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Abstract 

Device-related infection is a major complication of orthopaedic surgery and treatment can be 

complex and costly, requiring both antibiotic administration and surgery. Due to its ubiquity on 

the human skin Staphylococcus epidermidis is a common cause of orthopaedic device-related 

infection (ODRI). Confusingly, for the same reason, S. epidermidis is also a common contaminant 

of microbiological specimens and cultures. The culture of indistinguishable isolates from 

multiple specimens of peri-prosthetic tissue or fluid is a diagnostic indicator of ODRI. However, 

determining the relatedness of S. epidermidis isolates is difficult using conventional 

microbiological methods. Whole-genome sequencing provides a definitive measure of the 

relatedness of bacterial isolates and has the potential to be used to discriminate between S. 

epidermidis ODRI and contamination. Furthermore, the same assay allows detection of genetic 

elements associated with antimicrobial resistance and can be used to guide antibiotic therapy. 

This thesis aims to enhance our understanding of S. epidermidis diversity and provide the basis 

for a tool that can aid ODRI diagnosis and clinical management. This thesis is comprised of three 

chapters studying the genomics of S. epidermidis relating to population structure, the 

population dynamics of infection and antimicrobial resistance. The first study characterises the 

population structure of 192 colonies of S. epidermidis isolated from carriage sites of five healthy 

individuals. Multi-locus sequence typing was performed and compared with the genomic 

method of pairwise distance measurements. Pairwise distance measurements between 

colonies of different sequence types and from different individuals were used to define 

subtypes. The phylogeny of all isolates was established using ClonalFrameML and compared 

with sequence type and subtype data. A threshold of 100 single nucleotide variants (SNVs) was 

determined as a predictor of relatedness with a positive predictive value of 95%. Finally, the 

application of MLST, maximum-likelihood method, and subtyping were compared to 

characterise the population structure of the isolates.   

The second study applied pairwise distance measurements to discriminate between 325 

clinically defined infecting and contaminating isolates of S. epidermidis from peri-prosthetic 

specimen cultures. Haplotrees were then constructed to visualise the population structure of S. 

epidermidis associated with ODRI and specimen contamination. This study showed that 

population structures of S. epidermidis ODRI and S. epidermidis contaminating strains differ in 

ways that can be measured and visualised. 

The third study genes and mutations associated with resistance to 13 antimicrobials were 

compiled into FASTA files. The FASTA files were used with the Basic Local Alignment Search Tool 
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to interrogate the genomes of 87 isolates of S. epidermidis.Results were compared with 

conventional antimicrobial susceptibility testing methods. Discordant results were further 

investigated with minimum inhibitory concentration testing, biochemical testing and 

interrogation of resistance genes. The genotyping methods yielded a sensitivity of 100% and 

specificity of 98% in correlating with the phenotypic methods.  

These three studies demonstrate that whole-genome sequencing (WGS) can be used to 

enhance our understanding of bacterial populations in normal human carriage, infection and 

contamination. The methods used could be developed to provide a tool to aid diagnosis of S. 

epidermidis infections whilst also giving accurate information regarding the antimicrobial 

resistance of clinically important isolates. 
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1.1 Staphylococcus epidermidis 

1.1.1 Taxonomic History 

In 1882 Sir Alexander Ogston introduced the term “Staphylococcus” for grape-like clusters of 

bacteria associated with post-surgical infection (1). Friedrich Rosenbach adopted the name 

when in 1884 he described “Staphylococcus pyogenes aureus” and “Staphylococcus pyogenes 

albus” (2).  Both forms, which differed in their golden or white colonial pigmentation, were 

considered by the early authors to be bona fide pathogens. In 1891, Welch reported the 

recovery of apparently non-pathogenic strains from the epidermis and from aseptic wounds, 

which he called “Staphylococcus epidermidis albus”(3). The married couple Charles and Anne 

Winslow, in 1908, applied the basonym (the earliest validly published name of the taxon) 

“Albococcus epidermidis” to: 

“A parasitic coccus living normally on the surface of the animal body. Occurs singly 

or in pairs, or irregular groups. Generally stains by Gram. Good to abundant, white 

surface growth. Moderate acid production in lactose, maltose, and glycerin media. 

Nitrates and neutral red reduced. Gelatin liquefied, somewhat slowly. Mannite not 

fermented”(4). 

Alice Evans later transferred the species to the Staphylococcus genus to give the name 

Staphylococcus epidermidis (4). In 1940, Fairbrother recommended using coagulase production 

as a more reliable criterion than pigmentation for separating Staphylococcus aureus from other 

staphylococci (5) and in 1968 the lack of coagulase was used as a means of identifying the 

neotype (a new specimen designated as the type strain of a previously described species) strain 

American Type Culture Collection strain 14990 of S. epidermidis (4). However, until the 1970s, 

the names “S. albus” and S. epidermidis were applied generally to the coagulase-negative 

staphylococci (CoNS) (6), after which, important work by Karl Schleifer and Wesley Kloos 

characterized novel species, expanded the genus and more accurately delineated S. epidermidis 

from other taxa (7–9). More recently, morphological, physiological and biochemical arrays to 

describe and differentiate species of staphylococci have been succeeded by molecular methods 

which have helped better characterize the phylogeny and re-classify members to different 

genera, but S. epidermidis still remains an important member of the genus Staphylococcus.  
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1.1.2 Clinical Significance 

S. epidermidis is ubiquitous amongst humans (10). It colonises the superficial mucosa and skin 

as a dominant part of the human normal flora (10).S. epidermidis can inhibit colonisation by the 

more pathogenic S. aureus by producing the serine protease Esp which can destroy S. aureus 

biofilms and inhibit its production (11). The introduction of Esp-producing S. epidermidis to the 

nasal cavity of volunteers carrying  S. aureus resulted in the elimination of S. aureus colonisation 

(11). Although long regarded as primarily a commensal with little pathogenic potential, S. 

epidermidis and other CoNS are the microorganisms most commonly encountered in diagnostic 

microbiology laboratories (12). The ubiquity of S. epidermidis means that despite rigorous 

aseptic technique, a specimen can easily become contaminated by the normal flora of the 

clinical staff or the patient. Similarly, once at the microbiology laboratory, a specimen or culture 

may be accidentally contaminated during manipulation. 

 

1.1.2.1 Emergence as a nosocomial pathogen 

In 1958 Smith et al. found that between 1936 and 1955 5/338 (1.48%) cases of staphylococcal 

bacteraemia reported at their hospital were caused by “S. albus” and that approximately 1% of 

cases of subacute bacterial endocarditis (SBE) were caused by this organism (13). A few years 

later Brandt et al. drew attention to the increasing incidence of subacute bacterial endocarditis 

culturing “S. albus” (14).  Increasingly common surgery involving the heart and great vessels was 

recognised as a factor associated with increasing numbers of staphylococcal SBE (14). By 1975 

CoNS (including S. epidermidis) were associated with pyogenic, urinary-tract and prosthetic 

material infections (9). Kloos and Schleifer recognised their increasing importance and 

developed a simplified array to identify the ten staphylococcal species commonly isolated in 

routine medical microbiology (9). Freeman et al. (1987) observed a five-fold increase in CoNS-

associated bacteraemia in a neonatal intensive care unit between 1975 and 1982 and felt this 

was not the result of an epidemic but an increase in the reporting of CoNS as a significant isolate 

(15). Between 1980 and 1989 the National Nosocomial Infections Study reported 70 – 297% 

increases in nosocomial bloodstream infection (BSI) mainly associated with S. epidermidis and 

other CoNS (16). In 2004 a survey of 24179 cases of nosocomial BSI implicated CoNS in the 

majority (31%) of cases  (17). Multiple studies have found S. epidermidis to be the most common 

CoNS associated with BSI. (18–22). The increased range and use of implanted devices in medical 

practice has led to the increased incidence of CoNS and S. epidermidis infections. Inter-related 

to this is a change in patient demographics. The number of vulnerable hospital in-patients has 

increased both younger (e.g. premature neonates) and older, with more co-morbidities, chronic 
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illnesses, immunocompromisation, implanted medical devices and long-term hospital stays 

(23,24). 

 

1.1.2.2 Infection types 

Across many European Union (EU) and European Economic Area (EEA) countries CoNS are one 

of the leading causes of surgical-site infections and bloodstream infections (Table 1.1) (25). 

Within the CoNS, S. epidermidis is the most common organism associated with nosocomial and 

device-related infection (16,23) including bloodstream infection, prosthetic joint infection and 

continuous ambulatory peritoneal dialysis-related peritonitis (Table 1.2) Bloodstream infections 

are often catheter-related (26) with twice as many associated with central (CVC) as peripheral 

venous catheters (PVC) (17). Catheter-related bloodstream infections may arise at the 

percutaneous entry site with subsequent organism migration along the extraluminal catheter 

surface to the bloodstream (27,28). More rarely, they may result from infusate contamination 

or haematogenous seeding from other foci (27). S. epidermidis-associated BSI has been 

reported to complicate 4–5/1000 CVC insertions in the US (29). Short-term central venous 

catheters are at greater risk of infection per insertion days (27).  Other risk factors include 

severity of underlying illness, granulocytopenia, integrity of the skin, presence of distant 

infection and catheter type (27). Clinical management usually includes catheter removal and 

antimicrobial therapy (27,28). S. epidermidis is the second most common cause of prosthetic 

heart valve infections accounting for around 13% of cases (the most common being S. aureus) 

(29). Prosthetic heart valve and pacemaker infections may result from accidental inoculation at 

the time of implantation or by haematogenous seeding (30). S. epidermidis accounts for 85% of 

CoNS-related native valve endocarditis which can have mortality rates similar to S. aureus (31). 

The next most common species is Staphylococcus hominis at 6% (31). CoNS are the most 

common cause of cerebrospinal shunt infections (48 – 67%) and of these S. epidermidis is the 

most common causal species (6). S. epidermidis is also a leading cause of neonatal bacteraemia 

where an immature immune system, the use of intravenous and umbilical catheters, and the 

presence of endemic hospital-adapted strains are risk factors (23,30,32–34). S. epidermidis and 

other CoNS have also been associated with infections of coronary stents, vascular grafts, 

intraocular lenses, breast implants, and continuous ambulatory peritoneal dialysis  and urinary 

catheters (12,16,23,30,35). Other native tissue infections include osteomyelitis, otitis media, 

ocular infections and surgical-site infections (16,36–38). Moreover S. epidermidis is a major 

cause of orthopaedic device-related infections which will be discussed in detail below.  
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1.1.2.3 S. epidermidis Orthopaedic Device-Related Infection 

Staphylococci are the most common organisms associated with prosthetic joint infection, 

accounting for over half of cases (25,39–42). Of these, S. epidermidis and S. aureus are the most 

common species (42–44). Whilst S. epidermidis and other CoNS produce less virulence factors 

than S. aureus they are still important pathogens associated with arthroplasty failure and high 

healthcare costs (40,45,46). Multidrug resistance and the ability to form biofilms can make S. 

epidermidis difficult to treat. Hellmark et al. (2009) found that of 33 strains isolated from PJI, 

91% were resistant to more than three classes of antibiotics (47). Methicillin-resistant S. 

epidermidis is the most common coagulase-negative staphylococcus isolated from joint 

replacements (43,48) 
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Coronary artery 

bypass graft 
Hip prosthesis 

surgery 
Knee prosthesis 

surgery 
Laminectomy 

ICU-acquired bloodstream 
infection* 

Microorganism n=269 n=1409 n=581 n=136 n=8659 

Coagulase-negative staphylococci 26.4 18.9 17.6 15.4 20.5 

Staphylococcus aureus 16.4 31.9 38.7 38.2 8.7 

Klebsiella spp. 6.7 2.3 2.4 2.9 14.1 

Enterococcus spp. 3.7 7.7 7.1 3.7 12.4 

Pseudomonas aeruginosa 6.7 3.6 1.9 6.6 11.1 

Escherichia coli 5.2 6.9 4.6 5.1 9.7 

Enterobacter spp. 5.6 3 2.4 1.5 8.5 

Candida spp. 2.2 0.5 0 2.2 8 

Acinetobacter spp. 1.1 0.4 0 0 3.6 

Serratia spp. 3.7 1.5 1.5 0.7 3.3 

Other 22.3 23.3 23.8 23.7 0.1 

Table 1.1. Percentage of microorganisms identified from coronary artery bypass graft, hip prosthesis surgery, knee prosthesis surgery and laminectomy surgical sites 

from 10 EU/EEA countries in 2017, and from ICU-acquired bloodstream infection from 10 EU/EEA countries in 2016. *Data from 626 isolates from Germany refer only 

to primary bloodstream infections (25,39). 
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Table 1.2. Percentage of CoNS species isolated from clinical samples 1983 – 2015 (Adapted from Piette et al. 2009 & Becker et al. 2014). CS = Clinical specimen, BSI = 

Bloodstream infection, BJI = Bone & joint infection, PJI = Prosthetic joint infection, CRBI = Catheter-related bloodstream infection, CAPD = Continuous ambulatory 

peritoneal dialysis.

Country USA USA Denmark Japan Brazil Greece Spain France India Italy India Germany Turkey India S. Korea USA  

Study 
Gill et 
al, 1983 
(49) 

Kleema
n et al, 
1993 
(50) 

Jarlov et 
al, 1996 
(18) 

Kawamura 
et al, 1998 
(51) 

del 
Alamo et 
al, 1999 
(19) 

Petinaki 
et al, 
2001 
(52) 

Cuevas 
et al, 
2004 
(53) 

Sivadon 
et al, 
2005 
(54) 

Singhal 
et al, 
2006  
(55) 

Arciola 
et al, 
2006 
(56) 

Chaudhury 
et al, 2006 
(57) 

Gatermann 
et al, 2007 
(20) 

Koksal 
et al, 
2009 
(21) 

Jain et al, 
2011 (22) 

Shin et al, 
2011 (58) 

Roach 
et al, 
2015 
(59) 

 

Specimen CS CS BSI CS BSI CS CS BJI CS PJI(55) CS CRBI, BSI BSI CRBI 
CAPD 
Peritonitis 

CS  

No. of Isolates 678 499 499 944 239 450 369 212 83 601 167 494 200 98 51 208 
Mean
% 

S. epidermidis 75 65 58 41 50 50 56 71 34 68 13 67 44 24 67 86 54.3 

S. haemolyticus 7 13 9 15 10 15 5 2 13 7 72 12 12 37 12 11 15.8 

S. hominis 5 7 12 5 12 11 18 4 2 8 6 9 9 3     6.9 

S. capitis 2 4   5   4 3 6 10 5 1 1 8 12 4   4.1 

S. warneri 3 4 2 3   4 4 7 1 5 1 2 4   8 2 3.1 

S. lugdunensis   3   2   2   3 13 1 1 3 9       2.3 

S. xylosus           4     6     1 5 13     1.8 

S. caprae       14       2   1   1     6   1.5 

S. saprophyticus 1 1 1 5   6 5           3     1 1.4 

S. simulans 1 2   6   2 1 1     2 1 2 1     1.2 

S. cohnii   1 1   6 1       3   1   8     1.3 

S. schleiferi                 12     1         0.8 

S. pasteuri               2             2   0.3 

S. auricularis                         1       0.1 

Not determined 6   17 4 22 1 8 2 9 2 4 1 3 2 1   5.1 
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1.1.2.4 Specimen contamination 

Contamination of microbiological cultures can hinder successful diagnosis and treatment of 

infectious diseases. A contaminant may be mistaken as the cause of an aseptic disease resulting 

in inappropriate treatment. The presence of contaminants may also mask the presence of the 

true infecting pathogen which again could result in the administration of ineffectual antibiotics. 

The determination of whether a cultured organism is a contaminant or true cause of infection 

can be subjective yielded different diagnoses according to different laboratory staff and 

clinicians. Uncertainty of the significance of a cultured organism can also result in the 

unnecessary administration of antibiotics or, worse still, appropriate antibiotics not being 

administered to a true infection.  

Measures, such as aseptic technique, the use of sterile disposable gloves and laminar flow 

cabinets are employed to prevent the contamination of liquid and agar cultures of diagnostic 

microbiological specimens. Surgically derived specimens from normally non-sterile sites may 

become contaminated with skin flora which can be mistaken for an infection by opportunistic 

pathogens. Sampling for prosthetic joint infection should be performed using a different set of 

sterile instruments for each specimen and transported to the laboratory in individual sterile 

containers (60,61). Whilst periprosthetic tissue is the standard specimen taken for 

intraoperative culture in the diagnosis of PJI the prosthesis itself would also be a useful 

specimen to culture, especially for the detection of a biofilm (62). However, handling the device 

can more often be associated with contamination than tissue samples which are smaller and 

more easy to manipulate in aseptic conditions (62).  

While S. epidermidis and other CoNS may act as true pathogens, they are most frequently 

associated with contamination (63,64). Up to 82% of CoNS cultured from blood have been 

recorded as contaminants (64,65). Determining the clinical significance of CoNS isolated from 

normally sterile specimens is challenging and has important clinical consequences. Bates et al. 

(1991) found that, compared with negative blood culture results, false-positive results were 

associated with a median increase in hospital stay of 8 - 12.5 bed-days and median increased 

healthcare costs of over 33% (66).  Souvenier et al. (1998) observed that in 59 cases of CoNS 

blood culture contaminations, 24 (41%) patients were unnecessarily administered antimicrobial 

therapy, with vancomycin being administered in 20 (34%) of the cases (64). 
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1.1.2.5 Determining the significance of S. epidermidis isolates 

Given the potential for S. epidermidis to contaminate diagnostic samples, determining the 

clinical significance of isolates identified in the diagnostic laboratory requires careful correlation 

of laboratory and clinical data. For both bloodstream and prosthetic joint infection, diagnostic 

definitions have been proposed. For example, isolation  of indistinguishable organisms from 

multiple cultures, time-to-positivity of culture and properties such as biofilm formation have 

been assessed as methods for laboratory-based diagnosis of bloodstream infection (63,64,67–

75). For the diagnosis of prosthetic joint infection at hip or knee revision arthroplasty, Atkins et 

al (1998) demonstrated that detection of indistinguishable organisms from three or more 

operative samples was predictive of infection with a sensitivity of 65% and a specificity of 99.6% 

(61). More recently, the Musculoskeletal Infection Society (MSIS) published updated criteria for 

determining prosthetic joint infection based on clinical, biochemical, histological and 

microbiological observations in which two positive cultures of the same organism is considered 

a “major” factor in the determination of infection being present (76). Neither Atkins et al. in 

1998 nor the MSIS in 2018 both regard the isolation of the same organism from multiple 

specimens at the site of the prosthesis as an indicator of PJI (61,76). However, neither expand 

on what is meant by “the same” or “indistinguishable”. In practice, defining “indistinguishable” 

often relies on the methods to hand. Molecular methods can provide high resolution at 

determining relatedness of isolates; however, these are not always practical for use in routine 

diagnostic laboratories where determining relatedness is more often based on easily observable 

phenotypes which can be less accurate. Determining the relatedness of isolates of S. epidermidis 

is discussed in more depth in Section 1.1.5.2 Discrimination of S. epidermidis strains.   

 

1.1.3 Virulence 

S. epidermidis lacks the array of virulence factors harboured by S. aureus. The pathogenicity of 

S. epidermidis is usually associated with its ability to adhere to and colonise the polymeric 

materials of indwelling medical devices and then to protect itself from the host immune system 

and antimicrobial compounds (23,77). Most of these cellular factors are also associated with 

the commensal colonisation of the skin and external mucosa (Figure 1.1) and are not exclusively 

involved in human disease. Notwithstanding, several pathogenic toxins have been identified. 
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1.1.3.1 Toxins 

Genomic analysis of the ATCC (American Type Culture Collection) 12228 reference strain found 

genes encoding δ-haemolysin and β-haemolysin to be the only toxin-producing genes present 

in this non-biofilm-forming-strain (78). Another bona fide virulence factor of S. epidermidis is 

the family of pro-inflammatory Phenol Soluble Modulins (PSM)s (79,80). PSMs are 22 to 44 

amino acid peptides with a leucocyte cytolytic and cytokine-inducing ability (79,80). Although 

they have a role in the commensal lifestyle of staphylococci they are also associated with 

aggressive S. aureus infections and have been demonstrated to have a role in biofilm 

detachment and toxin mediated sepsis in S. epidermidis (78,81,82). Whilst most PSMs are 

encoded in the core genome,  PSM-mec is encoded in the Staphylococcal Chromosome Cassette 

SCCmec which also harbours the methicillin-resistance conferring mec gene (83).  

 

1.1.3.2 Biofilm formation 

Biofilm-forming pathogens can cause devastating chronic infections in compromised individuals 

(84) Biofilm-enclosed bacteria are protected from antimicrobial therapy and the immune 

system in a way their planktonic counterparts are not (85). This can result in persistent or 

recurring disease requiring significant effort to treat or manage (85). Donlan and Costerton have 

defined biofilms as: 

“a microbially derived sessile community characterized by cells that are irreversibly 

attached to a substratum or interface or to each other, are embedded in a matrix of 

extracellular polymeric substances that they have produced, and exhibit an altered 

phenotype with respect to growth rate and gene transcription” (86). 

During biofilm formation, initial attachment may involve non-specific, reversible binding to the 

device surface induced by van der Waals forces, electrostatic and hydrophobic interactions 

(23,30).  The autolysin AtlE is thought to play an important role in this form of attachment with 

AtlE-deficient mutants showing impaired attachment (23,77). Initial attachment may also 

involve binding to the host matrix proteins fibrin, fibrinogen, fibronectin, vitronectin 

thrombospondin, collagen and von Willebrand factor that surround medical devices following 

implantation (23,87). This form of initial attachment is mediated by the microbial surface 

components recognizing adhesive matrix molecule (MSCRAMM) fibrinogen-binding protein Fbe 

(88,89). AtlE and the S. epidermidis cell surface protein SesC are also involved in this process 

(89). Attachment is followed by the accumulation into multi-layered cell clusters and is 

mediated by the Polysaccharide Intercellular Adhesin (PIA), known as poly-N-acetyl-
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glucosamine (PNAG) in S. aureus (90). The role of PIA in the virulence of S. epidermidis is still 

unclear (90). PIA is a component of the exopolysaccharide matrix that surrounds the bacterial 

cell surface to protect against phagocytosis and killing by polymorphonuclear leucocytes (91). 

Deficient phagocytosis is thought to reduce the generation of an NF-kB mediated inflammatory 

response of the innate immune system (83)This matrix also retains nutrients and significantly 

reduces the penetration of vancomycin, oxacillin and cefotaxime (92). However, PIA production 

does not confer full impermeability to antibiotics which has been demonstrated by correlation 

between specific biofilm assays and standard disc diffusion methods, and observed penetration 

of fluorescent-tagged daptomycin (92). The accumulation-associated protein Aap was identified 

as mediating PIA-independent biofilm formation in clinical isolates of S. epidermidis (93). Aap 

prevents phagocytosis of PIA-independent biofilms (94) In S. epidermidis the Bap-homologous 

protein Bhp (also known as SesD) is a homologue of the biofilm-associated protein Bap in S. 

aureus and is thought to have a role in both attachment and accumulation of cells during biofilm 

formation but is not present in all strains (38,79,89,93). The mature biofilm is a multi-cellular 

agglomeration surrounded by a matrix of intercellular factors such as PIA, Aap, Bhp and 

extracellular (e)DNA (89). Similarities between the structure and metabolism of biofilms and 

tissues have been described in that different regions of biofilms exhibit different patterns of 

gene expression and contain channels which nutrients can circulate (84). Sections of mature 

biofilm may detach from the main body via a process mediated by the agr (accessory gene 

regulator) quorum-sensing system (29). In S. aureus agr down-regulates cell-surface proteins 

and up-regulates exoproteins (45). Detachment is also mediated by the production of PSMs 

which are also involved in the switch from quiescent to metabolically active modes (82). Biofilm 

detachment can result in transient bacteraemia and haematogenous seeding to other sites in 

the body including the heart. 
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Figure 1.1. Bacterial factors associated with virulence and colonisation of S. epidermidis. Adapted from Otto. (2009) (95). 
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1.1.3.3 Genotypic determination of virulence 

Many researchers have used gene-association studies to investigate determinants of 

nosocomial infection and hospital persistence (96–102). Table 1.3 summarises the main studies 

describing the distribution of virulence genes in nosocomial and commensal strains of S. 

epidermidis.  

IS256 

Insertion sequence IS256 is thought to play a role in heterogeneous gene expression by 

reversible transposition into biofilm-associated genes (10,103) such as inducing reversible 

inactivation of the icaADCB operon (104). Multiple copies of IS256 can be present in the S. 

epidermidis genome which has the ability to influence antimicrobial resistance gene expression 

(10,103).  Gu et al. (2005)  and Conlan et al. (2012) independently found IS256 more commonly 

in S. epidermidis isolates of a clinical origin than commensal strains (99,103). However Rohde et 

al. (2004) found that IS256 was found more commonly in commensal isolates from bone 

marrow transplant (BMT) patients than from invasive isolates from BMT patients suggesting the 

presence of IS256 might be more indicative of nosocomiality than invasiveness (105). 

icaADBC 

The icaADBC operon encodes enzymes responsible for the formation of Polysaccharide 

Intracellular Adhesin (90). The production of PIA is has been identified as an important 

mechanism of biofilm accumulation following primary attachment to biosynthetic materials 

(90). However, clinically significant strains of S. epidermidis lacking PIA have been isolated and 

the accumulation-associated protein can act as a functional substitute (90). The icaR 

transcriptional regulator   can repress transcription of the icaADBC operon in response 

to environmental conditions (104). A study by Frebourg and colleagues (2000) showed a higher 

presence of the ica operon in isolates from blood cultures and intravascular devices than in 

contaminating or colonising isolates (98). Moreover, again Gu et al. (2005) and Conlan et al. 

