related to that of S. pettenkoferi. The 16S rRNA and tuf 
sequences, but not rpoB sequence, of the proposed species “S. pseudo-
lugdunensis” were deposited in the GenBank database (228).  

This proposed species “S. pseudolugdunensis” was included in recent 
study investigating the performance of the 16S–23S rRNA region to assign 
staphylococcal species from short-read sequencing data in comparison with 
Sanger sequencing of the 16S rRNA, rpoB, sodA, and tuf genes (229). In 
this study, S. pettenkoferi could not be discriminated from “S. pseudo-
lugdunensis” by sequencing of the 16S rRNA gene or the tuf gene. S. pet-
tenkoferi was found to differ from “S. pseudolugdunensis” with 4 nucleo-
tides in the sodA sequence and 13 nucleotides in the rpoB sequence. A high 
sequence similarity (99.8% sequence similarity, a seven-nucleotide differ-
ence) was found between S. pettenkoferi and “S. pseudolugdunensis” in the 
>4000-bp-long 16S–23S rRNA region (229).  

By nucleotide BLAST(230) (https://blast.ncbi.nlm.nih.gov/), an identical 
sequence (100% hit, 100% identity) to the 838 bp rpoB sequence from “S. 
pseudolugdunensis” (accession number MF679125) was found within iso-
lates belonging to cluster B in Paper IV (this thesis). Likewise, a 100% hit 
with 99.05% identity to the rpoB sequence from “S. pseudolugdunensis” 
was found in the representative genome NZ_CP022096.2 deposited in 
FDA-ARGOs, a quality-controlled public database of reference genomes 
(231). In comparison, the 838 bp rpoB sequence from S. pettenkoferi (ac-
cession MF679122) was identified to 98.45% identity in isolates belonging 
to cluster B (13 nucleotide difference), and to 98.45%  identity in the rep-
resentative S. pettenkoferi draft genome NZ_CP022096.2. 

To summarize, isolates in clade B, assigned to S. pettenkoferi by MALDI-
TOF MS and by partial sequencing of the rpoB gene in Paper II are poten-
tially representatives of the proposed staphylococcal species “S. pseudo-
lugdunensis”, as could potentially be the case for a number of publicly avail-
able sequences currently deposited as S. pettenkoferi. It is possible that S. 
pettenkoferi and the proposed species “S. pseudolugdunensis” can be dis-
criminated by the phenotypic test ODC. 
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Clinical aspects 
The clinical significance of S. pettenkoferi (and of “S. pseudolugdunensis”) 
is likely limited. All S. pettenkoferi  (n = 7) isolates in a single-centre 
retrospective study in Germany of the clinical significance of non-S. 
epidermidis CoNS (31) retrieved from blood cultures over 4.5 years were 
considered contaminants. However, an outbreak of linezolid-resistant S. 
pettenkoferi has been reported in a French intensive care unit (41), and a 
daptomycin-resistant S. pettenkoferi isolate has been reported from a 
bacteremic patient in Polen (232), suggesting that S. pettenkoferi can 
harbour resistance traits, and thus potentially act as a reservoir for 
antibiotic resistance traits that can spread to more pathogenic 
staphylococcal species (233).  

The finding of S. pettenkoferi in the operating field air during joint ar-
throplasty (Paper II) suggested a presence in human microbiota that was 
verified in Paper IV, where we found presumably methicillin-resistant S. 
pettenkoferi (able to grow on cefoxitin-supplemented plates) in pre-admis-
sion samples from 11/66 patients. A higher rate of S. pettenkoferi nasal car-
riage was previously reported from a non-culture–based study in which S. 
pettenkoferi (in low relative abundance) was identified in the nasal micro-
biome of 7/18  patients at admission to hospital (226). This is in contrast to 
a culture-based study (using non-selective medium) in which S. pettenkoferi 
was only retrieved from nasal samples from 1/34 patients (234). 

An association between S. pettenkoferi carriage and contact with cats 
could be hypothesised based on the species repeatedly being reported to be 
associated with cats: isolated from a cat cage (44); the oral microbiota of 
cats (235); and from the peritoneal fluid of a cat with peritonitis (236). S. 
pettenkoferi was retrieved from culturing the airborne dust in an urban 
home in a study of concentrations of staphylococcal species in indoor air 
(237), but no data on the presence of domestic animals was presented in the 
study, and neither do we know whether any of the patients from whom S. 
pettenkoferi were retrieved in Paper IV are cat owners.  