(2012) found icaA more commonly in S. epidermidis isolates of a clinical origin than commensal 

strains (99,103). However, the usefulness of the icaA gene as a marker of invasiveness has been 

challenged by Rohde et al. (2004) due to its higher presence amongst commensal isolates from 

BMT patients than clinical isolates from BMT patients (105).   

bhp 

The presence of the (Bap homologue protein) bhp gene has been associated with poor patient 

outcome of S. epidermidis orthopaedic device-related infection (100). The gene encodes a cell 

wall-associated biofilm protein that is thought to mediate PIA-independent intercellular 
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accumulation (100,106). It is homologous to the biofilm-associated protein (bap) gene in S. 

aureus (93). In S. aureus the bap gene encodes a 2276 amino acid cell-wall associated protein 

(107). All isolates of staphylococcus harbouring the bap gene are strong biofilm producers 

(77,107). Bap-positive isolates of S. aureus have an increased ability to colonise and persist in 

bovine mammary glands and, when in biofilms, are less susceptible to antibiotics (108) There is 

evidence of horizontal gene transfer, via the mobile pathogenicity island SaPIbov2, of the bap 

gene amongst S. aureus associated with chronic bovine mastitis (108). Biofilm-associated 

protein homologues have also been found in Staphylococcus chromogenes, Staphylococcus 

xylosus, Staphylococcus simulans and Staphylococcus hyicus as well as Enterococcus faecalis, 

Burkholderia cepacia, Pseudomonas putida and Salmonella typhimurium suggesting an 

extensive role in biofilm formation (77,108). In S. epidermidis he bhp gene has been found more 

commonly in nosocomial isolates than in healthy carriage isolates though without much 

difference between infecting and contaminating isolates (109).   

aap 

Expression of the 220 kDa accumulation-associated protein (Aap) as a truncated 140 kDa 

isoform is thought to the be the most important mechanism for PIA-independent biofilm 

formation in S. epidermidis (77,94). Expression of the full 220 kDa gene does not lead to PIA-

independent biofilm formation suggesting the necessity of proteolytic cleavage (94). The aap 

gene mediates primary adhesion or biofilm accumulation or both and produces a different 

biofilm substructure than the ica operon encoded PIA (110). Two studies independently found 

the aap gene more frequently in carriage than in infecting isolates (109,111) and another study 

found the difference in frequency statistically insignificant (105), however the aap gene has also 

been associated with poor patient outcome of S. epidermidis ODRI (100). 

agr 

The staphylococcal accessory gene regulator locus (agr) is a quorum-sensing system that 

expresses cell-surface proteins for tissue colonisation during times of low cell density (88). 

When cell density increases, agr activation stops the production of surface proteins and induces 

the production of extracellular degradative exoenzymes (88).  Autoregulatory feedback of the 

agr quorum-sensing system is mediated by a pheromone peptide when it binds to AgrC, a 

membrane-bound protein component of the system (112). The agr system comprises the genes 

agrA, agrB, agrC and agrD which are co-transcribed (RNA II) (111,112). In S. epidermidis three 

allelic groups of the agr system I, II and III which inhibit the activity of each other and the agr-

systems of other staphylococcal species (111,112). agr type I is the type most frequently 

observed in clinical isolates of S. epidermidis (29,45,100) and currently non-typable forms have 
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been found implying the existence of more than the three characterised so far (45). The agr 

locus also houses the hld gene which encodes the short, heat-labile δ-haemolysin toxin that has 

lytic activity against different types of membrane (78).The marked prevalence of agr amongst 

both clinically significant and commensal strains means determination of type may be the most 

useful approach to determine association with infection however a study by Post et al. (2017) 

found no statistical significance between agr type clinical outcome of S. epidermidis ODRI unless 

the infection was acute in nature (100).   

mecA 

The methicillin resistance-conferring mecA gene is carried in the staphylococcal chromosome 

cassette SCCmec (113). SCCmec elements are diverse in structural organisation and genetic 

content and there are at least 14 known types to date in staphylococci (114–116). SCCmec 

consists of the mec gene complex and the cassette chromosome recombinase (ccr) gene 

complex (114,117). The mec gene complex contains mecA, and its regulators and the ccr gene 

complex encode recombinases of the invertase/resolvase family that mediate integration and 

excision of the cassette in and out of the chromosome at the orfX locus (113,114,117,118). The 

mecA gene encodes penicillin-binding protein PBP2a, a transpeptidase enzyme that has a lower 

affinity for ß-lactam antibiotics than PBP2 (119). Multiple studies have found the mecA gene 

more frequently in hospital isolated strains than community commensals (45,98,109,120). 

However, the use of mecA is a virulence marker is questionable since it has been detected 

similarly frequently in in-patient and specimen contaminating isolates as those deemed 

clinically significant (96,109).  

ACME 

The arginine catabolic mobile element (ACME) is a genetically diverse genomic island believed 

to have transferred from another staphylococcal species to S. aureus (121–124). Similar to 

SCCmec, the ACME  integrate at the orfX locus of the staphylococcal chromosome (122,124). So 

far 5 types of ACME have been described in staphylococci all of which are present in S. 

epidermidis (124). Types vary according to the presence of arc, kdp and opp3A operons 

(122,124). The arc, opp3 and kdp operons encode an arginine deaminase pathway, ABC 

transporter and potassium transporter, and an oligopeptide permease ABC transporter 

respectively (122,124). In vivo rabbit bacteraemia and mouse gut colonisation assays have 

demonstrated that ACME confers a survival advantage (122). ACME type I aids the colonisation 

of mucosal and skin sites of S. aureus strain USA300 and it is believed ACME confers a similar 

advantage in S. epidermidis (121,123).  ACME is largely less frequently observed in clinical 

isolates than contaminating or commensal isolates (109,120,125). However, its ability to aid 
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survival and onwards transmission means this genetic element may play a role in the successful 

dissemination of other virulence factors in more virulent strains of S. epidermidis. 

fdh 

The formate dehydrogenase enzyme Fdh allows microorganisms to metabolise formate, a 

common substrate produced and consumed in various metabolic pathways in aerobic and 

anaerobic bacteria (126). Contrasting to genes associated with virulence, the formate-

dehydrogenase (fdh) gene has been assessed as a genetic marker of commensalism due its 

higher prevalence in non-infecting isolates than clinical isolates (99,109,127,128). However its 

use as a marker of specimen contamination has been questioned by Tolo et al. (2016) who found 

it more frequently in—non-hospital carriage strains than infecting or contaminating strains 

(109). 

Despite this wealth of data, none of the associations yet described between these various 

virulence determinants and disease are strong enough to inform decision making about the 

clinical significance of S. epidermidis isolated from individual patients (109). One recent 

genome-wide association study (GWAS) found virulence genes involved in adhesion and biofilm 

production were enriched in lineages associated with infection and that the isolates were better 

able to resist antibiotics and acidic pH values, adhere host matrix proteins such as collagen and 

survive in macrophages (129). However, a different GWAS could not associate virulence genes 

to PJI isolates with statistical significance but could detect genes and mutations conferring 

resistance to antimicrobials such as B-lactams, aminoglycosides and quinolones much more 

commonly in this group than contemporaneous nasal strains (130). 
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  Nosocomial Community 
  Infection Associated Contamination Carriage Carriage 

Genetic 
Element 

Study 
Tested  

(n) 
Positive 

(n) 
Positive 

(%) 
Tested 

(n) 
Positive 

(n) 
Positive 

(%) 
Tested 

(n) 
Positive 

(n) 
Positive 

(%) 
Tested 

(n) 
Positive 

(n) 
Positive 

(%) 

ica 

Tolo et al (109), Cherifi et al (120), 
Hellmark et al (45), Gu et al (103), 

Rohde et al (96), Frebourg et al (98), 
Conlan et al (99), Yao et al (131), de 

Silva et al (33) 

372 237 63.7 133 67 50.4 118 55 46.6 274 76 27.7 

IS256 
Tolo et al (109), Gu et al (103), Rohde 
et al (96), Conlan et al (99), Yao et al 

(131) 
183 108 59.0 55 33 60.0 47 28 59.6 201 13 6.5 

bhp Tolo et al (109), Rohde et al (96), 75 27 36.0 55 21 38.2 25 4 16.0 55 9 16.4 

aap 
Tolo et al (109), Rohde et al (96), Yao 

et al (131) 
158 119 75.3 55 36 65.5 25 23 92.0 99 70 70.7 

mecA 
Tolo et al (109), Cherifi et al (120), 

Rohde et al (96), Frebourg et al (98), 
Conlan et al (99) 

237 200 84.4 94 65 69.1 25 24 96.0 175 30 17.1 

ACME 
Tolo et al (109), Cherifi et al (120), 

Granslo et al (125) 
156 63 40.4 119 43 36.1    73 49 67.1 

agr1 Hellmark et al (45) 61 35 57.4       24 10 41.7 

agr2 Hellmark et al (45) 61 5 8.2       24 5 20.8 

agr3 Hellmark et al (45) 61 21 34.4       24 8 33.3 

agr* Hellmark et al (45)          24 1 4.2 

fdh Tolo et al (109), Conlan et al (99) 105 6 5.7 55 5 9.1    131 25 17.1 
 

Table 1.3. Major studies assessing distribution of genetic markers with the potential to differentiate pathogenic, nosocomial and community carriage isolates of S. epidermidis. 

*Non-typeable agr (45).



Page 32 of 232 
 

1.1.4 Antimicrobial Resistance 

Clinical isolates of S. epidermidis usually represent nosocomial strains which have adapted to 

the hospital environment. Nosocomial strains are usually resistant to multiple antimicrobials.  

Methicillin 

Of greatest clinical impact is resistance to methicillin, indicating resistance to essentially all beta-

lactam antibiotics. Up to 80% of S. epidermidis isolates from device-related infections are 

methicillin resistant (24). Methicillin-resistant S. epidermidis (MRSE) strains are associated with 

hospital settings commensally colonising patients and staff and contaminating clinical 

specimens (96,109,132,133). In addition to mecA, mecB, mecC and mecD have all been reported 

in staphylococci (134–136). Moreover, mec-negative methicillin resistance has been reported 

in S. epidermidis (78).  

Macrolides, lincosamides and streptogramin B 

Macrolides, lincosamides and streptogramin B (MLSB) are an important group of antibiotics for 

patients with a staphylococcal infection, especially those with allergy to beta-lactams. However 

MLSB resistance is common amongst clinical isolates of S. epidermidis (137–139). MLSB 

antibiotics target the bacterial 23S rRNA (140). Reduced affinity to 23S rRNA is mediated by 

plasmid-based ermA, ermB and ermC genes which encodes a methylase that causes the 

dimethylation of the adenine residue at position 2058 in 23S rRNA (140). The msrA gene 

encodes an ATP-dependant efflux pump that exports macrolides and streptogramin B (20,141). 

The macrolide phosphotransferase gene mphC is often found in association with the msrA gene 

(142,143). Benito et al. (2020) found the mphC gene more frequently in isolates of S. epidermidis 

from healthy individuals than from PJI or surgical field-related isolates (144). The healthy 

individual isolates represented a much greater number of STs suggesting that the plasmid-borne 

gene is widely disseminated (144). Less common is the lnuA-encoded lincosamide 

nucleotidyltransferase though the gene has still been found amongst nosocomial isolates 

(20,145,146).  

Aminoglycosides  

Aminoglycoside antibiotics bind to the 30S ribosomal subunit to inhibit protein synthesis with a 

bactericidal effect (147). Gentamicin and tobramycin are the most effective against 

staphylococci (147). Plasmid-borne aac(60)-Ie-aph(200)-Ia, ant(40)-Ia, and aph(30)-IIIa genes 

encode acetyltransferase (AAC), adenylyltransferase (ANT) and phosphotransferase (APH) 

enzymes in staphylococci (147,148) These enzymes alter aminoglycosides to reduce their ability 

to bind to the 30S ribosome subunit (141,147). Reported rates of aminoglycoside resistance 
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amongst clinical isolates of S. epidermidis have ranged from 56 – 71% (139,141,148). Rates are 

even higher if the isolate is also resistant to methicillin (139,148,149). 

Tetracyclines 

The tetracyclines (including tetracycline, doxycycline and minocycline) inhibit protein synthesis 

by blocking the association of aminoacyl- tRNA with the bacterial ribosome (150). The plasmid-

borne tetK gene encodes an efflux protein which confers high-level resistance to tetracyclines 

(151). The gene has been found in clinical isolates of S. epidermidis at rates ranging from 15 – 

98% (139,152,153). The tetM gene encodes a ribosomal protection protein to allow aminoacyl-

tRNA associating with the acceptor site of the ribosome in the presence of tetracyclines 

(150,154). Soroush et al. (2016) detected the tetM gene in 5/80 (6.3%) of MRSE isolated from 

children (153). 

Mupirocin 

The topical antimicrobial mupirocin works by inhibiting the protein synthesis function of 

isoleucyl-tRNA synthetase (155). Resistance to mupirocin is mediated by two mechanisms in 

staphylococci. Non-synonymous point mutations in the isoleucyl-tRNA synthetase (ileS) gene 

causes low-level resistance to mupirocin, with an MIC ranging from 8 – 256 mg/L (156,157). 

Presence of the plasmid-borne mupA gene (previously known as iles2) confers a high-level 

resistance (MIC >512 mg/L) (155,158). The demonstration of in vivo transfer of mupA from S. 

epidermidis to S. aureus resulting in high-level resistance (159) and the identification of a 

chromosomally located mupA conferring a low-level resistance to mupirocin (156) suggest 

location and copy number of the gene can be clinically important. 

Trimethoprim 

The dihydrofolate reductase (Dhfr) enzyme is present in all organisms (160). Whilst the dhfr 

(dfrB) gene shows marked sequence divergence across species and evolutionary time (billions 

of years) structural homology of the enzyme remains high (228,229). Dhfr catalyses the 

reduction of 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate, an essential step in purine and 

thymidylate synthesis (160,161). Trimethoprim binds to and selectively inhibits bacterial Dhfr 

over mammalian Dhfr (160,162). Resistance to trimethoprim in staphylococci can be mediated 

by the acquisition of alleles dfrA, dfrD, dfrG or dfrK by horizontal gene transfer (163,164). 

Acquired dhfr gene variants confer high-level resistance to trimethoprim (163). The dfrC gene 

present in S. epidermidis is homologous to the dfrA gene in S. aureus with only 2 synonymous 

mutations separating them (165). Dual amino substitutions in the chromosomally transcribed 

Dhfr protein confers a higher level of resistance than single amino acid substitutions in S. aureus 
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(166,167). Resistance-associated dfr genes were found in 16/24 (75%) PJI specimens associated 

with staphylococci and other species by metagenomic sequencing (168).      

Glycopeptides 

The glycopeptides vancomycin and teicoplanin work by binding to the peptidoglycan precursors 

N-acetylglucosamine and N-acetylmuramic acid to prevent the transglycosylation process of 

peptidoglycan synthesis (169). High-level vancomycin resistance is associated with acquisition 

of the vanA gene (170). Expression of the vanA gene changes the dipeptide terminus from D-

alanine-D-alanine to D-alanine-D-lactate to reduce the affinity of vancomycin a thousand fold 

(170). Transfer of the vanA gene from enterococci to staphylococci has been demonstrated as 

a feasible mode of acquisition and a public health concern (170,171). Glycopeptide resistance 

in staphylococci may also be in the form of heteroresistance (isogenic strains with different 

phenotypes observed amongst subpopulations) and/or reduced susceptibility (171,172). 

Exposure to vancomycin has been demonstrated to promote biofilm formation and cell wall 

thickening of S. epidermidis (173). Mutations in the RNA polymerase gene rpoB (also implicated 

in rifampicin resistance, see below), in particular H481Y and A621E, are associated with 

thickening of the S. epidermidis cell wall and reduced sensitivity to vancomycin (174). 35 point 

mutations identified at 31 loci were identified in a strain of S. aureus which showed in vivo 

evolution of vancomycin resistance with the MIC creeping from 1.0 mg/L to 8.0 mg/L) (175). In 

some strains resistance is inducible in vitro (171). The presence of biofilm has been 

demonstrated to reduce the penetration of vancomycin into S. epidermidis cells and therefore 

reduce its efficacy (92). S. epidermidis resistance or tolerance to glycopeptides is important as 

these antibiotics are commonly used as empirical therapy to serious CoNS infections (176). 

Resistance to vancomycin and teicoplanin has been found in strains isolated from BSI, ODRI and 

food (172,173,177–179).  

Rifampicin 

Rifampicin prevents DNA transcription by binding to the β-subunit of bacterial RNA polymerase 

encoded by the rpoB gene (180,181). Resistance to rifampicin is normally associated with point 

mutations in rpoB (47,181). Hellmark et al. (2009) found high-level rifampicin resistance was 

associated with one or two SNVs in the rpoB gene (47). Dual mutations D471E and I527M are 

thought to be the most common worldwide and also confer resistance to vancomycin (182). Mi 

et al. (2018) identified five different mutations in the rpoB gene associated with increased 

resistance to rifampicin but most came at a cost to fitness cost with mutants reverting back to 

wild type in the absence of rifampicin (181). The emergence of rifampicin resistance in vivo has 

been documented during a case of S. epidermidis related pacemaker infection demonstrating 
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the need to constantly monitor antimicrobial resistance during chronic infection (183). 

Rifampicin is thought to have a successful activity against staphylococcal biofilms (184,185) 

however it has also been shown to have reduced penetration of the polymeric matrix of S. 

epidermidis biofilms (186) and decreased activity against cells with low metabolic activity (187). 

Moreover surviving biofilm-located cells have been demonstrated to have a dramatically 

increased minimum bactericidal concentration (0.00025 to >128 mg/L) to rifampicin following 

exposure (186). Reports of rifampicin resistance in clinical isolates of S. epidermidis range from 

4 to 58% (18,45,70,139,188,189).  

Linezolid 

Linzeolid belongs to the relatively new family of synthetic oxazolidinone antibiotics (190). 

Oxazolidinones inhibit protein synthesis by binding to the P site of the 50S ribsosomal subunit 

and preventing formation of the 70S subunit (190). This mode of action is different to that of 

tetracyclines, chloramphenicol, macrolides and lincosamides meaning staphylococci resistant 

to these antibiotics may still be susceptible to linezolid (190,191). Linezolid has been 

demonstrated to cause frameshifting and nonsense suppression during translation in E. coli 

suggesting this may have a role in its mode of action (192). Resistance to linezolid is still 

relatively rare amongst staphylococci and it is often used to treat multidrug resistant infections 

(189–191). Resistance to linezolid may result from modification of 23S rRNA part of the 50S 

subunit (189,190,193,194). A number of point mutations have been identified in 23S rRNA 

genes which confer resistance to linezolid in staphylococci (189,193,194). The plasmid-borne 

cfr gene produces a ribosomal RNA large subunit methyltransferase which methylates position 

8 of adenine 2503 in 23S rRNA and confers resistance to linezolid, chloramphenicol, 

lincosamides and streptograminA (189,194). Mutations in the rplC, rplD and rplV genes affecting 

the L3, L4, and L22 ribosomal proteins respectively have also conferred resistance to linezolid 

in staphylococci (189,194). Some strains of S. epidermidis harbour all three mechanisms (23S 

rRNA mutation, cfr-mediated and ribosomal L-protein mutation) of linezolid resistance 

(182,195). Linezolid resistance in S. epidermidis was first reported in 2004 in the US (196) and 

has since been reported in across the US, Europe and Brazil in a number of different sequence 

types (182,189,193,195,197,198) 

Fluoroquinolones 

Fluoroquinolone antibiotics interact with DNA gyrase and topoisomerase IV enzymes to stabilise 

DNA and type II topoisomerase complexes and thus inhibit DNA synthesis (199). DNA 

topoisomerase IV is more sensitive to fluoroquinolones in Gram-positive bacteria (200). 

Fluoroquinolones bind to the GyrA and GyrB subunits of DNA gyrase, and GrlA and GrlB 
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(previously called ParC and ParE respectively) of DNA topoisomerase IV (201,202). Mutations in 

the gyrA, gyrB, grlA and grlB genes modify the fluoroquinolone binding sites and prevent activity 

(201,203). Mutations in the gyrA and grlA genes are more common than in gyrB and grlB (201). 

Mutations present in both the gyrA and grlB confer high-level resistance to ciprofloxacin in S. 

aureus (203). Combinations of mutations in the gyrA, gyrB, grlA and grlB genes are known to 

have varying effects on fluoroquinolone resistance, however the relationship between 

genotypic and phenotypic relationships are still not fully understood (204). Similarly, the NorA 

efflux pump is associated with resistance to fluoroquinolones although its effect is still not fully 

known (201,204). Analogous modes of resistance have been found in clinical isolates of S. 

epidermidis to that of S. aureus (202,205,206). A survey of over 80,000 S. epidermidis BSI isolates 

in the US showed that ciprofloxacin resistance increased steadily from 58.3 to 68.4% in the US 

between 1999 and 2012, whilst levofloxacin resistance increased from 57.1 to 68.1% (196). 

Hellmark et al. (2009) determined that 26/33 (79%) of PJI isolates had resistance or 

intermediate susceptibility to norfloxacin, ciprofloxacin and moxifloxacin (47) Excretion of 

ciprofloxacin in sweat has been suggested as a possible cause of the emergence of resistance in 

S. epidermidis on the human skin which may then go on to cause nosocomial infection (207).  

Fusidic Acid 

Fusidic Acid inhibits bacterial protein synthesis by binding to translocase elongation factor G 

(EF-G) and preventing its release from the ribosome (208,209). In staphylococci EF-G is encoded 

by the fusA gene (210). High-level resistance (HL-R) (>256 mg/L) in S. epidermidis is associated 

with the point mutation L461K in the fusA gene of (210). Other fusA point mutations have been 

associated with HL-R in S. aureus (211). The FusB family of proteins bind to EF-G on the ribosome 

to allow dissociation (212). FusB proteins are encoded by fusB and fusC which can be transferred 

horizontally between staphylococci by plasmid and phage, and SCC cassette respectively (212). 

The fusB and fusC genes both confer a lower-level fusidic acid resistance than the fusA point 

mutation L461K in S. epidermidis (210). Mutations in the fusE (rplF) encoding ribosomal protein 

L6 confers fusidic acid resistance in S. aureus and is associated with haemin auxotrophy and a 

small-colony variant phenotype (213). Resistance rates ranging from 0 to 32% have been 

documented across Europe and in Japan (214). 
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1.1.5 Laboratory Identification 

1.1.5.1 Discrimination of S. epidermidis and other Coagulase-negative 

Staphylococci 

Members of the S. aureus complex are more pathogenic than other members of the genus and 

are the only ones to produce coagulase, staphylococcal protein A and DNase which serve as 

important biochemical markers. After this differentiation, identification of S. epidermidis is 

largely based on discriminating between the phenotypic features of it and other coagulase-

negative staphylococci, a relatively easy process nowadays. Commercial platforms using Matrix-

Assisted Laser Desorption/Ionisation Time-of-Flight Mass Spectrometry (MALDI-TOF MS) such 

as the MALDI Biotyper system (Bruker Daltonik GmbH, Leipzig, Germany) or the VITEK MS 

(bioMérieux, Marc’ l'Etoile, France) provide relatively cheap, quick and accurate tools for 

species identification (215–217). The criteria of a Biotyper score of 2.0 – 2.299 for implying a 

secure genus and probable species identification has been demonstrated to give 100% 

frequency in accurately identifying S. epidermidis (and S. aureus, and non-S. epidermidis CoNS) 

however scores of >2.3, implying highly probable species identification are achieved much less 

frequently (218). 

16S rRNA gene sequencing has been successfully employed to identify staphylococci and 

investigate the phylogeny of the genus (219–222). Identification methods based on RNA 

polymerase B (rpoB), superoxide dismutase A (sodA) and elongation factor Tu (tuf) gene 

sequencing analysis have been proposed (223–227) but have not replaced 16S rRNA gene 

sequencing (228). Genotypic methods are reliable, but they have not yet been applied in routine 

diagnostic settings.  

 

1.1.5.2 Discrimination of S. epidermidis strains 

Distinguishing between strains of various pathogenic bacteria in clinical laboratories often relies 

on phenotyping methods (5,7,9,229). Morphological differences (such as colony size, colour or 

haemolytic ability) between strains may be observed on agar cultures. Antibiotyping uses the 

profile of susceptibility to the antibiotics tested as routine practice. Both methods can 

potentially provide useful information at no or low additional extra cost. However, 

morphological features and antibiotypes may be shared by genetically unrelated strains 

meaning they may be accidently regarded as monoclonal. Conversely, genes that determine 

antimicrobial resistance or morphology may vary in their expression and obscure 

epidemiological links between related isolates (230). To avoid such pitfalls, guidance documents 
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have been published regarding the validation and application of epidemiological typing systems 

(231,232). Moreover, genotypic methods have been established to provide more accurate 

information on the relatedness of strains. 

Multi-locus sequence typing (MLST) for S. epidermidis exploits the sequence variation present 

in specific loci in seven house-keeping genes (listed in Table 1.4.) (233). Different alleles are 

assigned a number so that a Sequence Type (ST) based on the numerical profile of the  seven 

loci can be assigned (233). Therefore a sequence type is a strain (or clone) defined by the alleles 

at the seven loci (234). Sequence types can be grouped according to the number of shared 

alleles into Clonal Complexes (CC)s. Clonal complexes are usually comprised of a single 

predominant ST and a number of less common STs differing by a single allele or more (234). The 

PubMLST.org database is the internationally accepted database for allele sequences and 

sequence types (235). Whilst MLST has proved invaluable in the characterisation of the 

population structure Miragaia et al. (2008) determined that it was not the optimal method for 

defining S. epidermidis clones (236). They found the technique was not sufficiently 

discriminatory to detect the short-term evolutionary changes that can define clones and that, 

surprisingly,  a combination of pulsed-field gel electrophoresis (PFGE) followed by SCCmec 

typing could provide both reliable information on short-term epidemiology and predict long-

term evolutionary history (236). The authors speculate that because the rate of SCCmec 

acquisition is lower than the rate of events generating new PFGE subtypes the specific SCCmec 

type is associated, if transiently associated with a characteristic PFGE subtype generating 

greater concordance than MLST  (236).  

Pulsed field gel electrophoresis employs restriction endonuclease enzymes to cleave 

chromosomal DNA into fragments which are then subjected to gel electrophoresis to separate 

them (237). The fragment size profiles are strain-specific and so can be used as a discriminatory 

typing method (237). PFGE has been determined to be a more suitable technique than MLST 

for discriminating local nosocomial clones (238). Studies have shown that, unlike MLST,  clinical 

isolates can have a broad range of PFGE pulsotypes (117,120,239). Although it is highly 

discriminatory, PFGE alone may not detect non-clonality between isolates (240) which could 

lead to inaccurate diagnosis of infection. Polyclonality of S. epidermidis from bloodstream and 

prosthetic joint infections have been indicated by PFGE (241,242). However, such results may 

reflect heterogeneity as a result of plasmid loss (243) chromosomal rearrangements (241,244) 

or changes in the insertion sequence IS256-specific hybridization patterns (244). Genotypic 

variability may be observed via differing PFGE patterns (241,245) or plasmid profiles. When 
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combined with staphylococcal chromosome cassette SCCmec cassette typing it provides results 

similar to those obtained using MLST (236).  
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Gene 
Alleles  

(n as of 21st June 2021) 
Length (bp) Protein Molecular Function/s 

arcC 91 465 – 466 Carbamate kinase 
Carbamate kinase activity in carbamoyl phosphate 

degradation 

aroE 95 420 Shikimate dehydrogenase (NADP(+)) 
NADP binding, 

Shikimate 3-dehydrogenase (NADP+) activity 

gtr 92 435 – 438 ABC transporter ATPase-coupled transmembrane transporter activity 

mutS 63 412 DNA mismatch repair protein MutS 
ATP binding, damaged DNA binding, 

mismatched DNA binding in DNA repair 

pyrR 72 428 Bifunctional protein PyrR 

Guanine phosphoribosyltransferase activity, 
guanine phosphoribosyltransferase activity, hypoxanthine 

phosphoribosyltransferase activity, 
RNA binding, 

uracil phosphoribosyltransferase activity 

tpiA 77 219 – 424 Triosephosphate isomerase Triose-phosphate isomerase activity 

yqiL 80 416 Acetyl coenzyme A acetyltransferase 
Transferase activity,  

transferring acyl groups other than amino-acyl groups 
 

Table 1.4. Description of loci employed in the current MLST scheme for S. epidermidis (246–254) 
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1.1.6 Population Structure and Epidemiology 

The population structure of S. epidermidis can be characterised by various means. The 

population structure in human carriage may reflect how different strains sharing the same 

ecological niche interact and how new strains emerge from colonising populations. 

Establishing genetic relatedness of globally reported strains of S. epidermidis can show the 

true diversity of the organism, its phylogeny and how clonal lineages are represented. 

Investigating clinically significant isolates has the potential to reveal genetic markers of 

pathogenicity or nosocomial adaptation. Clinical isolates of S. epidermidis have been found to 

generally belong to a number of successful hospital-adapted clones that have spread within 

and between countries (10,133,182,238).  

 

1.1.6.1 Population structure of clinical isolates according to multi-locus sequence 

typing 

The current MLST scheme for S. epidermidis was devised by Thomas et al. (2007) (246) and 

successfully applied to characterise 217 nosocomial isolates (238). From the 217 isolates 74 

different STs were identified although 74% fell into a single clonal complex (CC2) comprised 

of 39 sequence types (STs) of which ST2 was the most common (67/217) (238). At the time it 

was inferred that ST2 was the founding sequence type (238) however Rolo et al. (2012) later 

concluded that ST5 was the founder (117). The predominant nosocomial strains ST2, ST23 and 

ST27 more frequently harbour virulence-associated genetic elements both within clinical and 

hospital-carriage isolates (111,238,255,256). Thomas et al. (2014) applied Bayesian clustering 

of the available S. epidermidis MLST data to assign all STs into 6 genetic clusters (GCs) (128). 

Isolates were then assigned to one of the GCs which were strongly associated with either a 

nosocomial, commensal or generalist origin (128). Tolo et al. (2016) then applied the genetic 

clustering to predict isolate source, with an accuracy of 80% for predicting nosocomial origin 

but only 45% for predicting infection or contaminant origin (109). At the time of writing there 

are 1124 STs of S. epidermidis illustrating how the known population structure has expanded 

dramatically since the introduction of the scheme (254). MLST has been useful in identifying 

globally distributed successful lineages. Lee et al. (2018) identified two lineages of ST2 and 

one of ST23 that have become highly successful nosocomially and have acquired important 

drug-resistant mutations and spread globally (182). These lineages have been isolated from 

healthcare institutions in 24 countries in Europe, the United States and Australia between 

2000 and 2018 with many clones resistant to rifampicin and heteroresistant to glycopeptides 

(182). A study by different authors identified nine isolates (eight from infection site and one 
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from the nose) of one of the drug resistant ST2 lineages described by Lee and colleagues 

(2018) (182,257) suggesting these lineages may be more widespread than originally thought. 

 

1.1.6.2 Epidemiology according to pulsed-field gel electrophoresis 

The use of PFGE in assessing the epidemiological significance of S. epidermidis was first 

reported in 1992 (258,259). Since then it has been has been widely adopted for hospital 

outbreak investigation or comparison of isolates within culture sets (67,119,239,240). In 2010 

PFGE was used to determine an outbreak of two major clone types of S. epidermidis in 

hospitals in two different cities in the United States (198). Type one was isolated from both 

hospitals and type two was isolated from one hospital (198). The cfr gene and an insertion in 

the L4 ribosomal gene were detected amongst isolates of both types and the G2576T mutation 

was detected amongst isolates from type two, these genetic determinants are associated with 

resistance to linezolid, which had been given to all affected patients within six months (198). 

In 2016 PFGE and MLST were used together to characterize the diversity of S. epidermidis from 

BSI in hospitals across Belgium (139). The authors found eight different pulsotypes comprising 

37 isolates that belonged to CC2 were isolated from more than one hospital (139). This 

demonstrated how MLST could be used to determine an epidemic clonal lineage and PFGE 

could then further discriminate between strains within the lineage (139). 

 

1.1.6.3 The population structure of commensal carriage 

A great deal of work investigating the small number of strains of nosocomial strains reflect 

their importance and the need to understand them to treat and prevent disease. However, a 

larger number of strains of S. epidermidis are commensal to humans. and their ubiquity on the 

epidermis means they are potential contaminants of clinical specimens. Therefore, an 

understanding of these can have a use in the diagnosis of infection. Whilst there is a paucity 

of research using methods like MLST and PFGE to characterise commensal carriage of S. 

epidermidis the recent interest in the human microbiome has yielded work using more 

advanced methods. 

Commensal carriage of S. epidermidis is characterised by diversity both within and between 

people (99,260,261). Metagenomic analyses have shown intra-body distribution to be a more 

important driver of variation than inter-body distribution with different subtypes preferring 

different microenvironments on the skin (260). Heterogeneous communities at different 

niches are relatively stable over time with little acquisition of external strains (261). The 
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marked internally derived variation maybe a result of the open pan-genome of S. epidermidis. 

Pan-genome sequence analysis has shown up to 20% of genes are variable between strains 

(99,262). This variable genome is enriched with genes involved in replication, recombination 

and repair including mobile genetic elements harbouring recombinase and integrase genes 

(99).  

1.2 Orthopaedic Device-related Infections 

Implanted orthopaedic devices include prosthetic joints of the hip and knee, and less 

commonly of the ankle, shoulder or elbow. They also include devices used in the surgical 

treatment of trauma, including the fixation of fractured bones. Devices may be comprised of 

metal, ceramic or polymeric materials (263). Great efforts are taken to prevent infection of 

implanted devices such as ultra-clean-air theatres, peri-operative antibiotics and use of 

cements loaded with antibiotics (264) as well as the surgical site and surgeon decontamination 

and the wearing of surgical clothing. However, despite best efforts infections do occur which 

can be very complicated and expensive to treat. One 15 year prospective study in the United 

Kingdom identified deep infections developing in 34/5947 (0.57%) primary hip replacements 

and 41/4788 (0.86%) knee replacements (264). Infection rates can be higher following fracture 

fixation surgery with studies reporting 1 – 2% for closed fractures and up to 30% for open 

fractures (265).  

Prosthetic-joint infections can be classified according to their temporal relationship with 

prosthesis insertion and the presumed mechanism of device infection.  Early (<3 months post-

surgery)  and delayed (3 – 24 months post-surgery) infections are usually associated with 

direct inoculation at the time of device insertion (264,266). Late (>24 months post-surgery) 

infections more often result from haematogenous seeding (264,266). Indwelling medical 

devices such as orthopaedic prostheses provide a nidus for bacterial growth and lack a 

vascular system that can deliver an immune response or sufficient antibiotics, making them 

vulnerable to infection by opportunistic pathogens (35).  

Treatment of ODRI always requires surgical intervention since antibiotic treatment alone is 

not able to eradicate biofilms (267). Sessile, biofilm producing organisms are aggregated in an 

exopolysaccharide matrix which large molecules may not be able to penetrate (86,92). 

Moreover, cells within the biofilm can have a lower metabolic activity which can reduce the 

interaction between the antimicrobial compound and its target (82). Both of these factors can 

lead to a persistence of the organism in the presence of the host immune response or 

antibiotics (77,86,268,269). Surgical options for infections following hip or knee arthroplasty 



Page 44 of 232 

include washout of the area, “Debridement, Antibiotics and Repair” (DAIR), one or two-stage 

revisions or even amputation (270,271) all of which can be complex and costly. Treatment of 

ODRI is successful in 57 – 88% of cases (267). 

 

1.2.1 Diagnosis 

Diagnosis of prosthetic joint infection can be challenging. Atkins et al. (1998) demonstrated 

that detection of indistinguishable organisms from three or more operative specimens taken 

with a different set of surgical instruments was  96.4% predictive of infection (61). Using the 

cut-off of two or more indistinguishable organisms decreased the probability of infection to 

80.6% and this result was largely due to patients with three or more culture-positive 

specimens being included in this group as patients that had exactly two indistinguishable 

cultured organisms yielded a probability of infection of only 25.2% (61). In 2018, the 

Musculoskeletal Infection Society published updated criteria for determining prosthetic joint 

infection based on clinical, haematological, histological and microbiological observations 

(Table 1.5), which includes a scoring-based system and a suggestion to consider molecular 

diagnostic testing. Application of this system yielded a sensitivity of 97.7% and specificity of 

99.5% in differentiating PJI from aseptic revisions during external validation (76). Interestingly, 

the 2021 version of the UK Standards for Microbiology Investigations (SMI): Investigation of 

orthopaedic implant associated infections by Public Health England does not reference the 

MSIS criteria but does reference the Atkins et al. study (60). The SMI discusses the challenges 

in defining the term “indistinguishable” as indicated by similarities in an extended 

antibiogram, no doubt reflecting common practice in UK diagnostic laboratories where 

genotypic typing methods such as MLST and PFGE are not commonplace (60).   

 

 

 

 

 

 

 

 

 



Page 45 of 232 

Major criteria (at least on of the following) Decision 

Two positive cultures of the same organism 
Infected 

Sinus tract with evidence of communication or visualisation of the prosthesis 

 

Preoperative 

Diagnosis 

Minor criteria Score Decision 

Serum 
Elevated CRP or D-Dimer 2 

>6 Infected 

 

2-5 Possibly Infected 

 

0-1 Not Infected 

Elevated ESR 1 

Synovial 

Elevated synovial WBC or LE 3 

Positive Alpha-defensin 3 

Elevated Synovial PMN % 2 

Elevated synovial CRP 1 

 

Intraoperative 

Diagnosis 

*Inconclusive pre-op score or dry tap Score Decision 

Preoperative Score - 
>6 Infected 

4-5 Inconclusive** 

<3 Not Infected 

Positive Histology 3 

Positive Purulence 3 

Single Positive Culture 2 

 

Table 1.5. New scoring based definition for periprosthetic joint infection. MSIS (2018).  

Proceed with caution in: Adverse local tissue reaction, crystal deposition disease, slow growing 

organisms. *For patients with inconclusive minor criteria, operative criteria can also be used to fulfill 

definition for PJI. **Consider further molecular diagnostics such as next-generation sequencing. ESR: 

Erythrocyte Sedimentation Rate. WBC: White Blood Count. LE: Leukocyte Esterase. PMN: 

Polymorphonuclear Neutrophil. CRP: C-Reactive Protein. (76). 

 

Infection after fracture fixation (IAFF) is different to prosthetic joint infection and therefore 

diagnosis has different requirements (Table 1.6) (267). However, like the criteria listed in Table 

1.5. proposed by Parvizi et al. (2018) diagnosis of IAFF can be made using clinical, histological 

and haematological findings and the culture of indistinguishable organisms from more than 

one specimen from the site (267).  
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Confirmatory criteria include; 

• Purulent drainage from the wound or presence of pus during surgery 

• Phenotypically indistinguishable pathogens identified by culture from at least two separate 

deep tissue/implant (including sonication-fluid) specimens taken during an operative 

intervention. 

• Presence of pathogens in deep tissue, taken during an operative intervention, as confirmed 

by histopathological examination. 

 

Suggestive criteria include; 

• A pathogenic organism identified by culture from a single deep tissue/implant specimen 

taken during an operative intervention 

• Elevated serum inflammatory markers: especially suggestive in a case of secondary rise 

(after an initial decrease), or a consistent elevation over a period of time (ESR, WBC count, 

CRP) 

 

Table 1.6. Criteria proposed by Metsemakers et al. (2018) for the diagnosis of fracture-related infection 

(265,272). 

 

1.2.1.1 Sampling and Culture 

The positive and negative predictive value of culture in diagnosis of ODRI is strongly reliant on 

sampling factors. Prior to sampling, antibiotics should be stopped, ideally two weeks 

beforehand to reduce the chance of false culture-negative results (61,273). Tissue, synovial 

fluid and swabs are common specimens taken at the time of debridement or device 

explantation  (61,273,274). Drainage from the wound site or sinus tract is not recommended 

as a specimen type due to high rates of contamination (274). Sonication and culture of the 

explanted device to remove biofilms has been assessed with varying degrees of success, 

however due the size of some devices the procedure requires more specialist equipment, can 

be cumbersome and associated with contamination (62,275). Implanted devices are more 

commonly infected with organisms associated with the normal flora of the human skin which 

can also be common contaminants of specimens and cultures. Therefore, sampling must be 

done aseptically, using a sterile set of surgical instruments for each specimen and placed in 

separate sterile containers (61). Specimens should then be sent to the laboratory for 

immediate culture to reduce the chance of fastidious organisms dying. Specimens should be 

cultured onto nutritionally rich media such as blood agar and chocolate agar and incubated in 

CO2 alongside anaerobic culture on a suitable media. In addition, inoculation into a 
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nutritionally rich broth and incubation prior to sub-culture is recommended (60). 

Alternatively, specimens may be directly inoculated into aerobic and anaerobic blood culture 

bottles for the automated detection of growth (60,276).Enriched broth and blood culture 

media are useful in recovering sessile or low numbers of bacterial cells, however it can be 

harder to discriminate between infecting and contaminating organisms than a direct agar 

culture where contaminants can be detected easier by the trained microbiologist. Culture 

should be prolonged to allow the growth of slow-growing organisms (277).  

 

1.2.1.2 Identification 

As mentioned in section 1.1.5 Laboratory Identification, identifying cultured organisms to 

species level has become relatively simple with the advent of mass-spectrometry technology. 

Cultured organisms then undergo antimicrobial susceptibility testing to both determine which 

antibiotics may be suitable for treatment and determine antibiogram which can be used as 

surrogate marker for strain relatedness as previously discussed in section 1.1.5.2 

Discrimination of S. epidermidis strains. Other typing methods such as MLST and PFGE to 

determine the relatedness of bacterial strains has also been discussed previously. 
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1.3 Hypothesis and Aims 

I hypothesis that applying modern analytical methods to whole-genome sequencing data of S. 

epidermidis will expose novel information about the population structure of the organism in 

healthy carriage, infection and contamination. 

Colonising and infecting populations of S. epidermidis are not strictly monoclonal as diversity 

increases over time. Diversity is measurable as the accumulation of single nucleotide 

polymorphisms in the genome. Using whole-genome sequencing to measure diversity within 

and between colonising populations and strains will help define these groups. Moreover, 

measuring diversity of infecting and contaminating populations may highlight differences 

which could be exploited to discriminate true S. epidermidis infection and specimen or culture 

contamination. The same whole-genome sequencing data can also be used to detect genetic 

determinants of antimicrobial resistance to supplement or supplant phenotypic testing. 

Overall, the aim of this thesis was to characterise the diversity of S. epidermidis in normal 

human commensalism, specimen contamination and device-related infection so that a 

method could be developed which could potentially aid clinical diagnosis of infection, and then 

develop a method in which antimicrobial resistance could be detected. It was therefore 

intended to further advance an understanding of the population structure of S. epidermidis 

and produce tools which could have a useful clinical impact on the detection and management 

of this emerging infection.  

 

Aim 1 - Measuring the diversity of S. epidermidis in normal human 

carriage 

This body of work was intended to characterise the diversity of S. epidermidis that exists within 

and between populations colonising healthy individuals and the diversity that exists within and 

between strains defined by multi-locus sequence typing. It was intended to determine if 

measurable thresholds exist which can differentiate S. epidermidis subpopulations and strains.  

 

Aim 2 - Using whole-genome sequencing data to discriminate 

between S. epidermidis orthopaedic device-related infection and 

contamination 

The aim of this work was to measure the diversity of populations of S. epidermidis from 

rigorously defined cases of orthopaedic device-related infection and incidental specimen 
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contamination. These measurements were then going to be analysed to determine if any 

differences could be used to discriminate between the two sample groups. 

 

Aim 3 - Detecting genomic determinants of antimicrobial resistance 

in S. epidermidis 

This pilot study was intended to determine if the use of whole-genome sequencing to detect 

known genetic determinants of antibiotic resistance in S. epidermidis correlates with the 

currently adopted methods of phenotypic antimicrobial susceptibility testing. 
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Chapter 2                                        

Materials and Methods 
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2.1 Culture and Identification 

2.1.1 Bacterial Culture 

To investigate the phenotypic and genotypic diversity of populations isolated from original 

specimens, single colonies similar in appearance were sub-cultured onto a Columbia Agar & 

Horse Blood (CBA) plate (Oxoid Ltd, Basingstoke, UK) and incubated aerobically overnight at 

35oC 

 

2.1.2 Identification of S. epidermidis 

Colonies of S. epidermidis were initially screened according to their visual appearance; circular, 

raised, white, non-haemolytic colonies with a sharp border and generally growing to 1 – 2mm 

following overnight incubation on CBA or Columbia Cap Selective Agar. Suspect colonies 

underwent identification using matrix assisted laser desorption ionization-time of flight mass 

spectrometry (MALDI-ToF MS), (Bruker Daltonik GmbH, Leipzig, Germany). In summary, a 

small amount of the colony is smeared onto the well of a target plate. A 0.5µl drop of matrix 

is then applied and allowed to air-dry. The matrix is α-Cyano-4-hydroxycinnamic acid (HCCA) 

which crystallises to enable measurement of peptides and proteins from 0.7 to 20kDa (278). 

The target plate is inserted into the instrument where laser ionisation/desorption charges the 

analytes which are then accelerated through a vacuumed flight tube. The time-of-flight (ToF) 

of peptides and/or proteins through the flight tube is used generate a peptide-mass 

fingerprint (PMF). This PMF (or spectrum) is then compared with the Bruker Biotyper database 

of known organism proteomes to give an identification with a corresponding quality score. 

Colonies that identified as S. epidermidis with a score of 2.0 or greater were considered 

suitable for initial analysis. Isolates undergoing further investigations were identified using 

WGS data  

2.2 Antimicrobial Susceptibility Testing 

2.2.1 Disc Diffusion 

Antimicrobial susceptibility testing (AST) was performed using disc diffusion according to the 

British Society for Antimicrobial Chemotherapy (BSAC) methods (279). Three to five colonies 

of similar appearance were lightly touched with a 1µl loop. This was inoculated into a vial of 

5ml sterile 0.9% saline (Oxoid Ltd, Basingstoke, UK) to achieve a 0.5 McFarland suspension. A 

sterile cotton-tipped applicator was used to spread the inoculum onto an Iso-Sensitest Agar 
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plate (Oxoid Ltd, Basingstoke, UK), first with a single streak down the centre of the plate, then 

zig-zagged across the plate 3 times, rotating the plate 60o in between. Antimicrobial 

Susceptibility Discs (Oxoid Ltd, Basingstoke, UK) were applied to the inoculated plate. Plates 

were then incubated 18 – 20 hours aerobically at 35oC. Zones of inhibited growth around the 

antibiotic disc were measured and used to determine resistance (R) , intermediate (I) or 

susceptible (S) according to the clinical breakpoints outlined by BSAC and as shown in Table 

2.1 (280). For disc diffusion methods cefoxitin resistance is used as a surrogate marker for 

methicillin/oxacillin resistance (279,280). 

 

METHOD INTERPRETATION (mm) 

Antimicrobial Disc Volume (µg) S > I < R 

Cefoxitin 10 27 22 – 26 21 

Penicillin 1 * * * 

Erythromycin 5 20 17 - 19 16 

Gentamicin 10 20 - 19 

Fusidic Acid 10 30 - 29 

Clindamycin 2 26 23 - 25 22 

Tetracycline 10 20 - 19 

Ciprofloxacin 1 14 - 13 

Linezolid 10 20 - 19 

Rifampicin 2 30 24 - 29 23 

Mupirocin 20 27 7 - 26 6 

 

Table 2.1. Zone diameter breakpoints for disc diffusion method antimicrobial susceptibility testing of 

Staphylococci (280). S: susceptible, I: intermediate, R: resistant, *A heaped zone edge is used to indicate 

beta-lactamase mediated resistance. 

 

2.2.2 Minimum Inhibitory Concentration 

The minimum inhibitory concentration was tested using E-test © (BioMerieux, Marcy-l'Étoile, 

France) or M.I.C. Evaluator (Oxoid Ltd, Basingstoke, UK) strips which are impregnated with a 

gradient of known exponential concentrations of antibiotic. A 0.5 McFarland standard of the 

inoculum was prepared in sterile saline as above. This was used to inoculate an Iso-Sensitest 

Agar plate (Oxoid Ltd, Basingstoke, UK), first with a single streak down the centre of the plates, 

then zig-zagged across the plate 3 times, rotating the plate 60o in between. The E-test © or 

M.I.C.E strip was applied to the centre of the plate. Plates were then incubated 18 – 20 hours 
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aerobically at 35oC. For oxacillin testing, Columbia Agar Base with 2% Salt (CSA) plates (Oxoid 

Ltd, Basingstoke, UK) were used as the growth medium and these were incubated at 30oC for 

24 hours before reading. Following incubation MICs were interpreted as the lowest 

concentration of antibiotic that inhibited the growth of test organism as shown in Table 2.2. 

 

METHOD INTERPRETATION (mg/L) 

Antimicrobial S > I < R 

Oxacillin 2 - - 

Penicillin 0.12 - 0.12 

Erythromycin 1 2 2 

Gentamicin 1 - 1 

Vancomycin 4 - 4 

Fusidic Acid 1 - 1 

Clindamycin 0.25 0.5 0.5 

Tetracycline 1 2 2 

Ciprofloxacin 1 - 1 

Teicoplanin 4 - 4 

Linezolid 4 - 4 

Rifampicin 0.06 0.12 – 0.5 0.5 

Mupirocin 1 2 - 256 256 
 

Table 2.2. MIC breakpoints for antimicrobial susceptibility testing of Staphylococci (280). 

2.3 Storage 

2.3.1 Bacterial Isolates 

All isolates were frozen for long-term storage. Isolates were emulsified into a 200 µl solution 

of 20% glycerol (Sigma Aldrich, St. Louis, Missouri, US) and 80% sterile water (Oxoid, 

Basingstoke, UK). The emulsification was then pipetted into a Matrix™ 2D Barcoded Tube 

(Thermo Fisher Scientific, Massachusetts, US). They were then frozen at -80oC. Barcode, 

storage location and isolated identifier were archived in a biobank data.   

 

2.3.2 DNA 

For short-term storage DNA was stored in its elution buffer at -20oC. 
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2.4 Reference Strains 

Two references strains were used in the research. 

Staphylococcus epidermidis NCTC 11047 (ATCC 14990) from the National Collection of Type 

Cultures (Public Health England, London, UK) is the neotype strain of the species 

(Staphylococcus epidermidis (Winslow and Winslow 1908) Evans 1916) (4). For this strain, 

Whole-genome sequence data generated from PacBio sequences (Pacific Biosciences, 

California, US) and assembled and annotated by the Wellcome Sanger Institute are available 

at the European Bioinformatics Institute (EBI), European Nucleotide Archive (ENA): 

https://www.ebi.ac.uk/ena/data/view/ERS654925 consisting of 2,477,205 bp chromosome 

and 4 contigs (4866, 11,150, 19,915 and 24,597bp).  

Staphylococcus epidermidis ATCC 12228 (Winslow and Winslow 1908) (281) is a highly 

characterised strain which is non-biofilm forming and commensal in origin (78,282). The 

whole-genome sequence is comprised of a 2,570,371 bp chromosome and five plasmids (282) 

and is available at the National Library of Medicine, National Center for Biotechnology 

Information (NCBI): https://www.ncbi.nlm.nih.gov/bioproject/PRJNA392321. The genome 

was sequenced at the Institute for Genome Studies, University of Maryland using PacBio 

(Pacific Biosciences, California, US), assembled using the Celera version 8.1 assembler and 

annotated with the NCBI Prokaryotic Genome Annotation Pipeline process (282). 