Limitations 
Closely related S. pettenkoferi isolates identified in air samples from the 
same operation are likely multiple isolates of the same S. pettenkoferi strain. 
Assembled genomes (i.e., FASTA files) were uploaded to the online tools 
PathogenFinder and TYGS, and the data were interpreted following the 
sites’ instructions. The data are thus preliminary, yet interesting, and merit 
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confirmation through further phenotypic and genotypic characterization of 
the isolates.   
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Conclusions 
• S. epidermidis PJIs in Region Örebro County and Region Östergöt-

land were dominated by MDRSE ST2a, ST2b, ST5, and ST215 lin-
eages, whereas isolates from the nares of patients scheduled for 
TJA were genetically diverse (Paper III). 

• Analysis of the genomic relatedness of S. epidermidis based on 
SNPs in the core genome identified distinct S. epidermidis lineages 
comprising isolates of several MLSTs, and ST2 was found within 
more than one distinct lineage (Paper III). S. epidermidis MLST 
may thus be suboptimal for surveillance of the molecular epidemi-
ology of S. epidermidis in PJIs. 

• Genetic traits associated with antimicrobial resistance and toler-
ance of chlorhexidine gluconate distinguished S. epidermidis from 
PJIs from nasal isolates retrieved from cultures on standard me-
dium (Paper III). New successful MDRSE lineages may arise by 
horizontal gene transfer of these traits to new genetic backgrounds.  

• No putative virulence factor was identified in GWAS, and so selec-
tion by antimicrobial prophylaxis was found to be the likely expla-
nation for the success of MDRSE lineages in PJIs (Paper III). 

• Using selective media, a substantial proportion of patients sched-
uled for TJA were found to be colonized with genotypic MRSE be-
fore admission to hospital, plausibly in low relative abundance (Pa-
per IV). A subset of these patients was colonized with MDRSE line-
ages that were found to predominate in S. epidermidis PJIs in Paper 
III (Paper IV). These patients may have a higher risk of S. epider-
midis PJI. 

• S. epidermidis ST2, ST5, and ST215 were not found in the air of 
the operating field during arthroplasty surgery (Paper I). Airborne 
transmission of these PJI-associated STs of S. epidermidis during 
surgery could thus not be verified (Paper I). S. epidermidis isolates 
retrieved from air sampling were generally susceptible to the sys-
temic antimicrobial prophylaxis (cloxacillin) and to the antibiotic 
that is admixed into bone fixation cement (gentamicin) (Paper I).  
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• Analysis of the genomic relatedness of isolates identified as S. pet-
tenkoferi by MALDI-TOF showed two distinct clades and a single 
isolate that was distant (Paper II). Further genomic analysis within 
this thesis suggests that two hitherto unrecognized staphylococcal 
species are misidentified as S. pettenkoferi by MALDI-TOF. This 
could potentially be of clinical significance when the the numbers 
of positive samples (i.e., blood cultures or biopsies) are used in in-
terpreting of the likelihood of clinical relevance.  
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Future perspectives 
The incidence of S. epidermidis PJIs is low, but for the individual patient 
the end result of a PJI can be devastating. To optimize preventive measures, 
we need to identify patients at higher risk of MDRSE PJIs, and achieve in-
sights into how MDRSE colonization might affect this risk. 

The first objective calls for a high-coverage, optimized nationwide qual-
ity registry for PJIs. Based on their divergent clinical presentations, it is rea-
sonable to expect the risk factors for species such as S. aureus and S. epi-
dermidis PJIs to both overlap and be species specific, but no study identify-
ing patients at higher risk of S. epidermidis PJIs was found during the liter-
ature search conducted for thesis project. Likewise, there is a need for spe-
cies-specific incidence data: a two-to-three-fold higher than expected num-
ber of cases was noted when comparing the number of S. epidermidis iso-
lates from PJIs identified in a 10-year period in Region Örebro County and 
Region Östergötland, with the crude estimates based on available data.  