2.5 Whole-Genome Sequencing 

2.5.1 DNA extraction 

DNA extraction was performed using the QuickGene DNA Tissue kit (DT-S) (Kurabo Industries 

Ltd., Osaka, Japan) and FastPrep-24 (MP Biomedicals, California, US) (Figure 2.1). 

Fresh cultures from overnight incubation on CBA plates were used for chromosomal and 

mobile DNA extraction. A lysis solution of 480 µl LDT-01 lysis buffer (Kurabo Industries Ltd., 

Osaka, Japan), 20 µl EDT-01 Proteinase K solution (DT-S) (Kurabo Industries Ltd., Osaka, Japan) 

and 200 µl sterile saline (Oxoid Ltd, Basingstoke, UK) was added to Lysing Matrix-B tube (MP 

Biomedicals, California, US).   A 5 µl loopful of bacterial isolate was emulsified in the solution. 

Mechanical disruption of bacterial cells was achieved processing inoculated tubes in a 

FastPrep-24 (MP Biomedicals, California, US) which homogenises the inoculum by rapid 

agitation (2 cycles of 6m/s for 40s). The homogenised solution was centrifuged at 16,100 rcf 

for 10 minutes to separate the DNA from the larger cellular components and silica beads. The 

https://www.ebi.ac.uk/ena/data/view/ERS654925
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA392321
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tubes were then heated at 70oC for 10 minutes to denature the DNA into single strands. Once 

denatured, the supernatant was mixed with 450 µl absolute ethanol to precipitate the DNA. 

700 µl of precipitated DNA was pipetted into a CA cartridge (Kurabo Industries Ltd., Osaka, 

Japan). The extraction cartridge contains an ultra-thin polymer membrane which binds the 

DNA and allows other material to be removed separated and washed from other cellular 

components. Cartridges were processed in the QuickGene Mini80 (FujiFilm, Minato, Tokyo, 

Japan)  where they underwent three washing steps with a solution of 350 µl WDT-01 Wash 

Buffer (Kurabo Industries Ltd., Osaka, Japan) and 350 µl absolute ethanol. QuickGene DNA 

Tissue kit (DT-S). Following washing the DNA was eluted with 200 µl CDT-01 elution buffer 

(Kurabo Industries Ltd., Osaka, Japan). 

 

 

Figure 2.1. Use of the QuickGene Mini80 to extract bacterial DNA (adapted from the FujiFilm QuickGene 

Mini80 Nucleic Acid Isolation Device, User’s Manual).  

 

2.5.2 DNA Quantitation and Normalisation 

Following extraction, the DNA was then quantitated and normalised to a concentration 

required by the sequencing library preparation protocol. Quantitation was performed using a 

fluorometric assay whereby a fluorometric dye which selectively binds dsDNA is mixed with 

the sample. Laser excitation (at 480nm) of the bound dye then generates a fluorescence which 

can be measured and compared against a standard curve of known DNA concentrations and 

their level of fluorescence.  

For smaller batches, the Qubit 2.0 fluorometer (Invitrogen, California, US) was employed to 

measure DNA assayed with the Qubit dsDNA HS Assay Kit (Invitrogen, California, US). Large 

batches of DNA samples were prepared in a 96-well plate using Quant-iT PicoGreen dsDNA 
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Assay Kit (Invitrogen, California, US) and quantitated with an Infinite Pro 200 plate reader 

(Tecan, Männedorf, Switzerland). 

In-house DNA preparation calculators were used to record DNA concentrations and calculate 

the volumes required to produce samples of a suitable concentration for DNA library 

preparation. 

 

2.5.3 Illumina MiSeq DNA Library Preparation 

Extracted DNA was prepared for Illumina sequencing by undergoing a process of library 

preparation using either the Nextera or Nextera XT DNA Library Prep kit (Illumina, California, 

US).  

5 µl of 0.2ng/µl was added to 10 µl TD buffer. Then 5 µl of the transposome containing ATM 

mix (Illumina, California, US) was added and pipetted up and down to mix. This was heated at 

55oC for 5 minutes then cooled to 10oC. Immediately after cooling, 5 µl of ND mix was added 

to stop the transposase reaction. This was incubated at room temperature for 5 minutes. To 

each sample 15 µl of the NPM polymerase mix was added alongside 10 µl of a combination of 

index primers. Table 2.3 shows the combinations of 5’ and 3’ index primers used for each 

MiSeq run.  

 

Sample Index Primer 1 Index Primer 2 

1 N701 T A A G G C G A S501 T A G A T C G C 

2 N702 C G T A C T A G S501 T A G A T C G C 

3 N703 A G G C A G A A S501 T A G A T C G C 

4 N704 T C C T G A G C S502 C T C T C T A T 

5 N705 G G A C T C C T S502 C T C T C T A T 

6 N706 T A G G C A T G S502 C T C T C T A T 

7 N701 T A A G G C G A S503 T A T C C T C T 

8 N702 C G T A C T A G S503 T A T C C T C T 

9 N703 A G G C A G A A S503 T A T C C T C T 

10 N704 T C C T G A G C S504 A G A G T A G A 

11 N705 G G A C T C C T S504 A G A G T A G A 

12 N706 T A G G C A T G S504 A G A G T A G A 
 

Table 2.3. Combinations of index primers and their nucleotide sequences used for MiSeq sequencing 

run of 12 samples. Nucleotides are coloured red (A and C) and green (G and T) as these are the colours 

of the fluorophore-labelled reversible terminators. Indexing must be set up so that the same position 

on all primers is not the same colour. 
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Characteristics of the PCR reaction and thermocycling program are shown in Table 2.4 and 

Table 2.5.  

 

Reagent Volume 

Index 1 5 µl 

Index 2 5 µl 

Nextera PCR Master Mix 15 µl 

Input DNA 25 µl 

Total 50 µl 

 

Table 2.4. PCR amplification reaction. 

                                                                      Table 2.5. PCR amplification thermocycling program. 

 

A clean-up of the amplified reads was then performed to leave only fragments of DNA > 100 

bp. First, 25 µl of magnetic Agencourt AMPure XP beads (Beckman Coulter, California, US) was 

added to each sample and mixed well. This was incubated at room temperature for 5 minutes. 

The PCR plate was put onto a magnetic plate holder to hold the magnetic beads against the 

side of the plate well. All the supernatant was pipetted off. 200 µl of 80% ethanol was added 

to the well and incubated for 1 minute then pipetted off. This ethanol wash was repeated 

once more then left at room temperature for 15 minutes to air dry.   

 

2.5.4 Illumina sequencing 

Whole-genome sequencing was performed using an Illumina MiSeq at the Royal Sussex 

County Hospital, Brighton and by the Wellcome Trust Centre for Human Genetics (WTCHG), 

Oxford using an Illumina HiSeq4000. Each run of HiSeq sequencing included a control strain of 

S. epidermidis NCTC 11047 which was mapped against the assembled genome from the 

European Nucleotide Archive (ENA) as a quality control. Figure 2.2. provides an illustrative 

summary of Illumina sequencing.Illumina output files are in FASTQ format which is a text-

based format that includes the nucleotide sequence of the read and its corresponding quality 

scores. The average read length across all genomes sequenced was 320 bp.  

Temperature Duration Cycles 

72°C 3 min 1 

95°C 30 s 1 

95°C 10 s 

12 55°C 30 s 

72°C 30 s 

72°C 5 min 1 

10°C Hold - 
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Figure 2.2. Cartoon summarising Illumina sequencing. 1) The genome library consisting of adaptor-

bound short read DNA fragments is added to the flow-cell in the Illumina instrument. 2) The adaptor 

sequences on the DNA reads bind to those fixed on the flow-cell so that each DNA read is vertically 

positioned. 3) Identical clusters of each DNA sequence are generated. 4) The flow-cell is flooded with 

fluorophore-labelled reversible terminators, primers and DNA polymerase. 5) After a wash step only 

bound fluorophore-labelled reversible terminators remain which are complementary to the first 

nucleotide in the DNA read. 6) A camera focused down on the flow-cell captures an image of the laser-

excited fluorophore, the wavelength and strength of fluorescence of which being specific to each 

nucleotide (A, T, C, or G). 7) Steps 4 – 6 are repeated until the full complementary strand of DNA has 

been synthesised and the sequence of nucleotides determined. 8) During post-run analysis, the Illumina 

instrument uses the synthesised, complementary DNA sequence to determine the original DNA read 

sequence. As the first and last 8-nucleotide sequences on the reads represent the Index Primers the 

instrument uses these to determine which read belongs to which sample.  
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2.6 Bioinformatic Processing 

Raw sequence data (FASTQ files) were processed through a bespoke object-relational 

mapping-based (ORM) sequencing pipeline developed by the Modernising Medical 

Microbiology (MMM) Consortium, Nuffield Department of Clinical Medicine laboratories, 

University of Oxford (http://modmedmicro.nsms.ox.ac.uk/).  The pipeline includes 2 processes 

by which bacterial genomes are assembled from short reads.  

 

2.6.1 Mapping-based assembly 

Reference-based mapping aligns the short-read fragments against a fully assembled reference 

genome. The MMM pipeline uses the Stampy algorithm that identifies candidate mapping 

locations in the reference genome, filters the candidates for best matches, then uses a fast 

gapped aligner to align the read to the reference genome according to quality scores and the 

presence of indels (283). Downstream analyses using an approximate Bayesian model apply 

quality scores to identify the presence of single-nucleotide and indel polymorphisms (283). 

For this study we used the genome of the Staphylococcus epidermidis ATCC 12228 as the 

reference genome for mapping-based assembly with the Stampy algorithm.  

 

2.6.2 De novo Assembly 

Additionally, whole genomes are also assembled from short reads de novo using Velvet 

v1.2.10 (284). The Velvet algorithm employs de Brujin graphs, which represent overlaps in 

sequences of symbols. Velvet firstly requires the short reads to be aligned as k-mers 

(sequentially overlapping sequences of nucleotides where k represents the length of the read 

and adjacent k-mers overlap by k - 1) (Figure 2.3) (284). Velvet implementation of de Brujin 

graphs then constructs contiguous sequences (contigs) from the last nucleotide from each 

overlapping k-mer (284). 

Pipeline output files were in two different formats. FASTA format is a text-based format that 

contains the contiguous sequences generated during mapping-based or de novo assembly. 

Binary Alignment/Map (BAM) files are in machine readable binary format of reads aligned 

against reference sequences. 

 

http://modmedmicro.nsms.ox.ac.uk/
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Figure 2.3. Velvet-based genome assembly. Overlapping short reads at a length of k (5 in this example) 

are aligned as k-mers at k-1 representing the original sequence (right). The correct nucleotide is 

determined as the final nucleotide in the k-mer (284). 

 

2.6.3 Sequencing Data Quality 

Sequencing of all isolates generated an average of 1843478 raw reads per genome with a G + 

C content of 32.5%.  Velvet-based assembly generated an average of 82 contigs per genome. 

An average of 88.4% of the genomes mapped to the ATCC 12228 reference genome using 

Stampy with a coverage of 90.6%. 

The MMM pipeline used in this study has an estimated false-positive rate of SNV (i.e. an error 

of a single nucleotide during assembly being mistaken for a point mutation) detection of 2.5 x 

10-9 per nucleotide (285) or 0.00625 per genome of a 2.5 million bp genome. To ensure the 

quality of the whole-genome sequence data samples were sequenced in replicate at a rate of 

5%. All replicated genomes had 0 SNVs difference. The reference strain NCTC 11047 was also 

included at a rate of 1% of samples. Each reference strain sequenced matched the complete 

reference genome of NCTC 11047 with 0 SNVs detected. Replicated and reference isolate 

genomes were removed from downstream analyses. 

2.7 Analyses 

2.7.1 Basic Local Alignment Search Tool 

The Basic Local Alignment Search Tool (BLAST) searches databases of DNA or protein 

sequences (subject sequences) for identical or similar sequences submitted by the user (query 

sequences) (286,287). The BLASTn programme aligns nucleotide sequences (12). The tBLASTn 

programme aligns amino acid sequences to nucleotide sequences (12). Both programmes 

determine levels of identity which range from low similarity to perfects matches (12). 
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2.7.2 Multi-Locus Sequence Typing 

Multi-locus sequence typing (MLST) compares the sequence variation of loci present in several 

house-keeping genes. The current MLST scheme was developed by Thomas et al. (2007) (246). 

As shown in Table 1.4, the scheme employs 7 loci and at the time of writing there were 782 

sequence types (STs) of S. epidermidis comprising the profiles of 435 alleles (246,288).  

Whole-genome sequence data was used to determine the ST of all isolates collected during 

this study. This was done in silico using a Bash script based on a script developed by Daniel 

Wilson (Figure 2.4) to interrogate the WGS data using BLASTn to identify alleles used for MLST. 

The allele profile was then used to determine the sequence type of the isolate.  
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------------------------------------------------------------------------- 

#!/bin/bash 

# Usage:  sepimlst.sh genome_filename mlst_database_directory 

# filters for nucleotide identity (perc_identity)=100, alignment length (length)=query length (qlen), 

mismatches (mismatch)=0, gaps (gapopen)=0 

#kevin.cole@bsuh.nhs.uk 11April2018 

genomeList="$1" 

dbdir="$2" 

outputfile="$3" 

#reads genomeList 

export genomeNames=$(cat $genomeList) 

for genome in $genomeNames 

do 

    zcat $genome > temp_genome.txt 

    export arcCres=$(blastn -query $dbdir/Sepi/arcC.fas -subject temp_genome.txt -perc_identity 100 

-outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export aroEres=$(blastn -query $dbdir/Sepi/aroE.fas -subject temp_genome.txt -perc_identity 100 

-outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export gtrres=$(blastn -query $dbdir/Sepi/gtr.fas -subject temp_genome.txt -perc_identity 100 -

outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export mutSres=$(blastn -query $dbdir/Sepi/mutS.fas -subject temp_genome.txt -perc_identity 

100 -outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk 

'$4 == $3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export pyrRres=$(blastn -query $dbdir/Sepi/pyrR.fas -subject temp_genome.txt -perc_identity 100 

-outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export tpiAres=$(blastn -query $dbdir/Sepi/tpiA.fas -subject temp_genome.txt -perc_identity 100 

-outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export yqiLres=$(blastn -query $dbdir/Sepi/yqiL.fas -subject temp_genome.txt -perc_identity 100 -

outfmt '6 qseqid pident qlen length mismatch gapopen qstart qend sstart send evalue' | awk '$4 == 

$3 && $5 == 0 && $6 == 0' | awk '{print $1}' | sed 's/[^0-9]*//g') 

    export MLSTres=$(awk '$2==ENVIRON["arcCres"] && $3==ENVIRON["aroEres"] && 

$4==ENVIRON["gtrres"] && $5==ENVIRON["mutSres"] && $6==ENVIRON["pyrRres"] && 

$7==ENVIRON["tpiAres"] && $8==ENVIRON["yqiLres"]' $dbdir/Sepi/ST.txt | awk '{print $1}') 

    if [ -z $arcCres ]; then 

 arcCres=0 

    fi 

    if [ -z $aroEres ]; then 

 aroEres=0 

    fi 

    if [ -z $gtrres ]; then 

 gtrres=0 

    fi 

    if [ -z $mutSres ]; then 

 mutSres=0 
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    fi 

    if [ -z $pyrRres ]; then 

 pyrRres=0 

    fi 

    if [ -z $tpiAres ]; then 

 tpiAres=0 

    fi 

    if [ -z $yqiLres ]; then 

 yqiLres=0 

    fi 

    echo $genome $arcCres $aroEres $gtrres $mutSres $pyrRres $tpiAres $yqiLres $MLSTres >> 

$outputfile 

done 

#to run: ./sepimlst.sh genomeList.txt ./ <outputFileName.txt> 

------------------------------------------------------------------------- 

Figure 2.4. Bash script developed to perform multi-locus sequence typing of S. epidermidis from whole-

genome sequence data using BLASTn. Based on the script written by Daniel Wilson, Oxford. 

 

2.7.3 Submission of Novel Sequence Types 

Where previously undescribed STs were identified in this study these were checked manually 

using BLASTn (286). In each case data were then submitted to the Bacterial Isolate Genome 

Sequence database (BIGSdb) for availability at pubMLST.org (235,288). Isolate metadata, WGS 

FASTA files and allele FASTA files were uploaded to the database for approval and 

confirmation. 

 

2.7.4 Constructing Haplotrees 

To determine the genomic variation between colonies isolated from the same set of clinical 

specimens, SNVs and their position in the referenced-mapped genome were determined using 

an R-script developed by Professor Daniel Wilson (Nuffield Department of Medicine, 

University of Oxford). Output data were then used to generate haplotrees using a second R-

script developed by Professor Daniel Wilson (Nuffield Department of Medicine, University of 

Oxford) whereby nodes of the tree represent genotype observation. The size of the node is 

proportional to the frequency of observation. Unobserved genotypes occurring between 

observed genotypes are also shown.  
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2.7.5 Detection of genetic elements associated with antimicrobial 

resistance 

De novo assembled genomes of S. epidermidis (the subject sequences) were interrogated for 

the presence of the sequences in the two compiled FASTA files (the query sequences). This 

was done by using a Python script called Typewriter developed by Dr. Tanya Golubchik 

(https://github.com/tgolubch/typewriter) which runs BLASTn and tBLASTn (286,289–291). 
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Chapter 3                                                          

Measuring the diversity of Staphylococcus epidermidis 

in normal human carriage 
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3.1 Introduction 

Staphylococcus epidermidis is a ubiquitous commensal member of the normal human flora 

that plays an important and complex role in the host microbial community, for example by 

inhibiting colonisation by more pathogenic species such as S. aureus (29,292). It can constitute 

up to 50% of colonies of commensal staphylococci isolated from human skin (293). Multiple 

strains of S. epidermidis may be carried on an individual’s skin or mucosal surfaces at any one 

time (261,293). S. epidermidis may be present as a normal commensal at dry, moist and 

sebaceous areas of the skin as well in the throat and anterior nares (7,294,295). Previous 

research has described a relatively stable population structure which shows fluctuations over 

time (261). Some strains may become dominant and new strains may be introduced (132,261). 

Some acquisitions may be transient while others result in long-term colonisation (132). The 

ability of S. epidermidis to establish long-term human carriage is mediated by several factors 

(29,89,296). These include sodium ion/proton exchangers and osmoprotection transport 

systems which protect against high salt concentrations and osmotic pressure (29,89,296). In 

addition, protease SepA and ABC transporters mediate resistance to epithelial antimicrobial 

peptides by degradation and expulsion (296).  

The multi-locus sequence typing scheme for S. epidermidis proposed by Thomas et al. (2007) 

uses the seven loci arcC, aroE, gtr, mutS, pyrR, tpiA, yqiL (Table 1.4) (246). To date, 782 

individual sequence types from human, animal and environmental sources have been 

identified (297). Among these, ST2 is the most commonly isolated among clinical sample sets 

from across the globe (10,111,120). However, existing data are dominated by sample sets 

collected among hospitalised patients and cases of invasive infection. They under-represent 

the community, commensal S. epidermidis population (Table 1.3). S. epidermidis is ubiquitous 

both among healthy and hospitalised adults (298) however hospital stay, and prophylactic 

antibiotic treatment can result in the substitution of commensal community strains with more 

resistant, more virulent hospital-adapted strains (105,111,120,299).  

Even among the detailed and comprehensive studies characterising the nosocomial strain 

diversity of S. epidermidis in humans, evidence has relied on low-discrimination techniques 

such as multi-locus sequence typing and pulsed-field gel electrophoresis 

(24,117,120,238,292,300–303). Consequently, intra-strain diversity of human carriage in this 

population has not been explored in detail. Measuring diversity at high resolution using single-

nucleotide variants has been used to inform on carriage, transmission and infection of S. 

aureus (304). The effect of long-term asymptomatic carriage on the intra-strain diversity of S. 
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aureus has also been investigated using whole-genome sequencing (285) however, at present, 

no similar studies can be found involving S. epidermidis. Characterisation of S. epidermidis 

diversity within strains and over time during normal commensal carriage is needed to properly 

understand the population structure and dynamics of this organism. This knowledge would 

facilitate a population dynamics-based approach that could be used to discriminate between 

infecting and contaminating isolates of S. epidermidis. 

3.2 Objectives 

The work described in this chapter was designed to provide detailed characterisation of S. 

epidermidis carriage in healthy human volunteers regarding variation between body sites and 

over time by achieving three specific aims: 

1) Characterise the multi-locus sequence type and single nucleotide variant diversity of 

S. epidermidis at multiple anatomical sites from multiple healthy donors. 

2) Compare conventional methods used to determine S. epidermidis phylogeny with a 

sequence-based method derived from MLST data and determine the positions of 

carriage isolates from this study in phylogenetic trees derived using MLST-based and 

conventional methods. 

3) Determine the mutation rate (molecular clock) for S. epidermidis during normal 

human carriage over a 12-month period. 

3.3 Methods 

3.3.1 Sampling 

3.3.1.1 Ethical Approval 

Ethical approval was granted for RGEC Ref No. 16/035/LLE, Diversity of Staphylococci Carried 

by Healthy People by the Brighton and Sussex Medical School Research Governance and Ethics 

Committee (RGEC) on the 17th November 2016.  

 

3.3.1.2 Participants 

The study set out to recruit 12 healthy individuals, 6 males and 6 females, aged between 18 

and 60 and self-declared as healthy without a recent overnight hospital stay.  
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3.3.1.3 Sampling 

Participants were given comprehensive Participant Information and Consent Sheet to read 

and sign and were assigned an anonymous identifier known only by themselves and me. 

Participant information (name, anonymous identifier, age, enrolment and swabbing dates) 

was recorded in a password protected database accessible only by me. Each participant 

consented to contribute seven self-taken superficial swabs (Table 3.1) every two months over 

a twelve-month period.  The sampling sites were selected based on previous literature and 

were left and right axillae, anterior nares, outer cheeks and the throat (7,31,132,261,292–

295,305,306). At each time point, participants were given a pack of 7 labelled swabs and a 

brief protocol for self-swabbing (Figure 3.1.) 

 

Figure 3.1. Mini protocol included in the swab pack. 

 

Nasal 

• Insert the swab inside the nostril so that just the cotton-tip is all the way in 

• Rotate the swab about 5 times 

• Return the swab back into its sterile container 

• Repeat for the other nostril 

Outer Cheek 

• Move the swab back and forward over the outer cheek about 5 times in a zig-zag pattern 

• Return the swab back into its sterile container 

• Repeat for the other cheek 

Throat 

• Open your mouth wide 

• Without touching your lips or cheek, insert swab the back of the mouth as best as possible 

• Return the swab back into its sterile container 

Armpits 

• Please remove any top clothing to make this easier 

• Move the swab back and forward over the armpit about 5 times in a zig-zag pattern 

• Return the swab back into its sterile container 

• Repeat for the other armpit 
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3.3.2 Culture and Identification 

3.3.2.1 Culturing from swabs 

Swabs were inoculated in a 10ml 7% HPA Salt Broth (Oxoid Ltd, Basingstoke, UK) which 

enhances growth of halo-tolerant staphylococci whilst suppressing growth of other organisms 

(307). Broths were incubated overnight at 35oC. A 10µl loopful of the inoculated broth was 

spread onto a Columbia CAP Staph/Strep Selective Agar & Horse Blood (Oxoid Ltd, 

Basingstoke, UK) which is selective for Gram-positive organisms. The CAP agar plates were 

incubated aerobically at 35oC for up to 48 hours.  

 

3.3.2.2 Isolation and Identification of S. epidermidis 

Colonies of S. epidermidis were initially selected according to their visual appearance on 

Columbia Cap Selective Agar (Oxoid Ltd, Basingstoke, UK) as described  in Section 2.1.2 

Identification of S. epidermidis. Individual candidate colonies were then sub-cultured on to a 

Columbia Blood Agar (CBA) plate (Oxoid Ltd, Basingstoke, UK). Following incubation, colonies 

were identified to species using MALDI-ToF MS (Bruker Daltonik GmbH, Leipzig, Germany), 

(see Chapter 2: Materials and Methods). Based on experience within my research group and 

the published literature of SNP-based assessment of S. aureus diversity (285,308), and 

balancing sensitivity to detect low frequency variants against the cost of repeatedly 

sequencing each strain, a maximum of eight individual colonies of S. epidermidis from each 

cultured swab were selected for further analyses.  

 

3.3.3 Antimicrobial Susceptibility Testing 

3.3.3.1 Disc Diffusion 

A crude method for distinguishing strains of S. epidermidis is to compare antimicrobial 

susceptibility patterns (the strain’s “antibiogram”). The panel of 13 antimicrobials used was 

the same employed in standardised antimicrobial susceptibility testing (AST) of clinical isolates 

of staphylococci at the Royal Sussex County Hospital, Brighton. AST was performed using the 

disc diffusion methods according to the British Society for Antimicrobial Chemotherapy (BSAC) 

(279) which are described in Chapter 2: Materials and Methods. All selected colonies of S. 

epidermidis underwent AST to determine their antibiogram.   
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3.3.4 Selection of Isolates for Whole-Genome Sequencing 

Random selection of isolates for sequencing was achieved by listing all of the isolates in an 

Microsoft Excel spreadsheet. A column was added to the list and the RAND() function was 

applied which generates random numbers between 0 and 1. Those with an odd number were 

selected out for WGS. This was repeated until sufficient isolates had been selected. 

 

3.3.5 Whole-Genome Sequencing 

Whole-genome sequencing was performed on an Illumina HiSeq4000 at the Wellcome Trust 

Centre for Human Genetics using methods described in Chapter 2: Materials and Methods.  