The SKAR and SHAR are quality registries with high coverage of all 
THAs and TKAs performed in Sweden, and a PJI registry linked to these, 
combining data on surgical procedures, clinical functional outcome, antibi-
otic prescription/use, and microbiology reports, would have enormous po-
tential for clinical research. Infectious disease physicians and orthopaedic 
surgeons work together in multidisciplinary teams to offer the best care to 
PJI patients. A new joint (!) registry should preferably be designed to sup-
port clinical decision making during the course of treatment, by enabling 
visualization of the often complicated course of the multiple procedures per-
formed, the multiple cultures obtained, and the different antibiotics pre-
scribed (like the successful HIV and hepatitis registries in Sweden).  

If patients at higher risk for MDRSE PJIs could be characterised, the next 
step would be to investigate colonization with MDRSE within this group. 
As outlined in the previous chapter, a promising sequencing-based method 
(the Epidome) has been developed with the potential to describe changes in 
the relative and absolute abundance of different lineages of S. epidermidis 
during a time-course. 

 Briefly, Epidome uses two primers to amplify the genes yycH and g216, 
and the amplicons are then sequenced using short-read technology. This 
could enable a high enough discriminatory capacity to study differences in 
pre-admission S. epidermidis communities between patients at presumed 
higher risk for MDRSE and other TJA patients, and to study how S. 
epidermidis communities may change during the course of hospitalization 
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for TJA. Furthermore, changes in S. epidermidis communities over time in 
relation to whether patients are admitted directly to the operating 
department or admitted the day before surgery, or between patients 
admitted to centres dedicated to planned procedures or to orthopaedic 
wards with both elective and acute surgery, could also be investigated.  

If patients are found to acquire S. epidermidis lineages not present in the 
pre-admission microbiome during hospitalization for TJA, studies 
investigating MDRSE colonization in health-care workers and on contact 
surfaces would be called for.  

Finally, to me, mecA represents the most promising factor to be used in 
a clinical setting to infer the probability of true infection in single positive 
cultures obtained during revision for presumed PJI or assumed aseptic 
loosening. It would be interesting to use data from a national registry as did 
Milandt et al. (137), to study whether patients with MRSE retrieved in 
single positive cultures (interpreted as contamination in the clinical context) 
are more likely to later be revised for infection than patients with MSSE. 
However, the performance of mecA as a predictor of true infection is likely 
to be affected by the patient’s previous exposure to healthcare, as the 
abundance of MRSE in the microbiome is likely to increase during 
hospitalization.  
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Populärvetenskaplig sammanfattning 
Risken att drabbas av en ledprotesinfektion är liten (ca 1%), men eftersom 
det totala antalet patienter som får en ny protesled ökar år från år, ökar 
också antalet patienter som drabbas av en ledprotesinfektion. Dessa 
patienter behöver ofta genomgå förnyad operation där hela eller delar av 
ledprotesen byts ut, och behandlas med en kombination av olika 
antibiotikasorter under en längre tid. Det funktionella utfallet efter en 
ledprotesinfektion kan bli bra, men det finns också en risk för kvarstående 
försämrad rörelseförmåga och smärta. Förebyggande arbete för att 
förhindra att patienter drabbas av en infektion efter en ledprotesoperation 
är därför viktigt. En betydande andel av alla infektioner i höft- och 
knäprotesleder orsakas av Staphylococcus epidermidis bakterier.  

Staphylococcus epidermidis (förkortas S. epidermidis) är vanligt före-
kommande på vår hud och våra slemhinnor, vilket vi har nytta av då S. 
epidermidis tex deltar i kroppens försvar mot mer aggressiva bakterier, sam-
spelar med vårt immunförsvar i reglering av inflammation och tom har as-
socierats med lägre risk för en form av hudcancer. S. epidermidis är bakte-
rier som i regel inte orsakar sjukdom hos friska, men som kan orsaka in-
fektioner i anslutning till kroppsfrämmande material som tex katetrar, me-
kaniska hjärtklaffar eller ledproteser, och hos individer med nedsatt immun-
försvar, tex efter cellgiftsbehandling.  

Inom arten S. epidermidis kan man genetiskt särskilja olika linjer 
(”lineages”), sekvenstyper (ST), och stammar. Den genetiska variationen 
hos S. epidermidis i normalfloran är stor; flera olika stammar återfinns 
samtidigt på ett litet hudområde, olika stammar förekommer i olika 
omfattning på olika kroppsdelar, och i olika omfattning mellan individer, 
och länder. Variationen i genetisk likhet hos S. epidermidis som orsakar 
infektioner är däremot mindre, och det har tidigare visats att 
ledprotesinfektioner huvudsakligen orsakas av tre sekvenstyper; ST2, ST5 
och ST215.   