 

3.3.6 Analyses 

3.3.6.1 Multi-locus sequence typing 

Multi-locus sequence typing was performed in silico from WGS data using a BLASTn-based 

method (see Chapter 2: Materials and Methods). 

 

3.3.6.2 Minimum-spanning tree  

To provide a visual representation of MLST-based phylogeny for S. epidermidis a minimum-

spanning tree (MST) was constructed using the PHYLOViZ software (309). PHYLOViZ employs 

goeBURST, an implementation of the eBURST algorithm which constructs a phylogenetic tree 

based on allele profiles (234,310). The eBURST algorithm can cluster multi-locus sequence 

types according to allele variants (234,310). Single-locus variants are separated by a one 

differing allele, double-locus variants are separated by two differing alleles and triple-locus 

variants are separated by three differing alleles (234,310). The global optimal implementation 

of eBURST, goeBURST allows a global heuristic selection of the founding ST when clonal 

complexes are defined (310). Minimum-spanning trees were constructed of the 782 MLST 

allele profiles available at the time of writing and of the sequence types detected from isolates 

obtained during this study (see Chapter 2: Materials and Methods). 

 

3.3.6.3 Maximum likelihood trees 

To investigate the evolutionary diversification of S. epidermidis isolates maximum likelihood 

(ML) trees were constructed. The maximum likelihood tree method of phylogenetic analysis 
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represents the genetic sequences of individual organisms as the leaves of a tree. Single-

nucleotide variants in the sequence are analysed so that the most likely points of evolutionary 

diversification between organisms can be represented by the points at which tree branches 

diverge . The branch lengths correspond to the amount of evolutionary separation (234,310). 

ClonalFrameML is a computational tool which detects and accounts for recombination events 

during ML tree construction (311). ML trees were created using a Python script generously 

shared by Dr. David Eyre (Nuffield Department of Medicine, University of Oxford) which uses 

PhyML (312) to construct phylogenetic trees and incorporates ClonalFrameML into the 

analysis.  

 

3.3.6.4 Fixation index 

To estimate the influence of anatomical site on genomic diversity of colonising populations of 

S. epidermidis a fixation index estimator was employed. Hudson’s Fixation Index estimator can 

be used to measure the difference between diversity within a subpopulation against the 

diversity between subpopulations to determine the impact of recombination on population 

structure (313). I employed the formula, 

 

where Hw represents the mean number of pairwise distances within a subpopulation and Hb 

represents the mean number of pairwise distances between subpopulations (313). For this 

study, subpopulations were defined by location, either within an anatomical site on a 

participant or within a participant. A value closer to one suggests a more clonal population 

structure with selective sweeps causing little diversity within a subpopulation but high 

diversity between subpopulations (314). A value closer to 0 suggests recombination between 

subpopulations from different locations may help drive diversity.  

3.4 Results 

3.4.1 Sampling 

Eight healthy participants were recruited, and swabs were collected every two months.  

However, due to the high diversity of strains detected by antibiogram at the first time point it 

was decided to focus on isolates collected from the first five participants at time points 0 and 

12 to perform an in-depth investigation of within-host diversity. The five participating 
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volunteers comprised two females and three males with a median age of 36 (Table 3.1). No 

chronic health condition or recent protracted hospital stay were declared by any participant. 

One participant withdrew from follow up at month 6. Therefore, isolates of S. epidermidis from 

swabs taken at month 0 from five of the participants and from swabs taken at month 12 for 

four of the participants were analysed. Hereafter months 0 and 12 will be referred to as time 

point 0 and time point 12.  

Cultured isolates from a total of 63 swabs (seven anatomical sites during nine swabbing 

events) were ultimately used for the analysis presented here. From these a total of 306 

colonies of S. epidermidis, 163 from time point 0 and 143 from time point 12 were selected 

(Table 3.2). All 306 colonies were confirmed as S. epidermidis using MALDI-ToF (see Chapter 

2: Materials and Methods) and underwent antimicrobial susceptibility testing according to the 

BSAC methods (data not shown). A maximum of eight colonies of S. epidermidis were selected 

from each cultured swab though some cultured swabs grew less than eight. The throat was 

the anatomical site that grew the least number of S. epidermidis colonies. Only 3/9 throat 

swabs cultured any S. epidermidis and from these only two grew at least eight colonies. In 

total 18 colonies were isolated from the throat. The right axilla and right nostril grew the next 

lowest number of colonies (n = 41). Whilst all other sites grew S. epidermidis in at least one 

participant from at least one time point not all sites consistently yielded S. epidermidis at both 

time points. No participant grew eight or more colonies from every site. 

 

Participant Gender Age Time Point (month) 0 Time Point (month) 12 

F5 Female 35 02/12/2016 8/12/2017 

F7 Female 29 18/11/2016 N/A 

M4 Male 48 18/11/2016 16/11/2017 

M7 Male 36 06/01/2017 23/01/2018 

M8 Male 57 25/11/2016 10/01/2018 

 

Table 3.1. Study participants and sampling time frame 
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ANATOMICAL  TIME POINT 
(Month) 

  TIME POINT 

(Month) 
 

SITE PARTICIPANT 0 12 TOTAL PARTICIPANT 0 12 TOTAL 

L Axilla  8 5 13  0 8 8 

R Axilla  8 0 8  0 8 8 

L Cheek  8 8 16  0 8 8 

R Cheek F5 8 0 8 M7 2 8 10 

L Nasal  8 0 8  8 8 16 

R Nasal  8 8 16  0 4 4 

Throat  0 0 0  8 8 16 

Total  48 21 69  18 52 70 

L Axilla  8 NA 8  7 8 15 

R Axilla  8 NA 8  7 8 15 

L Cheek  7 NA 7  8 8 16 

R Cheek F7 5 NA 5 M8 8 8 16 

L Nasal  8 NA 8  0 7 7 

R Nasal  8 NA 8  0 0 0 

Throat  0 NA 0  0 0 0 

Total  44 NA 44  30 39 69 

L Axilla  2 8 10  25 29 54 

R Axilla  1 1 2  24 17 41 

L Cheek  4 6 10  27 30 57 

R Cheek M4 1 8 9 All 24 24 48 

L Nasal  8 0 8 Participants 32 15 47 

R Nasal  5 8 13  21 20 41 

Throat  2 0 2  10 8 18 

Total  23 31 54  163 143 306 

 

Table 3.2. The number of colonies of S. epidermidis that were isolated from each participant, time point 

and anatomical site. 
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3.4.2 Whole-Genome Sequencing Selection 

To moderate WGS processing costs, 192 (192/306) colonies (92 from time point 0 and 100 

from time point 12) were randomly selected for whole-genome sequencing analysis (Table 

3.3). Additionally 9/192 (5%) colonies were sequenced in duplicate, in accordance with MMM 

and Wellcome Trust Centre for Human Genetics protocols, to detect false-positive variant 

calling which is estimated to occur at a rate of approximately 2.5 x 10-9  per nucleotide using 

the MMM pipeline (285). The nine duplicates differed by 0 SNVs from the originals and were 

excluded from downstream analysis (Table 3.4). Table 3.5 summarises the quality data for the 

192 isolate sequences. 
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 F50AxRm1.2 F50ChRm4.2 M40NaRm3.2 M412ChRm2.2 M412NaRm7.2 M712AxLm5.2 M712Thm6.2 M80AxLm4.2 M812ChRm5.2 

F50AxRm1 0 55481 54736 54757 54764 9241 54744 54667 56758 

F50ChRm4 55459 0 7776 7782 7790 54533 8346 8458 28297 

M40NaRm3 54727 7775 0 191 195 53977 7175 8393 28520 

M412ChRm2 54741 7784 192 0 18 53995 7192 8417 28532 

M412NaRm7 54759 7794 196 18 0 54003 7205 8426 28540 

M712AxLm5 9267 54559 53977 53994 53999 0 53998 54094 55410 

M712Thm6 54737 8339 7175 7193 7195 53995 0 9052 28261 

M80AxLm4 54642 8449 8394 8405 8413 54074 9040 0 28959 

M812ChRm5 56757 28301 28509 28505 28511 55418 28243 28938 0 

 

Table 3.3. Pairwise distance matrix showing the single-nucleotide variation between original and duplicate samples that were whole-genome sequenced in duplicate 

to ensure accuracy of data. 9/192 samples were sequenced twice and a pairwise comparison of SNV differences in the genome were measured. There were 0 SNVs 

between original (rows) and duplicate (columns) samples when mapped to reference genome ATCC 12228 therefore there was limited chance of SNVs being falsely 

called.  

 



 

Page 76 of 232 

ANATOMICAL  TIME POINT   TIME POINT  

SITE PARTICIPANT 0 12 TOTAL PARTICIPANT 0 12 TOTAL 

Left axilla  4 2 6  0 6 6 

Right axilla  4 0 4  0 3 3 

Left cheek  4 7 11  0 5 5 

Right cheek F5 4 0 4 M7 2 4 6 

Left nasal  4 0 4  4 6 10 

Right nasal  4 7 11  0 2 2 

Throat  0 0 0  4 5 9 

Total  24 16 40  10 31 41 

Left axilla  4 NA 4  4 5 9 

Right axilla  5 NA 5  4 7 11 

Left cheek  4 NA 4  5 5 10 

Right cheek F7 4 NA 4 M8 4 7 11 

Left nasal  5 NA 5  0 5 5 

Right nasal  4 NA 4  0 0 0 

Throat  0 NA 0  0 0 0 

Total  26 NA 26  17 29 46 

Left axilla  2 8 10  14 21 35 

Right axilla  1 0 1  14 10 24 

Left cheek  2 4 6  15 21 36 

Right cheek M4 0 6 6 All 14 17 31 

Left nasal  4 0 4  17 11 28 

Right nasal  4 6 10  12 15 27 

Throat  2 0 2  6 5 11 

Total  15 24 39  92 100 192 
 

Table 3.4. The number of colonies of S. epidermidis that underwent whole-genome sequencing from each 

participant, time point and anatomical site. 
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Paramater Range Median (IQR) 

Reads (n) 1.96 - 4.98 x 106 3.54 x 106 (3.2 – 4.03 x 106) 

Mapped (n) 1.61 - 4.27 x 106 3.15 x 106 (2.79 – 3.54 x 106) 

Mapped (%) 73.2 - 95.7 87.5 (85.3 – 91.4) 

 

Table 3.5. Quality control data for 192 carriage isolate genome sequences 

 

3.4.3 In silico Multi-Locus Sequence Typing 

By extracting from the WGS data sequences for the seven house-keeping genes used for S. 

epidermidis MLST it was possible to assign all the sequenced isolates to MLSTs in silico (246,288).  A 

total of 32 different STs were identified from the five participants (Table 3.6). Four STs were detected 

from more than one participant: ST59 (4/5), ST73 (3/5), ST190 (2/5) and ST297 (2/5). ST73 was the 

most frequently detected; it accounted for 20/192 (10.4%) of the colonies and was isolated from 4/5 

participants. The next most frequently isolated was ST153 (18/192 (9.4%)), although all colonies 

were from the same person; M4.  

The number of different STs identified from each participant at each time point ranged from 2 - 10 

(median = 7). From one participant (M4) only five STs were identified across both time points with 

two STs (ST153 and ST384) accounting for 29/39 (74%) isolates. Isolates from participants F5, M7 

and M8 contained more diverse STs Notably, M4 was the participant with the least number of 

different sequence types.  In participant M7 only two different STs were detected at time point 0 but 

10 different STs were detected at time point 12.  

Over one third of the STs identified in these five participants (12/32) were novel MLST profiles, of 

which half (6/12) were the result of novel alleles. The twelve profiles and six allele sequences were 

submitted and archived in the pubMLST BIGSdb database (Table 3.7) (297). All twelve of the novel 

STs were isolated from individual participants and each participant yielded at least one novel ST.  
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  TIME POINT    TIME POINT  
PARTICIPANT ST 0 12 TOTAL PARTICIPANT ST 0 12 TOTAL 

 32 8 0 8  17 0 1 1 

 59 0 1 1  59 3 2 5 

 73 6 2 8  73 7 1 8 

 190 3 0 3  130 0 6 6 
F5 723 1 5 6  190 0 1 1 

 766 3 0 3 M7 457 0 7 7 

 767 1 0 1  558 0 3 3 

 774 2 0 2  765 0 2 2 

 778 0 8 8  768 0 1 1 

 d 7 4 9  773 0 7 7 

 73 3 NA 3  d 2 10 10 

 297 8 NA 8  19 0 4 4 

 487 4 NA 4  57 9 0 9 
F7 543 1 NA 1  59 0 3 3 

 769 7 NA 7  73 0 1 1 

 775 2 NA 2 M8 87 5 5 10 

 776 1 NA 1  297 0 5 5 

 d 7 NA 7  329 0 8 8 

 7 0 3 3  770 3 3 6 

 89 5 0 5  d 3 7 8 

M4 153 6 12 18      
 384 3 8 11      
 777 1 1 2      
 d 4 4 5      

 

Table 3.6. The number of colonies of each S. epidermidis ST isolated and analysed from each participant and 

time point. d denotes the number of different STs detected in a single participant. Novel STs are highlighted 

bold. 
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Novel MLST Types 
Allelic Profile 

Specimen 
arcC aroE gtr mutS pyrR tpiA yqiL 

765 12 48 5 5 10 16 12 Carriage 

766 12 48 5 5 10 16 21 Carriage 

767 28 48 5 5 10 40 31 Carriage 

768 12 48 9 9 40 16 21 Carriage 

769 1 1 2 1 2 1 45 Carriage 

770 1 13 7 6 2 5 1 Carriage 

773 1 1 7 1 60 5 14 Carriage 

774 1 1 1 2 2 1 63 Carriage 

775 2 1 6 2 2 1 64 Carriage 

776 69 19 4 4 9 10 2 Carriage 

777 8 7 12 4 12 53 2 Carriage 

778 2 1 1 1 2 54 1 Carriage 

 

Table 3.7. Novel MLST allele profiles submitted and accepted into the pubMLST BIGSdb 

Staphylococcus epidermidis database during this study. Novel alleles are highlighted in bold. 

 

3.4.4 Minimum-Spanning Trees of Study Isolate Sequence Types 

To better visualise the diversity of STs identified in the healthy participants minimum spanning trees 

(MST) of the sequence types were constructed (Figure 3.2). The trees demonstrate that individual 

participants carried STs that are phylogenetically diverse. Although ST57 was only isolated from one 

participant (M8) and at one time point (0) it forms the central node of the largest tree as the 

proposed founder. ST57 has nine branches radiating from it including three single locus variants and 

four double locus variants. ST19 differed from ST57 by 7/7 loci differences and therefore comprised 

a separate tree. The twelve novel sequence types were distributed across the trees suggesting that 

they are related to several previously known sequence types. However, 2/4 novel STs from 

participant F5 and 2/3 novel STs from participant M7 were clustered together in a group on the 

longest branch of the largest tree. Sequence type 457 and ST558 are situated on the distant edge of 

this cluster suggesting that the cluster of novel STs is ancestral to ST457 and ST558. 
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Figure 3.2. Minimum spanning trees of all carriage isolates according to multi-locus sequence type allele profile. Joining lines are labelled with the number of locus variants 

between STs. Nodes are labelled according to ST and coloured according to participant from which the ST was isolated. Node sizes are proportional to the frequency of ST 

isolation. Nodes circled in black represent novel STs.  
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3.4.5 Evaluation of healthy carrier diversity of S. epidermidis in context of 

the wider S. epidermidis population 

At the time of writing, the MLST scheme for S. epidermidis comprises 782 STs comprised of 435 alleles 

(246,288). To place the isolates of S. epidermidis identified in this study in the wider context of the S. 

epidermidis STs using different phylogenetic techniques profile-based, minimum spanning method and 

sequence-based, maximum-likelihood method trees were constructed. To construct the minimum-

spanning tree the current database of S. epidermidis STs was download from pubMLST.org (315). The 

database was uploaded to the PhyloViz software and the goeBURST algorithm was employed to 

construct the tree based on the STs being joined by the most closely related allelic profiles (Figure 3.3).  

Clonal complexes were formed of sequence types that were single-locus variants (6/7 loci were 

identical). To make the ML tree the sequences of the seven loci alleles comprising each ST were 

concatenated to give a single sequence per ST. The ML tree was constructed in ClonalFrameML. 

Sequence type 5 was used as the mapping reference as this is the proposed ancestor of the largest 

known clonal complex (117). Interactive Tree of Life (iTOL) v4.2.4 (316) was used to root the tree to ST5 

(the blue node circled in black) and colour the tree nodes according to the clonal complexes assigned 

by goeBURST above. 

The MST demonstrated that the four largest clonal complexes (CCs) were comprised of 466, 40, 16 and 

10 STs respectively (Figures 3.3 and Table 3.8). Thirty-one other clonal complexes were comprised of 

smaller numbers of STs including 19 pairs. There were 164 singletons. In-keeping with the current 

understanding of how diversity within S. epidermidis has evolved, the MST places ST5 at the centre, as 

the assumed ancestor, of the largest clonal complex (117). Small clonal complexes and singleton 

sequence types are distributed across MST suggesting intermediate sequence types remain 

undetected. Eighteen (56%) of the STs isolated from the participants belonged to CC5, 1 ST from CC365, 

2 STs from CC227 and 1 ST from CC193. The remaining 10 STs belonged to other, smaller CCs or were 

singletons. Sequence types isolated from the different participants were distributed across the tree 

suggesting that the diversity of S. epidermidis observed spans that seen in the human population in 

general. This in turn suggests that S. epidermidis evolution and diversification is a constant process and 

that has been occurring within the colonised human population for many years. However, the presence 

of the same ST on multiple participants also accords with the current literature that certain strains are 

more commonly carried (10,238). Recent work suggesting global spread of multidrug resistant strains 

demonstrates that dissemination of successful strains may also occur on a relatively short timescale 

(182). 
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In keeping with the MST, the ML tree showed that clonal complexes, especially CC227 but also most 

CC365 and CC193 isolates, generally sit together on branches of the ML tree although isolates of CC5 

are distributed right across the tree including the most distant branches (Figure 3.4). This demonstrates 

that both methods generally concur at showing the evolutionary divergence are distributed across the 

tree suggesting intermediate STs remain undetected. A striking feature of the maximum likelihood tree 

is the isolated position of the single sequence type ST781 at the end of a long branch. However, this 

isolate lacks an entire gene (arcC); one of the housekeeping genes on which the MLST scheme is based. 

The isolated position of ST781 on the ML tree is an artefact caused by the loss of a single gene 

composed of 472 nucleotides.  A minimum spanning tree more accurately represents the relatedness 

of ST781 to other sequence types and shows ST781 to be only one profile distant from ST2 because 

apart from the loss of arcC, all loci are shared by both sequence types. 
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Figure 3.3. goeBURST minimum-spanning tree of 782 S. epidermidis multi-locus sequence type profiles. Clonal Complexes were grouped by single-locus variants. The four 

largest clonal complexes are coloured and named according to the proposed founding STs which are circled in black. Smaller clonal complexes and singletons are grey. 

Sequence types isolated from the carriage study participants are shaded darker and are labelled according to sequence type. 
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Number of STs in Clonal Complex Frequency 

466 1 

40 1 

16 1 

10 1 

6 2 

5 1 

4 4 

3 5 

2 19 
 

Table 3.8. goeBURST algorithm computation of clonal complexes grouped by single locus variant from 782 

MLSTs. 164 singletons were not included. 

 

 

 



 

Page 85 of 232 

 

 

Figure 3.4. Maximum likelihood tree of concatenated S. epidermidis MLST alleles according to sequence type. 

Concatenated alleles of 782 STs were mapped to those of ST5 (the central large node) and the tree was 

constructed using ClonalFrameML. Branch lengths were cube-rooted to reduce relative length. The tree was 

then rooted to ST5. The four largest clonal complexes are coloured, smaller clonal complexes and singletons 

are grey. Sequence types isolated from the carriage study participants are shaded darker. 
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3.4.6 Whole-Genome Sequencing Pairwise Distance Analysis 

3.4.6.1 Comparison between S. epidermidis carriage with S. aureus carriage 

As previously discussed, in the field of S. aureus research, assessment of genome-wide single-

nucleotide differences has allowed discrimination of closely related isolates in studies of 

transmission and pathogenesis (317,318). A pragmatically selected threshold of 40 SNVs to assign 

closely related ‘subtypes’ (equating to around 10 years of evolutionary time for S. aureus) has proven 

robust in transmission studies.  S. aureus carriage, however, can be detected in only a proportion of 

the human population at any time and often only a single type or subtype can be detected in an 

individual.  In contrast, S. epidermidis carriage appears to be universal and people are often colonised 

by multiple lineages simultaneously. To investigate the relatedness of the carriage isolates with 

higher resolution than MLST, pairwise distances of whole-genome sequence data were analysed. 

Measuring SNV differences between isolates is a more accurate method of determining relatedness 

than MLST as isolates of the same sequence type may in fact be distantly related genomically. This 

is particularly true for successful STs that have spread and diverged over time. The maximum within-

participant diversity of 40 SNVs between 12 colonies detected by Golubchik and colleagues (2013) 

was applied by Price et al. (2016) as a threshold to assign S. aureus carriage isolates into subtypes to 

define acquisition (285,317). Furthermore, for this study the number of colonies isolated per 

sequence type was eight or less meaning a measurement of the maximum pairwise distance and 

mean pairwise distance would be a better indicator of relatedness. Therefore, to investigate the 

potential of assigning S. epidermidis isolates to subtypes several thresholds were investigated. To 

detect and remove genomic differences resulting from recombination events data output from 

ClonalFrameML was used (see Chapter 2: Methods). Only colonies isolated at the same time point 

were analysed by pairwise distance to remove the potential effect of temporal mutation rates of S. 

epidermidis on the analysis of genomic diversity.  

Four comparisons were made to understand the impact of diversity within participants and within 

sequence types.  

1) pairwise distances between colonies of the same and of different sequence types, 

2) pairwise distances between colonies isolated from the same and from different 

participants, 

3) pairwise distances between colonies isolated from the same and different anatomical 

sites on the same participant, 

4) pairwise distances of all colonies regardless of participant or sequence type. 
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First the median values of the above comparisons were measured. Table 3.9 shows that colonies of 

the same ST had median diversities in the tens and hundreds whilst colonies of different sequence 

types had median diversities in the thousands. Overall median diversity was more affected by ST 

(p=0.005) than participant (p=0.49) by two-sample t-test. However, restricting ST diversity to within-

participant only makes a log fold difference to the median SNVs. If the participant diversity is 

restricted to within-ST only there is a 2 log-fold difference in median SNVs. These data illustrate that 

lineages were more conserved across the participants than across STs. 
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ST Participant Median (IQR) (SNVs) Range (SNVs) 

Same Same 14 (2 – 21) 0 - 550 

Same Different 479 (112 – 500) 34 - 1095 

Different Same 4517 (2399 – 11411) 60 – 13,661 

Different Different 3859 (2331 – 8728) 151 – 15,384 

All All 3647 (2253 – 8701) 0 – 15,384 

 

Table 3.9. Median, interquartile range and range of pairwise distances between colonies isolated from the 

same time point.  

 

3.4.6.2 Limits of isolate relatedness 

Measuring SNV differences between all colonies in the sample set yielded 36,672 pairwise 

differences of which 18,272 were from the same time point. Pairwise distances from the same time 

point were plotted to give a snapshot of diversity as shown in Figure 3.5. Pairwise distances from 

different time points were removed from the data as mutations occurring over time may artificially 

increase diversity.  

 

3.4.6.3 Within-sequence type diversity 

Across the whole data set diversity within sequence type was markedly lower than between 

sequence types (Figure 3.5) with median of 17 SNVs (IQR = 3 – 36 SNVs), and 2354 SNVs (IQR = 3990 

– 8793 SNVs) respectively . Within-ST diversity was lower within participants than between 

participants.  

The minimum pairwise distance between colonies of the same sequence type isolated from different 

participants was 34 SNVs (Figure 3.5). This, alongside the high maximum number of 550 SNVs within 

participants suggests that there may have been a recent transmission or common ancestor between 

participants.  

 

3.4.6.4 Between-sequence type diversity 

The minimum pairwise distance between colonies of a different ST isolated from the same 

participant was 60 SNVs. This was between ST59 and ST778 on participant F5. The minimum pairwise 
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difference between participants was 151 SNVs and was between ST59 on participant M7 and ST778 

on participant F5. Therefore, this is likely to be a recent divergence rather than two distinct, well-

developed lineages. The maximum pairwise distance between sequence types was 15,384 SNVs 

suggesting the presence of different lineages that have substantially diverged over time. The median 

pairwise distance was greater within participants (4517 SNVs) than between participants (3859 

SNVs) suggesting that differing sequence type plays a greater role in diversity than different source. 

 

3.4.6.5 Assessment of potential thresholds to define S. epidermidis subtypes 

Pairwise distance thresholds have previously been employed to define subtypes of S. aureus 

(285,317). These data suggest five potential thresholds (Figure 3.5, Numbers 1 – 5) define subtypes 

of S. epidermidis isolates according to SNV differences. 

1) The maximum pairwise distance between colonies of the same ST overall,  

2) the maximum pairwise distance of colonies of the same ST isolated from the same 

participant,  

3) the minimum pairwise distance between colonies of a different ST isolated from 

different participants,  

4) the minimum pairwise distance between colonies of a different ST, 

5) the minimum pairwise distance between colonies isolated from different participants.  
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Figure 3.5. Dot plot of pairwise distance between colonies. From: A) all participants and anatomical sites, B) from the same participant, C) from different participants, D) 

from the same anatomical site within a participant, E) from different anatomical sites within a participant. Green dots represent colonies of the same ST, red dots represent 

colonies from different STs. Each dot represents the pairwise distance measured between 2 colonies. Black dashed lines show thresholds of 1) 1095 SNVs, 2) 550 SNVs, 3) 

151 SNVs, 4) 60 SNVs and 5) 34 SNVs. 
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3.4.6.5 Pattern of diversity by sequence type 

To determine whether different patterns of diversity are observed within different STs the median 

pairwise distances between colonies of each ST isolated from participants were plotted. Additionally, 

I wanted to explore the two most clinically useful thresholds. 

• The maximum pairwise distance between colonies of the same ST isolated from the same 

participant is an indicator of the upper limit of diversity within a clone. Pairwise distances below 

this threshold could be used to infer recent transmission. 

• The minimum pairwise distance of colonies of the same ST isolated from different participants 

is an indicator of diversity between clones. Pairwise distances above this threshold could be used 

to refute recent transmission. 

Some of the STs were isolated from more than one participant and thus had more than one pairwise 

distance measured. These were ST59, ST73 and ST297 and were coloured blue, red and green, 

respectively. ST297 was isolated from two different participants at different time points therefore 

between-participant comparisons were not made to remove the potential of longitudinal mutations 

confounding the data. Furthermore, five STs (ST17, ST543, ST767, ST768) were detected only once 

at the same time point therefore pairwise comparisons could not be made.  

27/30 (90%) of the median pairwise distances from colonies of the same ST isolated from the same 

participant ranged from 1 to 100 SNVs (Figure 3.6, Panel A.) and overall, the median was 13 SNVs 

(IQR = 1 – 18 SNVs).  A similar amount of diversity is apparent within different STs.  

The maximum pairwise distance of colonies of the same ST isolated from the same participant again 

showed a similar amount of diversity within individual STs with 24/30 (80%) of pairwise distances 

ranging from 1 to 100 SNVs (Figure 3.6, Panel B.). Overall, the median was 19 SNVs (IQR = 2 – 37 

SNVs). 

The minimum pairwise distance of colonies of the same ST isolated from different participants could 

only be measured for two STs and in eight instances (Figure 3.6, Panel C.). This ranged from 34 to 

1095 SNVs as also seen in Figure 3.5 and the median was 434 SNVs (IQR = 319 – 640 SNVs). 

Importantly the plots show that there is overlap between the maximum diversity within a participant 

and the minimum diversity between participants. This is markedly different to what has been 

observed in nasally carried S. aureus where populations are discrete between hosts. These different 

observations between S. aureus and S. epidermidis could not be accounted for by differences across 

anatomical sites. The pairwise distance of colonies of the same ST of S. epidermidis isolated from 
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different anatomical sites on the same participant ranged from 0 – 550 SNVs with a median of 17 

SNVs (IQR = 11 – 29 SNVs). 

  

 

 

Figure 3.6. Dot plots of maximum, minimum, median and mean pairwise distances between colonies of the 

same ST isolated at the same time point. Pairwise distances of colonies isolated from the same participant are 

represented by circles and by stars for those isolated from different participants. Sequence types isolated from 

more than one participant are coloured. 
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3.4.6.7 Pattern of diversity by within-host sequence type 

To assess the amount of within-host genomic diversity of S. epidermidis occurring within study 

participants, pairwise distances between two colonies of the same sequence type isolated from the 

same participant at the same time point were measured (Figures 3.7a – 3.7e). According to this 

criterion, sequence types in which only one colony was isolated from a participant at a single time 

point were unable to be analysed. As above this resulted in five sequence types being excluded from 

the analysis as only one sample was isolated. Also, as above, ST59, ST73 and ST297 were isolated 

from more than one person and are coloured blue, red and green, respectively. There were 938 

pairwise distances in total. Pairwise distances ranged from 0 to 550 SNVs with a median of fourteen 

SNVs (IQR 2 – 21 SNVs). There were 50/938 instances of the pairwise distance between genomes 

being over 100 SNVs and these occurred in 3/30 (10%) of the within-participant STs. The most 

frequent pairwise distance was 0 SNVs occurring 162 times and in 24/30 of the within-participant 

STs. Overall, the range of pairwise SNV distance within-ST, within-participant did not vary a great 

deal and there were no individual STs that stood out as a major outlier.  
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Figure 3.7a. Dot plot of pairwise distance of SNVs between colonies of the same ST isolated from the same participant at the same time point. ST59, ST73 and ST297 are 

coloured blue, green and red respectively and were isolated from more than one participant. 
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Figure 3.7b. Dot plot of pairwise distance of SNVs between colonies of the same ST isolated from the same participant at the same time point. ST59, ST73 and ST297 are 

coloured blue, green and red respectively and were isolated from more than one participant. 
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Figure 3.7c. Dot plot of pairwise distance of SNVs between colonies of the same ST isolated from the same participant at the same time point. ST59, ST73 and ST297 are 

coloured blue, green and red respectively and were isolated from more than one participant. 
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Figure 3.7d. Dot plot of pairwise distance of SNVs between colonies of the same ST isolated from the same participant at the same time point. ST59, ST73 and ST297 are 

coloured blue, green and red respectively and were isolated from more than one participant. 
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Figure 3.7e. Dot plot of pairwise distance of SNVs between colonies of the same ST isolated from the same participant at the same time point. ST59, ST73 and ST297 are 

coloured blue, green and red respectively and were isolated from more than one participant. 
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3.4.7 Calculating the Positive Predictive Value that colonies were 

isolated from the same participant 

Figure 3.5, Panel C shows that the minimum pairwise distance of two colonies isolated from the 

same participant was 0 SNVs and the minimum pairwise distance of two colonies isolated from 

different participants was 34 SNVs. These two numbers represent the extreme in this dataset 

therefore a probabilistic approach was applied to determine the likelihood of two isolates being 

from the same person according to the number of SNVs between them. A positive predictive 

value (PPV) of all pairwise distances from the same time point, was measured whereby pairwise 

distances between colonies isolated from the same participant was considered a true positive 

and pairwise distances between colonies isolated from different participants was considered a 

false positive.  

The relationship between pairwise SNV difference and PPV of two isolates being from the same 

participant is shown in Figure 3.8a for the full range of SNV differences and Figure 3.8b for SNV 

differences up to 10,000 SNVs. Given the previously described wide diversity of S. epidermidis 

between individuals it is not surprising that PPV falls rapidly as SNV threshold increases such 

that with a threshold of 100 SNVs gives 95% PPV for two isolates being from the same person. 

A threshold of 34 SNVs gives a 100% PPV for two isolates being from the same person which 

corresponds to the minimum pairwise distance of two colonies from the same ST and same 

person as illustrated in Figure 3.5, Panel C and Figure 3.6, Panel C. 
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Figure 3.8. Positive predictive value of pairwise distance against probability of two colonies being isolated from 

the same person. A) Pairwise distance ranges from 0 – 15,384 SNVs. B) Pairwise distance ranges from 0 – 1000 

SNVs. 
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3.4.8 Comparison of MLST, Pairwise Distance and PPV with Maximum-

likelihood Analyses 

Given that three different methods of describing relatedness of S. epidermidis isolates have been 

identified; MLST, pairwise distance-based subtyping and PPV, I set out to explore how to differentiate 

the isolates and compared them with the maximum-likelihood method of characterising clonal 

divergence. Maximum-likelihood trees statistically infer divergence of different lineages whereby all 

lineages can be traced back to a single common ancestor. Therefore, applying maximum-likelihood 

method to WGS data has the potential to be more accurate than MLST and measuring SNV 

differences alone as it not only measures differences between isolates but also shows the 

probabilistic branching of lineages. 

 

3.4.9 ClonalFrameML Characterisation of Genomic Divergence of 

Lineages 

ClonalFrameML constructs maximum-likelihood trees and shows the position in the genome where 

single-nucleotide polymorphisms (SNPs), homoplasy and recombination events have occurred in all 

branches of the tree (311). ClonalFrameML was used to construct a maximum-likelihood tree from 

the genomes of the 192 S. epidermidis carriage isolates that were mapped to reference genome 

ATCC 12228 with Stampy (283).  

The resulting ML tree (Figure 3.9) shows a great deal of diversity between lineages. Three distinct 

lineages can be identified, separated by a single branch (highlighted in grey, dashed box) (Figure 3.9). 

One of these lineages is wholly comprised of sequence types from clonal complex 0 suggesting that 

the maximum-likelihood method and MLST-based phylogeny accord when characterising the 

population structure of S. epidermidis. Similarly, the other three clonal complexes represented in the 

ML tree are on branches separated from other isolates. The three main lineages have diverged 

through the accumulation of SNPs, recombination events and a great deal of homoplasy. There is 

more recombination within sequence types than between sequence types. Moreover, there is more 

recombination occurring within CC5 than without. This concurs with the conclusions of Miragaia et 

al. (2007) (238) that this clonal complex - named CC227 at the time - contains much recombination 

and may be the result of conservation of restriction-modification systems (238). 

 

 

 



 

Page 102 of 232 

 

Figure 3.9. Maximum-likelihood tree of 192 carriage isolates mapped to ATCC 12228 constructed using 

ClonalFrameML showing tree (left) and position in the genome of polymorphisms (right). Coloured branches 

show branching of isolates belonging to the four largest clonal complexes according to MLST. In the genome 

white vertical lines indicate single nucleotide polymorphisms, yellow to orange vertical lines indicate 

homoplasy and blue horizontal lines indicate recombination events.    
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3.4.10 Comparison of Maximum-likelihood method, MLST and SNV-

based subtyping to characterise S. epidermidis carriage 

Output from the three different methods of maximum-likelihood, MLST and SNV-based subtyping 

was compared to assess how they characterised the relatedness of the 192 carriage isolates (Figure 

3.10). The ML tree is the same as that seen in Figure 3.9. Due to the high diversity amongst the S. 

epidermidis isolates all branch lengths of the ML tree were cube-rooted using the phylogenetic 

analysis APE package (319) in the statistical software R (320). This reduced branches relative to their 

length. The tree was rooted to its mid-point using iTOL (316) under the assumption there is a single 

common ancestor.   

Each node of the tree represented a single isolate and was aligned with both its sequence type and 

several SNV thresholds used to cluster subtypes. Following analysis of the SNV thresholds it was 

decided to apply the thresholds 151, 100, 60, 50 and 34 SNVs to subtype clustering. Thresholds 1095 

and 550 SNVs were not included as was already known that they would fully concur with MLST 

results. 1095 SNVs represented the maximum pairwise distance of observed between two colonies 

isolated from different hosts. 550 SNVs represented the maximum pairwise difference observed 

between two colonies isolated from the same host. Instead, two other SNV thresholds were applied 

to the subtype clustering: 100 SNVs, the median pairwise distance giving a 95% PPV of two isolates 

being from the same host (Figure 3.8) and 50 SNVs, an arbitrary pairwise distance that fitted 

reasonably well within the other thresholds and was similar to that applied by Price et al. (2016) to 

measure transmission of S. aureus (317).  

Genomic variation within a sequence type isolated from a single host may occur over time because 

of acquisition of distantly related lineage of the same ST or by polymorphic events such as 

recombination or hypermutation. To detect any such phenomena the time-point at which the colony 

was isolated was also aligned to each node on the ML tree. In addition, the participant identifiers 

were also aligned to tree nodes to detect lineage divergence within and between participants. The 

branch separating the 3 same distinct lineages from Figure 3.9 is highlighted in a grey dashed box. 

At a threshold of 151 SNVs 30/32 (94%) of the STs concurred with the subtype clusters. At a 100 SNV 

threshold 29/32 (91%) of the STs concurred with the subtype clusters. Then at a threshold of 60 SNVs 

it was 28/32 (88%). At thresholds of 50 and 34 SNVs concurrence then increased back to 29/32 (91%). 

Discrepancies arose in which isolates of the same ST belonging to different subtypes (ST73, ST297 

and ST769 in Figure 3.11, Panel B and Panel C). A discrepancy arose in which isolates of the same 

subtype belonged to two different STs (ST59/ST778 in Figure 3.11, Panel A). Discrepancies were 

associated with colonies being isolated from different hosts in 3/4 of discrepant STs and were not 
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associated with colonies being isolated at different time points. ST153 and ST775 differed by one 

SNV in the MLST loci, in the yqiL gene locus. They differed by 167 – 189 SNVs (median = 184 SNVs, 

mean = 183 SNVs) in their genomes. Isolates belonging to ST73 differed by 0 – 563 SNVs (median = 

220 SNVs, mean = 252 SNVs). The discrepancies observed in ST297 and ST769 were a result of the 

100 SNV and 60 SNV thresholds respectively clustering the STs into different subtypes. 

ClonalFrameML was used to characterise the genomic events causing discrepancies between STs, 

subtype clustering and maximum-likelihood analysis. Discrepancies occurring in isolates belonging 

to ST73, ST59 and ST778, and ST153 and ST775 were the result of SNVs and recombination events 

separating isolates from the same ST or by minor changes in the MLST loci resulting in different STs 

that were genomically highly related. 
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Figure 3.10. Maximum likelihood tree of 192 genomes of S. epidermidis carriage isolates. Genomes were 

mapped to ATCC 12228 and the tree was constructed using ClonalFrameML. Branch lengths were square 

rooted to reduce variation in length. The tree was rooted to the mid-point. White dots represent samples 

isolated at time point 0, black dots represent samples isolated at time point 12. The inner ring (orange) shows 

the sequence type of isolates. The grey rings show clustering of subtypes according to thresholds: (from inner 

to outer) 151, 100, 60, 50 and 34 SNVs. The coloured identifiers on the outer-most edge denote the participant 

identifiers. 
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Figure 3.11. Maximum-likelihood trees drawn in ClonalFrameML observing inconsistent patterns of 

relatedness. Isolates of ST59 and ST778 being more closely related to each other than different isolates of ST59 

(panel A).  Isolates of ST73 being more closely related between hosts than within hosts (panel B). Isolates of 

ST775 being nested between isolates of ST153 (panel C). Participant identifiers and sequence types are labelled 

at nodes and coloured according to participant. 
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3.4.11 Determination of Fixation Indices 

The fixation index of subpopulations of S. epidermidis from participants and subpopulations from 

anatomical sites on participants was calculated to determine the level of recombination occurring. 

When looking at the indices of fixation between participants (Table 3.10) at a threshold of 550 SNVs, 

the most diversity observed within a ST, the fixation index is much higher. This means that if 

comparing only within STs most of the diversity seen at this scale may be attributed to differences 

between participants. With no threshold applied the fixation indices in subpopulations from 

participants was low indicating that the participants harboured a great deal of the diversity across 

the species of S. epidermidis. Similarly, if a threshold of greater than 550 SNVs is applied a high level 

of diversity was observed in a participant which can be accounted for by divergence between STs. 

When looking at the fixation indices between anatomical sites on the same participant (Table 3.11) 

at a minimum threshold of 551 SNVs the fixation index is determined to be zero suggesting diversity 

within participants was dominated by differences between different STs. If a threshold of 550 SNVs 

or no threshold is applied the fixation index is closer to one suggesting a more clonally structured 

populations within anatomical sites.  
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Participant 
Fixation Index 

<550 SNVs No Threshold >550 SNVs 

F5 0.78 0.06 -0.21 

F7 0.95 0.25 0.12 

M4 0.94 0.54 0.33 

M7 0.91 -0.12 -0.3 

M8 0.97 0.05 -0.19 

Mean 0.91 0.16 -0.05 

SD 0.07 0.22 0.24 
 

                               Table 3.10. Fixation Indices of populations of S. epidermidis within participants.  

                                Minus numbers are counted as 0. 

 

 

Participant 
Fixation Index 

<550 SNVs No Threshold >550 SNVs 

F5 0.78 0.82 -2.19 

F7 0.44 0.35 -0.05 

M4 0.4 0.6 -0.13 

M7 0.29 0.45 -0.12 

M8 0.56 0.67 0.33 

Mean 0.49 0.58 -0.43 

SD 0.17 0.16 0.90 

 

                                Table 3.11. Fixation Indices of populations of S. epidermidis within anatomical  

                                sites within participants. Minus numbers are counted as zero. 
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3.4.11 Estimating a Molecular Clock 

The molecular clock of an organism is the rate at which, under normal conditions, synonymous 

mutations arise and become fixed in a population and are thereby observable (321,322). The 

molecular clock can be used to infer the date of divergence of different species by estimating the 

date at which the most recent common ancestor existed (321–323). This is known as the time to 

most recent common ancestor (tMRCA) (324). The same principle can used to infer the time of 

divergence of different strains (323). This method has been used to provide phylogenetic and 

epidemiological data on pathogen organisms (232,311,323). However, it is important to note that 

an organism that is ubiquitous may reside in several different “normal conditions” and therefore a 

single molecular clock for a species or strain may not exist.  

An attempt was made to estimate the molecular clock of the strains of S. epidermidis isolated from 

the five healthy study participants using the package BactDating (325). This was done using the 

maximum likelihood tree discussed in Section 3.4.9 (Figure 3.9) since this phylogeny accounted for 

bacterial recombination (325). Figure 3.12 infers a time-scaled phylogeny of the isolates with a 

tMRCA as the year 1387 (CI 95% 760 – 1717). The estimated mean substitution rate was 8.07 (CI 

95% 4.7 – 12.3) per year and the standard deviation of the rate of substitutions per branch was 7.59 

(CI 95% 3.98 – 12.2). Figure 3.13 is a root-to-tip analysis which infers that most substitutions occurred 

more recently and are clusters at the lateral edge of the time-scaled phylogeny. Finally, 1000 

iterations of Markov-Chain Monte Carlo methods shown in Figure 3.14. showed disparity between 

the mean of the parameters and the variance of the parameters, therefore there was no 

convergence between the methods. Overall, the large CI 95% of the tMRCA and the results of the 

Markov-Chain Monte Carlo traces indicate that the analysis was not successful and was not a reliable 

inference. 

A second attempt to infer a molecular clock was made using a bespoke method developed by 

Professor Daniel Wilson whereby isolates were separated according to the timepoint of isolation 

(month 0 and month 12) and assigned to subclusters of 170 SNVs or less. This generated 31 

subclusters. Figure 3.15. shows that in each subcluster the number of SNVs between isolates from 

the two timepoints was plotted against time (in days) as a form of root-to-tip analysis. Most 

promising was Cluster 4 which showed an increase in the number of SNVs between isolates from 

month 0 (on the left-hand of the x-axis) and month 12 (on the right-hand of the x-axis). However, 

the small sampling frame for this subcluster alongside the incongruous results in the other 

subclusters meant this method also did not generate a reliable inference of the molecular clock. A 

larger collection of isolates more clonally related (with smaller pairwise distances) from timepoints 



 

Page 110 of 232 

0 and 12 would have generated a larger subcluster from which a more reliable inference may have 

been derived. 

 

 

 

Figure 3.12. A time-scaled phylogeny of the 192 colonies of S. epidermidis isolated at 

timepoint 0 and timepoint 12. The inferred time of the existence of the most recent 

common ancestor was 1387 however the CI 95% dated from 760 to 1717. 
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Figure 3.13. A root-to-tip analysis of the 192 colonies of S. epidermidis isolated at timepoint 0 and timepoint 12. The plot shows most 

substitutions occurred most recently. 
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Figure 3.14. Output from Markov-Chain Monte Carlo methods using BactDating. A lack of concordance between the means and variance of the methods 

indicates a lack of convergence 
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Figure 3.15. Thirty-one subclusters of the 192 colonies of S. epidermidis isolated at timepoint 0 and timepoint 12. Isolates related by 170 SNVs or less were subclustered. 

The number of SNVs (outgroup distance) was plotted against the number of days between sampling times. The marked diversity of the isolates resulted in the high number 

of subclusters from which a reliable inference of molecular clock could not be derived.
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3.5 Discussion 

Thomas, Miragaia et al. (2007) developed the current MLST scheme (246) and used it to 

characterise the phylogeny of S. epidermidis (238). From the 217 isolates they investigated they 

detected 74 different sequence types of which 74% belonged to a single dominant clonal 

complex, CC2 using goeBURST (234,238). The isolates investigated were of a clinical origin (238) 

and there has been little work exploring the population structure of S. epidermidis in healthy 

human carriage. The same group suggested applying a combination of pulsed-field gel 

electrophoresis (PFGE) and staphylococcal chromosome cassette mec (SCCmec) typing as a 

discriminatory method to give information on both contemporaneous epidemiology and long-

term clonal evolution (236). Whilst this method may be applicable to clinical isolates where up 

to 77% carry mecA (139) far fewer commensal isolates (1 - 11%) harbour the gene (98,99,105). 

More recently, the use of metagenomics has shown that subtypes of S. epidermidis are generally 

conserved within individuals and are distributed across anatomical sites at varying relative 

abundance (260)The authors found that the feet carried a markedly lower diversity of subtypes 

than sebaceous sites where a greater diversity was observed though with some strains still 

dominating (260).  Furthermore, temporal stability of population subtypes within individuals 

and anatomical sites has been demonstrated (261). The work in this thesis chapter set out to 

explore the diversity of 192 commensal isolates of S. epidermidis according to several different 

methods; multi-locus sequence typing (derived from whole-genome sequencing data), and 

three approaches using whole-genome sequencing data; SNV-based subtyping, SNV-based 

positive predictive value and maximum-likelihood methods. In this study 32 different sequence 

types were detected. Twelve were previously undescribed and comprised both novel profiles of 

known alleles and novel alleles. The novel STs belonged to several different clonal complexes 

suggesting that there are many unknown STs amongst the human population. 9/20 of the 

previously known STs have been previously associated with commensal origins with 6/9 being 

associated with commensalism in more than one study (45,99,120,128). According to the 

goeBURST method,  18/32 (56.3%) STs  detected during this study belonged to the dominant 

clonal complex CC5 though overall, the 32 STs were spread across the known MLST phylogeny 

of S. epidermidis. In-keeping with current literature, the goeBURST-based minimum spanning 

tree showed there was a single dominant clonal complex CC5, previously known as CC2 which 

is currently comprised of 466/782 (59.6%) of the STs including some associated with healthy 

human carriage and has ST5 as the proposed founder (117,120,238). It has been suggested that 

dominance of this clonal complex is due to an unusually high rate of recombination giving rise 

to a greater number of STs than other clonal complexes (117). Whereas the work of Miragaia et 
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al. (2007) (238) showed that recombination is a strong driver of diversity amongst clonal strains 

of S. epidermidis, the maximum likelihood tree constructed using ClonalFrameML in this study 

shows recombination also occurring a great deal amongst commensal community isolates 

outside of the dominant clonal complex.  

As was to be expected, my analysis measuring pairwise SNV distances between isolate genomes 

showed that there is much greater diversity between STs than within STs. The presence of 

multiple different STs in each participant therefore had a strong impact on the overall measured 

genomic diversity of S. epidermidis carriage. When isolated from the same participant the 

maximum within-ST pairwise distance was 550 SNVs. This was markedly higher than the 26 SNVs 

recorded in nasally-carried S. aureus by Golubchick et al. (2013) (285).  The greater diversity in 

S. epidermidis was not due to sampling different anatomical sites since the pairwise distance 

between colonies from the same anatomical site also ranged up to 550 SNVs and had a similar 

median and interquartile range. This greater diversity may be due to several factors such as the 

ubiquity of S. epidermidis and the longer duration of carriage compared to S. aureus. When 

isolated from different participants the maximum pairwise distance of isolates of the same ST 

was 1095 SNVs suggesting that clonal expansion is a feature of transmission. SNV-based analysis 

has previously identified clonal expansion within STs of clinically important lineages of S. 

epidermidis (182) as well as Staphylococcus haemolyticus (326).  The median pairwise distance 

of STs ranged from 0 to 100 SNVs with 15/30 being between 10 and 100 SNVs suggesting that 

generally there is no great difference in rates of divergence according to ST. The minimum 

pairwise distance between STs was 60 SNVs between the entire genomes and one SNV between 

the seven MLST loci. Figure 3.10 and Figure 3.11 show that genomically-related isolates may 

belong to different STs as a result of small amounts of recombination or the accumulation of 

SNVs. This has similarly been demonstrated in Enterococcus faecium where recombination 

caused both false-positive and false-negative clustering of STs (327) suggesting that MLST does 

not always form an accurate description of an organism’s population structure. It is of note that 

the two of S. epidermidis STs being highly genomically related both involved a previously known 

ST and a novel ST. This could be the result of a constant process of novel STs arising from existing 

STs because of a small number of SNVs, some of which happen to occur in the loci used for the 

current MLST scheme. Conversely this may reflect a much larger population structure of S. 

epidermidis carried by humans comprised of many STs that are currently undetected. This 

confirms the conclusions of other studies that MLST cannot be used alone to fully define 

relatedness (120,236).  
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Previous studies differentiating isolates according to the number of SNVs across the genomes 

have found this a more useful method than strain-typing to fully characterise carriage, 

transmission and evolution of microbial pathogens (182,317,327,328). Subtyping of S. aureus 

based on pairwise distance of SNVs across the genome has been applied by Price et al. (2014) 

(328) who used a threshold of 40 SNVs previously found to be an upper limit of nasal carriage 

diversity (285). In this study five thresholds were selected according to conclusions of previous 

literature and the SNV-based analyses from this study.  

These were:  

1) 151 SNVs: the minimum pairwise distance between different STs isolated from 

different participants, 

2) 100 SNVs: the median pairwise distance that gave a 95% positive predictive value 

that two isolates were not from the same participant, 

3) 60 SNVs: the minimum pairwise distance between different STs isolated from the 

same participant 

4) 50 SNVs: a pragmatically chosen threshold based on values from this study and 

cited literature examining the genomic diversity of S. aureus, 

5) 34 SNVs: the minimum pairwise distance within STs isolated from different 

participants. 