I studie I undersökte vi om sekvenstyper av S. epidermidis som är vanligt 
förekommande i ledprotesinfektioner återfinns i luften på operationssalen 
under ledproteskirurgi. Med hjälp av en speciell apparat samlade vi in luft 
och isolerade bakterier som fanns i luften. Under mer än hälften av alla 
operationer återfanns S. epidermidis i luften, men dessa utgjordes inte av de 
sekvenstyper som är vanliga vid ledprotesinfektion. Det antibiotika som 
patienter får för att förhindra infektion (profylax) vid ledprotesoperation 
var effektivt mot nästan alla S. epidermidis som återfanns i luften.  
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I luften i operationsområdet identifierade vi en annan, betydligt mer 
ovanlig, stafylokockart – Staphylococcus pettenkoferi. I studie II karaktäri-
serade vi S. pettenkoferi bakterier som återfanns i luften i studie I och S. 
pettenkoferi bakterier från blododlingar, genom att kartlägga den genetiska 
koden i de olika stammarnas kromosom (bakterier har en enda cirkulär 
kromosom). Med denna metod (helgenomsekvensering, på engelska whole-
genome sequencing, WGS) visade vi att S. pettenkoferi av olika ursprung 
var nära besläktade, men utgjordes av två större delvis skilda grupper av 
isolat. Senare analys antyder att en av dessa grupper kan utgöras av en an-
nan, hittills inte officiellt erkänd, stafylokockart. 

I det tredje delarbetet använde vi WGS för att karaktärisera S. epider-
midis från höft- och knäledprotesinfektioner, och jämföra dessa med S. epi-
dermidis som vi identifierat i näsprov från patienter som skulle genomgå 
ledproteskirurgi. Vi såg att isolat från ledprotesinfektioner huvudsakligen 
tillhörde fyra olika linjer, medan isolat från näsprov var betydligt mer 
heterogena. Genetiska drag (“traits”, inkluderar gener, kortare DNA-se-
kvenser och punktmutationer) som är kopplade till motståndskraft (re-
sistens) mot antibiotika och nedsatt känslighet för klorhexidin (vilket an-
vänds för helkroppstvätt inför ledprotesoperation för att minska mängden 
bakterier på huden) var vanligare hos S. epidermidis från ledprotesinfekt-
ioner än från S. epidermidis från näsprov. Ingen annan gemensam faktor 
som förklarar ökad sjukdomsframkallande förmåga (virulens) hos S. epi-
dermidis som orsakar ledprotesinfektion kunde identifieras, och vår tolk-
ning av resultaten är att de flesta (kanske rent av alla) S. epidermidis sano-
likt har förmågan att orsaka infektion i anslutning till en ledprotes.  

I det sista delarbetet undersökte vi om de linjer av S. epidermidis som var 
överrepresenterade bland isolat från ledprotesinfektioner i studie III åter-
finns i normalfloran hos patienter som ska genomgå ledproteskirurgi. Vi 
odlade prov från näsöppning, ljumske och knä/höft på agarplattor som 
främjar bakterier som är motståndskraftiga (resistenta) mot antibiotika. Vi 
visade att uppemot hälften av alla patienter bär på S. epidermidis bakterier 
som är motståndskraftiga mot det antibiotika som används för att före-
bygga ledprotesinfektion, och att en andel av dessa patienter bär på linjer 
av S. epidermidis som är överrepresenterade i ledprotesinfektioner.  

Sammanfattningsvis kan överrepresentation av vissa linjer av S. epider-
midis i ledprotesinfektioner förklaras av att dessa linjer har förvärvat mot-
ståndskraft mot det antibiotika som används som profylax, och mot klor-
hexidin som används för att minska mängden bakterier på huden inför ki-
rurgi. Framtida studier behövs för att undersöka om patienter som bär på 
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S. epidermidis som är motståndskraftiga mot antibiotika löper ökad risk att 
drabbas av ledprotesinfektion med S. epidermidis, samt om/hur normalflo-
ran förändras under sjukhusvistelse i samband med ledprotesoperation, och 
om S. epidermidis som är motståndskraftiga mot antibiotika riskerar att 
överföras till patienter från sjukhusmiljön under vårdtiden.  
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