A threshold pairwise distance up to 100 SNVs gave a 95% positive predictive value that isolates 

of S. epidermidis originated from the same participant in this study. This value could be used to 

suggest a recent transmission event if isolates from different people were within 100 SNVs 

however more carriage isolates from more participants would need to be analysed to better 

represent S. epidermidis in the human population. While the threshold thus identified may be 

applicable to other settings, the specific posterior predictive value would strongly depend on 

the sampling details. For example, isolates from protracted-stay in-patients may have a 

significantly reduced diversity of S. epidermidis and so the number of SNVs generating a 95% 

PPV would be reduced Different lineages characterised in the maximum-likelihood trees 

constructed in ClonalFrameML accorded with the subtypes derived from the 100 SNV threshold. 

Figure 3.10 shows that isolates of ST297 isolated from different participants formed discrete 

subtypes up to 100 SNVs and that they also existed on different branches of the maximum-

likelihood tree meaning whilst they belonged to the same ST there was clonal divergence. Figure 

3.10 also shows that branches separating isolates on the maximum-likelihood tree concorded 
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with subtypes based on thresholds of 60, 50 and 34 SNVs. Subtyping carriage isolates based on 

the number of SNVs that separate them may be used to confirm if they are related and thus 

either from the same person, same site of infection or involved in transmission. Although this 

study has concentrated on commensal carriage the same methods could potentially be applied 

to inform on epidemic or persistent nosocomial strains of S. epidermidis. Price et al. (2014) used 

a threshold of 40 SNVs to characterise S. aureus transmission in an intensive care unit and found 

that acquisition was rarely a result of person-to-person transmission suggesting an undetected 

source (328). Furthermore, work has already been done investigating the number of SNVs that 

separate colonising populations and infecting populations of S. aureus (318). Identifying 

genomic relatedness between infecting and carriage populations of S. epidermidis could aid 

infection prevention and management.  

The diversity observed in this study is in accordance with that seen in other studies 

(99,120,261,329). Oh et al. (2016) used metagenomic sequencing to identify 14 different 

subtypes of S. epidermidis carried by healthy individuals. They found that diversity was both 

higher and more temporally stable than observed during this study (261). This suggests that if 

more colonies were analysed in this study, then a greater diversity of STs would be detected at 

the two time points and that the same STs would be detected at the two time points more 

frequently.  

3.6 Conclusion 

The work undertaken in this chapter has demonstrated that healthy participants carry multiple 

sequence types of S. epidermidis both within and between multiple anatomical sites.  

The frequency at which I identified novel sequence types spread right across the known 

phylogeny of S. epidermidis according to MLST indicates substantial, currently unmeasured 

diversity in the population of this species.  

Diversity between different STs represented as little as 0.002% of the genome with single SNVs 

between the alleles used for MLST causing highly related isolates to be assigned to different 

STs. 

Isolation from different participant played a small but still significant role in the relatedness of 

isolates of the same ST.  
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Measuring pairwise distance between isolate genomes is thus a more reliable method of 

determining relatedness than sequence typing. This can be used to determine a probability of 

same origin or to subtype isolates as has been documented in S. aureus (328,330).  

The inability to reliably infer a tMRCA and molecular clock was largely due to the high diversity 

of the isolates which is indicated by the diversity of the multi-locus sequence types identified. 

Analyses more focused on a greater number of isolates of the same ST and isolated from more 

timepoints would perhaps produce a more reliable inference. 

My findings indicate thresholds for relatedness of S. epidermidis isolates which are different 

from those used previously for S. aureus and should be evaluated in clinical studies, for example, 

assessing transmission in healthcare settings. 

WGS has been used to inform the evolution and population dynamics of clinically significant S. 

epidermidis (182,331). Thus far, WGS analyses of the commensal S. epidermidis has been very 

limited. This study addresses that issue by investigating healthy carriage of S. epidermidis which 

comprises our main interaction with the organism.  
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Chapter 4                                                                     

Using whole-genome sequencing data to discriminate 

between Staphylococcus epidermidis orthopaedic device-

related infection and contamination 
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4.1 Introduction 

Advances in surgery and infection prevention during orthopaedic device implantation 

procedures mean the proportion of people developing an associated infection are low at 1 – 2% 

(35,332,333). However, the increased number of implants being performed every year has led 

to an overall increase in the incidence of orthopaedic device-related infection (35,333). 

Although less common than aseptic complications, ODRI can be devastating with serious 

morbidity and cost implications (35,334–337).   

Diagnosis of ODRI may rely on clinical, haematological, histological, and microbiological findings. 

For microbiological analysis, it is recommended that five or six specimens of periprosthetic 

tissue are taken intra-operatively, each with a different set of sterile instruments (61,273). 

Current UK guidelines recommend that specimens are aseptically inoculated either to nutrient-

rich agar and broth for direct culture or into blood culture bottles for automated detection of 

microbial growth (60). Culturing the sonicate of an explanted prosthesis may increase 

sensitivity, particularly for organisms in a biofilm (86,273,338) however this comes with a 

greater risk of contamination (62) and should not replace the analysis of periprosthetic tissue 

(60).  The culture of indistinguishable organisms from more than one specimen from a set of 

samples is one of the diagnostic criteria used to help to identify the cause of infection (76).  

Staphylococcus epidermidis is one of the organisms most commonly associated with ODRIs 

(43,47,54,339). However, it is also a common cause of specimen contamination meaning the 

culture of S. epidermidis does not necessarily indicate true infection. It may be difficult, when 

using conventional methods, to demonstrate that isolates of S. epidermidis from multiple 

samples are of the same clone. Using the antimicrobial susceptibility profile as a surrogate 

marker of relatedness is unreliable since resistance profiles that are common to unrelated 

isolates exist, particularly regarding nosocomial strains. Similarly, MLST does not reliably 

indicate that isolates are identical due to the prevalence of particular sequence types in hospital 

settings. Numerous studies have attempted to determine if particular strains or genes are more 

indicative of infection or contamination however, they have thus far been unable to 

discriminate between nosocomial infection and nosocomial carriage (109,111,238,255,256). 

Recent studies have assessed the potential for clinical metagenomics to detect and identify 

organisms from bone and joint specimens (340–342). Two studies applying metagenomic 

sequencing to synovial fluid showed promising sensitivity (94.9% and 90% identifying the genus 

and 86.5% and 83% identifying the species) when compared with culture of synovial fluid and 

intra-operative specimens suggesting pre-operative specimens are also suitable for this method 
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(343,344). Another study applied metagenomic sequencing to culture-negative specimens from 

cases of suspected PJI (345). The authors found that targeted antimicrobial therapy based on 

the sequencing results was associated with no need for subsequent intervention, however 

similar outcomes were observed when empirical antibiotics were administered (345). These 

studies have demonstrated that genome sequencing directly from the specimen might be used 

to supplement or potentially replace culture-based methods but such approaches are not 

currently suitable for routine use. 

Whole-genome sequencing of cultured organisms may have the potential to bridge the gap that 

currently exists between culture-based phenotypic methods and metagenomic sequencing of 

the specimen by investigating individual colonies of cultured organisms and generating more 

comprehensive data than metagenomics can currently yield.  

Previous studies have shown that S. epidermidis and S. aureus invasive infection is highly clonal 

whereby, following inoculation, the genome undergoes incremental random changes, some of 

which may enable adaption to the new ecological niche or to resist antimicrobial therapy 

(175,318,331). Different colonies may have the same MLST, PFGE or antibiogram profile but 

represent a heterogeneous population in the host (346). Whole-genome sequencing can be 

employed to track genomic changes across time (from sequential sampling) or space (from 

sequencing multiple colonies from the same specimen). Sequencing multiple colonies from the 

same specimen can be used to observe the within-host diversity of an organism at a single point 

in time. Multiple studies have shown that within-host diversity is dynamic and increases 

measurably over time (346). Whilst whole-genome sequencing would be a more time-

consuming and costly method of diagnosis and analysis of ODRI in comparison to traditional 

methods, the information about the infection may be much more valuable. If WGS proved to 

be more sensitive and specific than culture at diagnosis and yielded more information about the 

progression of the infection, then this could have more benefits to the patient such as improved 

use of antibiotics. Additionally, better diagnoses may lead to reduced surgical costs which are 

proportionally much higher than the cost of microbiological diagnosis. Aseptic revisions cost an 

average of £11,897 in the UK in 2012 but septic revisions cost £21,937 (347). An improved or 

quicker diagnosis could potentially reduce this gap, especially if WGS was performed pre-

operatively from organisms isolated from synovial fluid. 
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4.2 Objectives 

The work presented in this chapter was aimed at developing a method of using whole-genome 

sequencing to discriminate between S. epidermidis orthopaedic device-related infection and 

specimen contamination. There were three aims: 

1) Develop a collection of specimens of periprosthetic material that have been defined as 

relating to infected or to non-infected cases, according to the Musculo-Skeletal 

Infection Society criteria (340), 

2) Determine if WGS-based population analysis methods can be used to discriminate 

between bacteria cultured from infected and non-infected patients (i.e., between 

presumptive pathogens and sample contaminants), 

3) Ascertain if there is a direct relationship between the genomic diversity of the infecting 

population and the time from prosthesis inoculation to isolation of the organism to 

determine if a molecular clock of infection is observable. 

Colonies of S. epidermidis cultured from implanted devices were investigated using phenotypic, 

genotypic and genomic protocols to determine their relatedness. The number of SNVs between 

colonies from the same specimen and specimen set was measured with the aim to establish if 

there is a relationship between genomic diversity and origin (infection or contamination) of the 

organism. The object of this work was to determine the potential of WGS as a method of 

measuring the diversity of the cultured population to aid diagnosis of S. epidermidis ODRI. 

4.3 Methods 

4.3.1 Sampling 

4.3.1.1 Ethical Approval 

All bacterial isolates described in this chapter were investigated as part of a service development 

and so were covered under Statutory Instrument Regulations 2002 No. 1438 (348). Isolates from 

the Oxford University Hospitals NHS Foundation Trust were obtained from the routine 

microbiology laboratory with no associated patient identifying data. Patient data associated 

with isolates from the Brighton and Sussex University Hospitals NHS Trust were anonymised 

therefore no formal ethical approval was required.  
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4.3.1.2 Laboratory Collection 

Original cultures from specimens were collected between November 2016 and October 2018 

from the John Radcliffe Hospital microbiology laboratory, part of the Oxford University Hospitals 

(OUH) Trust. The laboratory processes specimens obtained from the Nuffield Orthopaedic 

Centre (NOC), Oxford which undertakes specialisms in bone and joint infections amongst others. 

Original cultures were also collected from the Royal Sussex County Hospital (RSCH) microbiology 

laboratory between April 2017 and November 2018. The RSCH is part of the Brighton and Sussex 

University Hospitals Trust (BSUH). The Sussex Orthopaedic Treatment Centre (SOTC) located at 

Haywards Heath, is also part of the BSUH Trust and sends orthopaedic device-related specimens 

to the RSCH microbiology laboratory for culture-based analysis. In total 177 original cultures 

from 66 sets of specimens taken from 65 patients were collected. From the 177 cultures, 65 

were selected for whole-genome sequencing that represented culture results ranging from one 

positive culture to five positive cultures. Cultures of S. epidermidis representing true infection 

and contamination were selected according to the medical microbiologist’s application of the 

MSIS criteria (76).  

Figure 4.1 summarises the number of cultures collected from each site. Original culture plates 

of Columbia Blood Agar or Chocolate Agar (Oxoid Ltd, Basingstoke, UK) were collected so that 

the diversity of S. epidermidis from the specimen was captured. Both RSCH and JRH 

microbiology laboratories used a MALDI-ToF MS (Bruker Daltonik GmbH, Leipzig, Germany) to 

speciate isolates. 
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Figure 4.1. Original cultures from specimens collected and selected for whole-genome sequencing from 

the Royal Sussex County Hospital and John Radcliffe Hospital microbiology laboratories. 

 

4.3.2 Determining the Clinical Significance of Isolating S. epidermidis 

from a Specimen 

Diagnosis of an orthopaedic device-related infection relies on multiple investigations including 

microbiological culture, biochemical, haematological, histological and clinical examinations. 

Table 1.5 shows the new scoring system developed by Parvizi et al. (2018) on behalf of the 

Musculoskeletal Infection Society (MSIS) which aims to improve diagnostic confidence of PJI 

(76). Whilst the goals of treating fracture fixation infection (FFI) differs from that required for 

PJI many of the diagnostic criteria shown in Table 1.6 are the same and oftentimes the 

algorithms used for diagnosis of FFI have been adapted from those applied to PJI (265).  
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Therefore, for the purposes of this study, diagnostic criteria proposed by Parvizi et al. in 2018 

(76) for infection of the hip and knee was also applied to ODRI of other anatomical regions.  

Most, but not all the MSIS criteria are employed by the clinical microbiologists serving the Sussex 

Orthopaedic Treatment Centre and the Nuffield Orthopaedic Centre. Therefore, for the 

purposes of this study, where possible the MSIS scoring system was applied to establish the 

results of typical MSIS recommended examinations but the clinical decision by the microbiology 

or infectious diseases consultant was used as the ultimate determination of whether a S. 

epidermidis positive culture was the result of infection or contamination.    

 

4.3.3 Culture and Identification 

Five colonies of suspected S. epidermidis from each selected original culture plate were sub-

cultured onto a CBA plate (Oxoid Ltd, Basingstoke, UK) and incubated overnight at 35oC in 

aerobic conditions. Following incubation individual colonies were confirmed as S. epidermidis 

using a MALDI-ToF MS (Bruker Daltonik GmbH, Leipzig, Germany), (see Chapter 2: Materials and 

Methods).  

 

4.3.4 Antimicrobial Susceptibility Testing 

The Royal Sussex County Hospital microbiology laboratory tests a panel of 13 antibiotics against 

any staphylococcus isolated from a normally sterile tissue or fluid specimen including from 

medical prostheses. The John Radcliffe Hospital employs a BD Phoenix™ (Becton-Dickinson, 

Franklin Lakes, New Jersey, US) automated identification and susceptibility testing system to 

test gram-positive organisms including staphylococci. The BD Phoenix™ PMIC panel tests the 

MICs of multiple antimicrobial agents including cefoxitin, oxacillin, penicillin, gentamicin, 

rifampicin, fluoroquinolones, trimethoprim-sulfamethoxazole, erythromycin, clindamycin, 

linezolid, tetracycline, vancomycin and chloramphenicol. These panels are used to give the 

clinician a range of antimicrobials from which the most suitable can be selected. The 

antibiogram may also be employed as a surrogate marker of relatedness of isolates from 

different specimens from the same patient.  
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4.3.4.1 Disc Diffusion 

AST was performed using the disc diffusion methods according to the British Society for 

Antimicrobial Chemotherapy (BSAC) (279) which are described in Chapter 2: Materials and 

Methods. Each sub-cultured colony of S. epidermidis underwent disc diffusion AST of the 

antibiotics listed in Table 2.1 to determine their antibiogram.   

 

4.3.4.2 Minimum Inhibitory Concentration 

The minimum inhibitory concentrations (MIC) of teicoplanin and vancomycin were tested using 

E-test© strips (BioMerieux, Marcy-l'Étoile, France) or M.I.C. Evaluator strips (Oxoid Ltd, 

Basingstoke, UK) according to the methods outlined by BSAC (279). MICs were interpreted as 

the lowest concentration of antibiotic that inhibited the growth of test organism as shown in 

Table 2.2. 

 

4.3.5 Whole-genome Sequencing 

Whole-genome sequencing was performed on an Illumina HiSeq4000 at the Wellcome Trust 

Centre for Human Genetics using methods described in Chapter 2: Materials and Methods.  

 

4.3.6 Analyses 

MLST 

Multi-locus sequence typing was performed using a BLASTn-based method on WGS data (see 

Chapter 2: Materials and Methods). 

 

Haplotrees 

Haplotype trees were constructed using a maximum likelihood algorithm implemented by 

Professor Daniel Wilson which analyses sets of biallelic SNVs in genomes where there is no 

homoplasy (308). In summary short-read sequences are mapped to a reference genome to 

construct aligned contigs. The contigs of multiple isolates are then examined for the presence 

of SNVs between alleles. A table of these SNVs (or biallelic positions) is constructed to show 

their position in the genome. This table is then used to construct a haplotype tree which 

visualises how the genomes of multiple isolates differ according to the presence and location of 

SNVs.  
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Mann Whitney U Test  

The Mann Whitney U Test (Wilcoxon Rank-Sum Test) is a non-parametric test between two 

independent groups used to determine if they likely derive from the same population (349). For 

this study, the Mann Whitney U test was applied to the pairwise diversity of colonies sequenced 

from suspected ODRI and suspected contaminant samples. A small p-value will suggest that the 

null hypothesis - the contaminants and infecting colonies are homogeneous and come from the 

same population - can be rejected (350).     

4.4 Results 

4.4.1 Specimens 

From the microbiology laboratories of the RSCH (Table 4.1) and JRH (Table 4.2) a total of 65 

specimens from 27 specimen sets from 27 patients were analysed. The MSIS criteria for defining 

infected or not infected and the clinical team’s decision of infected or not infected was 

recorded.  

Of the 27 patients from both hospitals the mean age was 62 years. Twelve of the 27 (44.4%) 

patients were female and fifteen (55.6%) were male. Nineteen of the 27 (70%) operations 

involved the hip, 5/27 (18.5%) involved the knee, 1/27 (3.7%) involved the clavicle in the 

shoulder, 1/27 (3.7%) involved the ankle and 1/27 (3.7%) involved the calcaneum of the foot 

heel. A set of five or six specimens was most commonly sent to the microbiology laboratory 

(both sites 9/27 (33.3%)) which was the recommendation of Atkins et al. (1998) (61). Specimens 

within a set growing S. epidermidis ranged from six being positive to a single specimen being 

positive. 
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CASE DETAILS SPECIMEN DETAILS 

Patient Age Sex Operation No. growing    
S. epidermidis 

No. for 
WGS 

TF12 59 F DHS to THR 1/2 1 

TF16 25 M Review of open knee fracture wound and removal of screws 3/3 3 

TF24 58 F Revision of acetabulum 1/2 1 

TF26 75 F Washout after DHS 5/5 3 

TF32 44 M Washout of hip 1/4 1 

TF56 85 M DAIR of hip 1/6 1 
 

 

 

Table 4.1. Table of specimens selected for analysis from the Royal Sussex County Hospital, Brighton, UK. THR: Total Hip Replacement. TKR: Total Knee Replacement. DHS: 

Dynamic Hip Screw. DAIR: Debridement, Antibiotics and Implant Retention.  
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CASE DETAILS SPECIMEN DETAILS 

Patient Age Sex Operation No. growing  
S. epidermidis 

No. for 
WGS 

PDR1 73 F One stage infected hemiarthroplasty to THR with custom assembled femoral endoprosthetic replacement 4/5 4 

PDR6 67 M First stage revision of TKR 5/6 5 

PDR9 67 M One stage revision of THR 4/6 3 

PDR12 48 M Complex acetabular reconstruction and hip replacement 5/5 5 

PDR19 86 F One stage hip revision 6/6 4 

PDR17 47 M Washout of knee and superficial wound dehiscence 1/4 1 

PDR20 60 F Exploration of hip, change of stem and acetabular liner and excision of pseudotumour 1/5 1 

PDR21 46 F DAIR of hip 5/6 5 

PDR25 68 F First stage revision of THR, complex removal of metalwork 3/7 2 

PDR28 52 M One stage revision of distal femoral replacement to total femoral replacement (Depuy Limb Preservation 
System endoprosthesis) with medial and lateral gastrocnemius flap 7 split skin graft 

6/6 3 

PDR33 76 F Exploration hip revision and conversion to constrained liner 3/4 2 

PDR36 70 F Revision THR (gap cage/contemporary/Exeter) 4/5 2 

PDR38 24 M Treatment of acetabular metalwork infection 5/5 4 

PDR39 38 M Post anterior cruciate ligament reconstruction Removal of tibial common iliac screw, debridement and 
arthroscopic washout of knee joint 

3/6 2 

PDR44 75 M Exploration THR, exchange of liner and head 1/5 1 

PDR45 74 M Removal of ankle screws, washout and debridement 1/5 1 

PDR49 63 M Sampling, plate removal and assessment of clavicle 1/4 1 

PDR93 79 F Revision of THR (Trabecular Metal trilogy: Trabecular Metal/augment/Exeter) 5/6 2 

PDR98 79 M Two in 1 hip revision All poly-cemented cup 200mm CPT® to trilogy with impaction of 40g osteomycin 2/7 2 

PDR139 69 F DAIR of hip for infection 3/6 3 

PDR144 58 M Calcaneum screw fixation 4/5 2 

      

Table 4.2. Specimens selected for analysis from the John Radcliffe Hospital, Oxford, UK. THR: Total Hip Replacement. TKR: Total Knee Replacement. DHS: Dynamic Hip Screw. 

DAIR: Debridement, Antibiotics and Implant Retention. 
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Not all the analyses recommended in the new scoring system for the diagnosis of PJI by the MSIS 

were employed by the Royal Sussex County Hospital or the John Radcliffe Hospital laboratories to 

examine the cases of suspected ODRI for this study. Neither centre examined serum for the presence 

of D-dimer. Similarly, neither examined synovial fluid for the presence of Alpha-defensins, elevated 

polymorphonuclear leukocytes (PMN), C-reactive protein (CRP), white blood cells (WBCs) or 

leukocyte esterase therefore these tests were not included in Table 4.3. 

Culturing an organism indistinguishable by antibiogram from two or more specimens from the same 

set is used by the clinical teams at the RSCH and JRH and so was employed in this study to 

discriminate between S. epidermidis infection and S. epidermidis specimen contamination (i.e., not 

infection). S. epidermidis was isolated from two or more specimens in the 18/27 (66.7%) cases that 

were determined to be an ODRI. The 9/27 (33.3%) of cases determined to be not an orthopaedic 

device-related S. epidermidis infection grew a S. epidermidis from a single sample only. 

One patient case (PDR45) from the John Radcliffe Hospital cultured a Citrobacter sp. from 4/5 

specimens of a sonicated ankle screw, pus and adjacent tissue and so this was determined to be the 

cause of ODRI. However, one of the tissue specimens also grew a S. epidermidis which was thought 

to be a contaminant by the clinical team and so was regarded as such for the purposes of this study. 

For the sake of uniformity throughout this chapter PDR45 is referred to as ‘Not Infected’ as the S. 

epidermidis isolated was not considered to be the aetiological agent of infection, although the 

patient clearly had symptoms of an ODRI caused by the Citrobacter sp. 

The presence of a sinus tract communicating to the site of implant is the other major diagnostic 

criterion for PJI according to the MSIS. This was only recorded in 3/18 (17%) of patients that had an 

ODRI. No patient with a sinus tract yielded indistinguishable organisms from more than one peri-

operative specimen.  This suggests that the presence of a sinus tract, whilst considered indicative of 

infection, may complicate the interpretation of culture results for surgical samples.   

Histological data were not available for intra-operative specimens from the RSCH laboratory as 

histology was not routinely performed at this site. A diagnosis of non-infection was in complete 

concordance with a negative histology result (4/4 (100%)) for patient specimens examined at the 

JRH laboratory. However, 3/17 (18%) diagnoses of infection showed negative histology. 

Only 8/15 (53%) of patients who had an ODRI also had purulence at the site of implant recorded, 

indicating that its absence is not a useful criterion for ruling out infection.  

Regarding preoperative diagnostic criteria, patient data were available for serum CRP but not for 

white cell count. Elevated serum levels of CRP were recorded for patients with an ODRI (16/18 (89%)) 
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as well as for non-infected patients (3/7 (42.9%)). Elevated levels of serum CRP may be associated 

with several factors, including old age.  

Three of nine (33.9%) cases with raised serum CRP levels lacked any other positive diagnostic criteria 

for infection, resulting in MSIS scores of two. Therefore, they were determined not to be cases of 

ODRI.  Each of these three cases yielded S. epidermidis from a single specimen. One of the nine 

(11.1%) cases with a raised serum CRP level grew S. epidermidis from one specimen but also grew a 

Citrobacter sp. from four specimens, so this was determined to be the aetiological agent. One of the 

nine (11.1%) with a raised serum CRP level grew S. epidermidis from one specimen and had purulence 

at the site of implant, giving an overall score of five according the MSIS criteria. Nevertheless, the 

clinical team applied the proposition by Parvizi et al. (2011) that a single positive culture of a low-

virulence organism should not be counted (351). Therefore, the overall MISS score was readjusted 

to three and the team did not consider this to be a case of ODRI.  
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 MAJOR CRITERIA PREOPERATIVE 

DIAGNOSIS 
INTRAOPERATIVE DIAGNOSIS DECISION 

Patient Site >1 positive 
culture of  
indistinguisha
ble organism 

Sinus 
tract  

Elevated Serum 
CRP (2) 

Positive 
histology (3)  

Positive 
purulence (3) 

Single positive 
culture (2) 

MSIS  
Final  
Score 

Clinical 
Decision 

TF12 RSCH No No No ND No Yes 0 Not infected 

TF16 RSCH Yes No Yes ND Yes    Infected 

TF24 RSCH No No No ND No Yes 0 Not infected 

TF26 RSCH Yes No Yes ND Unknown    Infected 

TF32 RSCH No No No ND No Yes* 0 Not infected 

TF56 RSCH No No Yes ND Yes Yes 5 Not infected 

PDR1 JRH Yes No Yes Yes Yes   Infected 

PDR6 JRH Yes No Yes Yes Yes   Infected 

PDR9 JRH Yes No Yes Yes Yes   Infected 

PDR12 JRH Yes No Unknown Equivocal No   Infected 

PDR17 JRH No No Yes No No Yes 2 Not infected 

PDR19 JRH Yes No Yes Yes Unknown   Infected 

PDR20 JRH No No Unknown No No Yes 2 Not infected 

PDR21 JRH Yes No Yes Yes No   Infected 

PDR25 JRH Yes Yes Yes Yes No   Infected 

PDR28 JRH Yes No Yes Yes No   Infected 
PDR33 JRH Yes No Yes Yes No   Infected 

PDR36 JRH Yes No Yes No No   Infected 

PDR38 JRH Yes Yes Yes No Unknown   Infected 

PDR39 JRH Yes No Yes ND Yes   Infected 

PDR44 JRH No No Yes No No Yes 2 Not infected 

PDR45 JRH No No Unknown Yes Yes Yes 8 Not infected^ 

PDR49 JRH No No No No No Yes 0 Not infected 

PDR93 JRH Yes No Yes Yes Yes   Infected 

PDR98 JRH Yes Yes Yes Yes No   Infected 

PDR139 JRH Yes No Yes Yes Yes   Infected 

PDR144 JRH Yes Unkn
own 

Unknown No Unknown   Infected 
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Table 4.3. Table of new scoring-based definition for PJI (Table 1.5) applied to cases of suspected ODRI in which S. epidermidis was cultured from one or more specimen. The 

final decision made by the consultant medical microbiologist is included in the final column. MSIS scores for pre-operative and peri-operative minor criteria are shown in 

brackets. *S. epidermidis was isolated from the enrichment broth of one specimen. ^Citrobacter sp. was isolated from 4 specimens and so was determined to be the causative 

organism, S. epidermidis was isolated from 1 specimen so determined to be a contaminant. CRP: C-Reactive Protein. WBC: White Blood Count. LE: Leukocyte Esterase. ND: Not 

Done.
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4.4.2 Genomic and Phenotypic Analyses 

To investigate the population structure of S. epidermidis associated with cases of ODRI and with 

specimen culture contamination five colonies from positive cultures were analysed. Five individual 

colonies from primary culture plates were sub-cultured onto a CBA plate (Oxoid Ltd, Basingstoke, 

UK) and incubated overnight aerobically at 37oC to give enough cultured organism for further 

investigations. Henceforth each sub-cultured colony will be referred to as an isolate. In total 325 

isolates from 65 specimen cultures were analysed. Table 4.4. shows the quality data of the reads 

generated by HiSeq sequencing for all the isolates. In addition, 10/325 (3.1%) isolates were randomly 

selected to be sequenced in duplicate to accord with MMM and WTCHG protocols, to detect false-

positive variant calling. Table 4.5. shows that the ten duplicates were all 0 SNVs from the originals, 

consistent with the previously published estimate of approximately 2.5 x 10-9 errors per nucleotide 

using the MMM pipeline (285). Duplicates were removed from downstream analyses.  

 

Parameter Range Median (IQR) 

Reads (n) 1.44 – 6.51 x 106 3.83 x 106 (3.39 – 4.48 x 106) 

Mapped (n) 1.31 – 6.35 x 106 3.47 x 106 (3.03 – 4.10 x 106) 

Mapped (%) 79.0 – 97.62 91.51 – (88.82 – 93.77) 

 

Table 4.4. Quality control data for 325 clinical isolate genome sequences 
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 PDR19bm5.2 PDR21bm5.2 PDR28cm3.2 PDR38bm1.2 PDR93am4.2 PDR98am1.2 PDR139bm3.2 PDR144am2.2 TF29m2.2 TF51m1.2 

PDR19bm5 0 6891 7129 6214 8732 5876 5045 54602 54334 5392 

PDR21bm5 6891 0 7838 6490 9343 6014 7488 54259 54189 6240 

PDR28cm3 7129 7838 0 7727 2547 7590 6799 54738 54781 8436 

PDR38bm1 6214 6490 7727 0 8277 4925 7302 54167 53865 3627 

PDR93am4 8732 9343 2547 8277 0 8201 6841 53486 53417 8588 

PDR98am1 5876 6014 7590 4925 8201 0 6354 54203 54264 4229 

PDR139bm3 5045 7488 6799 7302 6841 6354 0 53653 53541 6633 

PDR144am2 54602 54259 54738 54167 53486 54203 53653 0 9694 53297 

TF29m2 54334 54189 54781 53865 53417 54264 53541 9694 0 53305 

TF51m1 5392 6240 8436 3627 8588 4229 6633 53297 53305 0 

 

Table 4.5. Pairwise distance matrix showing the single-nucleotide variation between original and duplicate samples that were whole-genome sequenced in duplicate to ensure 

accuracy of data. 10/325 samples were sequenced twice and a pairwise distance of SNV differences in the genome were measured. There were 0 SNVs between original (rows) 

and duplicate (columns) isolate genomes when mapped to reference genome ATCC 12228 therefore there was limited chance of SNVs being falsely called.  
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4.4.3 Antimicrobial Susceptibility Testing and Multi-Locus Sequence 

Typing 

Each of the 325 clinical isolates (Table 4.6 and Table 4.7), as well as five colonies of the reference 

strain NCTC 11047 (Table 4.8) underwent the AST procedure explained in Chapter 2: Methods. The 

13 antibiotics tested were the same as those tested by the microbiology laboratory at the Royal 

Sussex County Hospital. The set of antibiotics tested aims to provide the clinicians with a range of 

treatment options for deep and superficial staphylococcal infection. Multi-locus sequence types 

were determined in silico from whole-genome sequence data (see Chapter 2: Methods). 

 

4.4.3.1 Antimicrobial Susceptibility Profiles 

Amongst the 325 isolates from 65 specimen cultures a total of 25 different antibiograms were 

observed. Three of the antibiograms were observed in two different sequence types and one 

antibiogram was observed in three different STs showing that antibiotic resistance profiling is not 

always a reliable indicator for determining the relatedness of isolates of S. epidermidis. Further 

analyses of antimicrobial susceptibility are documented in Chapter 5: Detecting genomic 

determinants of antimicrobial resistance in Staphylococcus epidermidis. 

 

4.4.3.2 In silico multi-locus sequence types 

A total of 18 different STs were detected amongst the clinical isolates of S. epidermidis. ST2 was the 

most frequently detected, from 8/27 (29.6%) of cases. This finding concurs with previous studies that 

found ST2 to be a prevalent hospital-adapted strain either and often the most common or amongst 

the most common ST to be detected from clinical specimens (32,120,133,238,301). Moreover, ST2 

was detected both as an infecting and contaminating isolate which concurs with previous studies 

that show that nosocomial strains may be isolated equally as a cause of infection or a result of 

specimen contamination by hospital-associated commensal bacteria (109,128).  

Isolates of the same sequence type showed marked diversity according to the antibiogram results. 

There were eight different antibiotic phenotypes amongst the ST2 isolates, including one patient 

(PDR93) who had two different strains according to the antibiograms. Similarly, ST57 and ST88 were 

both isolated from more than one patient that showed different antibiograms. This demonstrates 

that neither multi-locus sequence type nor antibiograms give a reliable information about the 

diversity or relatedness of clinical isolates of S. epidermidis. 



 

Page 137 of 232 
 

Table 4.9 shows that of the 18 detected STs six had novel MLST profiles, of which half were a result 

of a novel gene locus or lack of locus. This suggests that there are still further nosocomial strains of 

S. epidermidis that remain to be detected and classified.     

 

4.4.3.3 Relatedness of Isolates from the Same Specimen Set According to AST and 

MLST 

For 14/18 cases of ODRI all colonies in a specimen set showed identical antibiograms and MLST 

profiles meaning they were indistinguishable by conventional methods. Four of the 18 ODRI cases 

cultured different colonies either by antibiogram, MLST or both.  

One specimen from patient TF26 grew colonies of ST588 which had the same antibiogram and two 

specimens grew colonies of a previously unrecorded sequence type which was given the designation 

ST772. All colonies of ST772 had the same antibiogram as each other.  

The two specimens analysed from patient PDR25 grew colonies of S. epidermidis which were 

indistinguishable by antibiogram however two different sequence types were detected from WGS 

data. The first was ST2, one of the most common nosocomial sequence types (32,120,133,238,301). 

A second, novel sequence type was also detected that was lacking the arcC locus. The arcC gene is 

part of the arcABDCR operon and encodes a carbamate kinase which is part of the main arginine 

catabolic pathway in S. aureus (352). The arcC gene is thought to be a housekeeping gene, essential 

for bacterial metabolism (353) and was proposed originally by Wisplinghoff et al. (2003) then by 

Thomas et al. (2007) to form part of their MLST schemes for S. epidermidis (246,353). The novel 

sequence type was submitted to the pubMLST.org database and was given the designation ST781. 

The genomes of the ST781 isolates were interrogated with BLASTn (see Chapter 2: Methods) for the 

presence of the arcC gene but it was not detected meaning it was not just the locus used for MLST 

that was not present but the entire gene.  

Patient PDR93 had two specimens selected for analysis, both of which grew ST2 S. epidermidis 

however there were two different antibiograms observed suggesting different strains of the same 

sequence type.  
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Patient Specimen Specimen Cefox Pen Eryth Gent Vanc Teic Fus Rif Tet Cipro Clind Lzd Mup MLST 

TF12 TF12a Screw from DHS I R S S S S R S S S S S S 208 

TF16 

TF16a Deep tissue R R R S S S R S S S S S S 640 

TF16b Deep tissue R R R S S S R S S S S S S 640 

TF16c Deep tissue R R R S S S R S S S S S S 640 

TF24 TF24a Acetabulum R R R R S S S S S R R S S 2 

TF26 

TF26a Tissue R R R S S S R R S R R S R 772 

TF26b Tissue S R R S S S S S S S S S R 558 

TF26c Tissue R R R S S S R R S R R S R 772 

TF32 TF32a Tissue S R S S S S S S S S S S S 88 

TF56 TF56a Tissue S R S S S S S S S S S S S 782 

PDR1 

PDR1a Fluid R R S R S S S S S S S S S 89 

PDR1b Capsule R R S R S S S S S S S S S 89 

PDR1c Fluid R R S R S S S S S S S S S 89 

PDR1d Femoral membrane R R S R S S S S S S S S S 89 

PDR6 

PDR6a Synovium I S S S S S R S S S S S S 88 

PDR6b Patella membrane I S S S S S R S S S S S S 88 

PDR6c Femoral membrane I S S S S S R S S S S S S 88 

PDR6d Tibial membrane I S S S S S R S S S S S S 88 

PDR6e Joint fluid I S S S S S R S S S S S S 88 

PDR9 

PDR9a Joint fluid I R R S S S R S S S S S S 35 

PDR9b Femoral membrane I R R S S S R S S S S S S 35 

PDR9c Anterior capsule I R R S S S R S S S S S S 35 

PDR12 

PDR12a Capsule I R R S S S R S S R S S S 2 

PDR12b Neck Capsule I R R S S S R S S R S S S 2 

PDR12c Acetabular scar tissue I R R S S S R S S R S S S 2 

PDR12d Acetabular membrane I R R S S S R S S R S S S 2 

PDR12e Acetabular membrane I R R S S S R S S R S S S 2 

PDR17 PDR17a Deep inferior part R R R R S S R S S S R S S 2 

PDR19 

PDR19a Joint fluid S S S S S S R S S S S S S 958 

PDR19b Capsule S S S S S S R S S S S S S 958 

PDR19c Synovium S S S S S S R S S S S S S 958 
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PDR19d Femoral membrane S S S S S S R S S S S S S 958 

PDR20 PDR20a Acetabular membrane S S R S S S S S S S S S S 764 

PDR21 

PDR21a Superficial tissue R R S S S S S S S S S S S 88 

PDR21b Superfascia fluid R R S S S S S S S S S S S 88 

PDR21c Superficial fluid R R S S S S S S S S S S S 88 

PDR21d Deep tissue R R S S S S S S S S S S S 88 

PDR21e Anterior capsule R R S S S S S S S S S S S 88 

PDR28 

PDR28a Proximal femur R R R R S S R S S R S S R 2 

PDR28b Tibial membrane R R R R S S R S S R S S R 2 

PDR28c Distal tibia tissue R R R R S S R S S R S S R 2 

PDR33 
PDR33a Hip membrane R R R R S S S R R S R S S 2 

PDR33b Acetabular tissue R R R R S S S R R S R S S 2 

PDR36 
PDR36a Joint fluid R R R R S S S S S R R S R 2 

PDR36b Femoral membrane R R R R S S S S S R R S R 2 

PDR39 
PDR39a Knee fluid R R R R S S R S S R R S S 87 

PDR39b Tibial tunnel tissue R R R R S S R S S R R S S 87 

PDR44 PDR44 Hip synovium S R R S S S R S S S S S S 208 

PDR45 PDR45 Tissue S R R S S S R S S S S S S 7 

PDR49 PDR49a Sequestrum S R S S S S S S S S S S S 89 

PDR98 
PDR98a Hip sinus S R R R S S S R R R S S S 57 

PDR98b Deep hip sinus S R R R S S S R R R S S S 57 

PDR139 

PDR139a Capsule  R R R R S S R S R R R S S 5 

PDR139b Femoral neck tissue R R R R S S R S R R R S S 5 

PDR139c Superficial hip fascia R R R R S S R S R R R S S 5 

PDR144 
PDR144a Tissue S R R S S S S S S S S S S 924 

PDR144b Tissue S R R S S S S S S S S S S 924 

 

Table 4.6. Antimicrobial susceptibility testing and MLST results of 5 colonies tested from S. epidermidis positive cultures. Five colonies were tested individually from each culture 

and showed identical results. S: Susceptible, R: Resistant, I: Intermediate, Cefox: Cefoxitin, Pen: Penicillin, Eryth: Erythromycin, Gent: Gentamicin, Vanc: Vancomycin, Teic: 

Teicoplanin, Fus: Fusidic Acid, Rif: Rifampicin, Tet: Tetracycline, Cipro: Ciprofloxacin, Clind: Clindamycin, Lzd: Linezolid, Mup: Mupirocin. 
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Patient Colony Specimen Cefox Pen Eryth Gent Vanc Teic Fus Rif Tet Cipro Clind Lzd Mup MLST 

PDR25 

PDR25a1 

Acetabular membrane 

R R S R S S R R S R S S S 781 

PDR25a2 R R S R S S R R S R S S S 2 

PDR25a3 R R S R S S R R S R S S S 781 

PDR25a4 R R S R S S R R S R S S S 781 

PDR25a5 R R S R S S R R S R S S S 781 

PDR25b1 

Fascia layer 

R R S R S S R R S R S S S 2 

PDR25b2 R R S R S S R R S R S S S 2 

PDR25b3 R R S R S S R R S R S S S 2 

PDR25b4 R R S R S S R R S R S S S 2 

PDR25b5 R R S R S S R R S R S S S 2 

PDR38 

PDR38b1 

Tissue 2 

S S R S S S S S S S S S S 57 

PDR38b2 S S R S S S S S S S S S S 57 

PDR38b3 S S R S S S S S S S S S S 57 

PDR38b4 S S R S S S S S S S S S S 57 

PDR38b5 S S R S S S S S S S S S S 57 

PDR38c1 

Tissue 3 

S S R S S S S S S S S S S 57 

PDR38c2 S S R S S S R S S S S S S 130 

PDR38c3 S S R S S S R S S S S S S 130 

PDR38c4 S S R S S S R S S S S S S 130 

PDR38c5 S S R S S S S S S S S S S 57 

PDR38d1 

Tissue 4 

S S R S S S S S S S S S S 57 

PDR38d2 S S R S S S S S S S S S S 57 

PDR38d3 S S R S S S S S S S S S S 57 

PDR38d4 S S R S S S S S S S S S S 57 

PDR38d5 S S R S S S S S S S S S S 57 

PDR38e1 

Tissue 5 

S S R S S S R S S S S S S 130 

PDR38e2 S S R S S S R S S S S S S 130 

PDR38e3 S S R S S S R S S S S S S 130 

PDR38e4 S S R S S S R S S S S S S 130 

PDR38e5 S S R S S S R S S S S S S 130 
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PDR93 

PDR93a1 

Capsule 

R R S R S S R R S R S S S 2 

PDR93a2 R R S R S S R R S R S S S 2 

PDR93a3 R R S R S S R R S R S S S 2 

PDR93a4 R R S R S S R R S R S S S 2 

PDR93a5 R R S R S S R R S R S S S 2 

PDR93b1 

Femoral membrane 

R R R R S S R R S R R S R 2 

PDR93b2 R R R R S S R R S R R S R 2 

PDR93b3 R R S R S S R R S R S S S 2 

PDR93b4 R R R R S S R R S R R S R 2 

PDR93b5 R R R R S S R R S R R S R 2 

 

Table 4.7. Antimicrobial susceptibility testing and MLST results of individual colonies tested from S. epidermidis positive cultures. Five colonies were tested individually from 

each culture and showed differing results. S: Susceptible, R: Resistant, I: Intermediate, Cefox: Cefoxitin, Pen: Penicillin, Eryth: Erythromycin, Gent: Gentamicin, Vanc: 

Vancomycin, Teic: Teicoplanin, Fus: Fusidic Acid, Rif: Rifampicin, Tet: Tetracycline, Cipro: Ciprofloxacin, Clind: Clindamycin, Lzd: Linezolid, Mup: Mupirocin. 
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Strain Cefox Pen Eryth Gent Vanc Teic Fus Rif Tet Cipro Clind Lzd Mup MLST 

NCTC 11047 S R S S S S R S R S S S S 5 

 

Table 4.8. Antimicrobial susceptibility testing and MLST results of 5 colonies tested of the NCTC 11047 S. epidermidis type strain. Five colonies were tested individually and 

showed identical results. S: Susceptible, R: Resistant, Cefox: Cefoxitin, Pen: Penicillin, Eryth: Erythromycin, Gent: Gentamicin, Vanc: Vancomycin, Teic: Teicoplanin, Fus: Fusidic 

Acid, Rif: Rifampicin, Tet: Tetracycline, Cipro: Ciprofloxacin, Clind: Clindamycin, Lzd: Linezolid, Mup: Mupirocin. 
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MLST 
Allelic Profile 

Specimen 
arcC aroE gtr mutS pyrR tpiA yqiL 

764 28 41 15 5 38 34 4 Contaminant 

772 1 1 1 2 2 1 62 ORDI 

781 0 1 2 2 4 1 1 ORDI 

782 16 17 2 1 2 1 1 ODRI 

924 12 29 5 5 3 33 4 ODRI 

958 1 76 1 2 5 1 1 ODRI 

 

Table 4.9. Novel MLST allele profiles submitted and accepted into the pubMLST BIGSdb Staphylococcus 

epidermidis database during this study. Novel alleles are highlighted in bold. 
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4.4.1 Whole-genome Sequencing Pairwise Distance Analysis of Isolates 

from the Same Specimen and Specimen Set 

Young et al. (2017) observed that, on average, mean pairwise distance was lower amongst genomes 

of infecting isolates of S. aureus (π = 0.6) than nasal carriage isolates (π = 2.8) (318). As illustrated in 

Figure 4.2., I hypothesise that this observation could be used to develop a method that could be used 

to discriminate between infecting and contaminating isolates of S. epidermidis. It is likely that the 

cases of ODRI that result from inoculation of the orthopaedic device at the time implantation are a 

bottleneck event – where a small number of highly-related bacterial cells are involved. Subsequently 

these cells undergo division and diversify, accumulating SNVs over time. A similar process is likely for 

specimen or culture contamination except that the shorter timeframe between initial inoculation 

and culture means that whilst several SNVs will have accumulated in infecting populations a much 

smaller number (or none) will have accumulated in contaminating isolates. 

 

 

 

 

Figure 4.2. Working hypothesis of the difference in diversity between monoclonal contamination, monoclonal 

infection and polyclonal infection. The thick horizontal bars represent the inoculation event either during 

implantation (for infection) or specimen explantation/processing (for contamination). Adapted from Young et 

al. (2017) (318). 

 

To determine if this hypothesis could be applied to discriminate between infecting and 

contaminating S. epidermidis the WGS data of isolates from individual specimens and from specimen 

sets underwent pairwise analysis. Firstly, raw reads were mapped to the Sanger-sequenced 

reference genome of S. epidermidis ATCC 12228 using the Stampy algorithm to generate whole-

genome sequences formed of contigs (283). The ClonalFrameML tool was then used to determine 

the number of SNVs between each genome sequence whilst detecting recombination (311). There 

was no recombination detected therefore diversity was a result of SNV accumulation alone. Pairwise 
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distance matrices were constructed from the number of SNVs separating each genome. The mean 

pairwise distance was calculated as the sum of all distances in - a) a single specimen or b) all 

specimens in a set - divided by the number of non-self distances. For example, Figure 4.3 shows that 

the sum of all pairwise distances of genomes from specimen PDR9a was 32 and there were ten non-

self pairwise distances giving a mean pairwise distance of 3.2.  

 

  PDR9a PDR9b PDR9c 

  1 2 3 4 5 1 2 3 4 5 1 2 3 4 5 

P
D

R
9

a 

1                

2 1               

3 2 1              

4 6 1 6             

5 6 1 6 2            

P
D

R
9

b
 

1 23 19 23 21 21           

2 23 19 23 21 21 0          

3 23 19 23 21 21 0 0         

4 23 19 23 21 21 0 0 0        

5 23 19 23 21 21 0 0 0 0       

P
D

R
9

c 

1 5 0 5 1 1 20 20 20 20 20      

2 6 1 6 2 2 21 21 21 21 21 1     

3 5 0 5 1 1 20 20 20 20 20 0 1    

4 6 1 6 2 2 21 21 21 21 21 1 0 1   

5 7 2 7 3 3 22 22 22 22 22 2 1 2 1  

 

Figure 4.3. Example of the pairwise distance matrix for genomes from case PDR9. The number of SNVs 

separating the genomes of 5 colonies from each specimen: PDR9a, PDR9b and PDR9c were input. Yellow 

shaded squares were used to calculate the mean pairwise distance between colonies from the same 

specimen. Purple shaded squares were used to calculate the mean pairwise distance between colonies 

from different specimens in the set. 

 

There was a marked difference between the mean pairwise distance of genomes from the infection-

associated culture sets and the contamination-associated culture sets. The highest mean pairwise 

distance observed in the contaminant-associated genomes was 0.4 SNVs in specimen TF12 (Figure 

3.5). The highest mean pairwise distance of genomes of the same sequence type and antibiogram 

observed in the infection-associated culture sets was 17.64 SNVs in culture-set PDR33. Culture-sets 

that had more than one different sequence type had mean pairwise distances in the thousands 

showing that polyclonal infection can contribute to markedly high diversity. Culture-set PDR93 grew 

isolates of the same sequence type however two different phenotypes were observed according to 

the antibiogram. All ten isolates were ST2 however four were resistant to erythromycin, clindamycin 
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and mupirocin and six were susceptible. There was a mean pairwise distance of 34 SNVs across the 

ten isolates demonstrating that they were genomically closely related.  Interrogation of the genomes 

showed that the four colonies resistant to erythromycin, clindamycin and mupirocin harboured the 

genes ermC and mupA, both known resistance determinants whilst the six susceptible colonies 

lacked these genes. The reference genome ATCC 12228 harbours neither mupA nor ermC and 

therefore were not present in the mapped genomes mapped meaning that these differences were 

not observed. Conversely, culture-set PDR25 had isolates of two different sequence types (ST2 and 

ST781) but all had the same antimicrobial phenotype. The mean pairwise distance was only 0.15 

SNVs. As mentioned previously the difference in sequence type was accounted for by the lack of the 

arcC gene in the ST781 isolates. Again, the low pairwise distance despite the lack of an entire gene 

is a consequence of the fact that  ClonalFrameML (311)allows for gene deletion and shows that the 

two sets of isolates are highly related genomically. Whilst the loss of entire genes results in many 

differences at the nucleotide level of the genome, they can represent a single evolutionary event 

and were therefore treated as such in the analysis. 

The Mann Whitney U Test (Wilcoxon Rank-Sum Test) was calculated using R (354) to determine the 

statistical difference in diversity between the infection-associated and contamination-associated 

culture-sets. The p-value was p = 0.000115. However, this p-value is only an approximation due to 

the high proportion of tied observations (there were 35 zero-SNV observations). Since all the 

contamination-associated culture-sets had only a single culture whilst all the infection-associated 

culture-sets had more than one culture a fairer way of determining the difference between the two 

would be to analyse the genomes from individual cultures.  

The highest mean pairwise distance of genomes of the same sequence type and phenotype observed 

in the infection-associated cultures was 12.4 SNVs in specimen PDR33a. Specimen PDR38c had a 

mean pairwise distance of 4285 SNVs however this was due to there being two different sequence 

types isolated from the same specimen. The Wilcoxon Rank-Sum Test (Mann-Whitney U Test) was 

used to determine the statistical difference between the contamination-associated and infection-

associated specimens. The p-value between the two sets of mean pairwise distances was p = 0.0254 

meaning that the null hypothesis can be rejected.  
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Figure 4.4. Bar chart of the mean pairwise distance of genomes of S. epidermidis from individual cultures (solid bars) and culture sets (translucent bars). True orthopaedic 

device-related infection-associated are blue and contamination-associated cultures are red. Mean pairwise distances greater than 18 SNVs are indicated with an arrow and are 

associated with more than one sequence type or antimicrobial phenotype being isolated from the same culture or culture-set. 
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4.4.2 Haplotrees to characterise the diversity of S. epidermidis in infection and 

contamination  

To visualise the diversity of S. epidermidis ODRI and specimen contamination haplotrees were 

constructed from genomic data. This was done using a method implemented by Professor Daniel 

Wilson and used by Bernadette Young et al. (2017) to characterise mutations associated with the 

change from commensal nasally-colonising to disease-causing S. aureus (318). For this study, the 

method was applied to observe the genotypes detected amongst the colonies of S. epidermidis 

analysed for each case of ODRI or specimen contamination. The genome of each colony was 

compared with the reference genome of S. epidermidis ATCC 12228 to identify the location of any 

SNVs that existed between the reference genome and the subject genomes. These positions were 

then used to construct haplotrees which showed the observed genotypes as a white/grey nodes or 

unobserved hypothetical genotypes as smaller black nodes.  

Figure 4.5a shows the haplotrees constructed from three cases of ODRI in which five specimens 

growing S. epidermidis were analysed. Case PDR6 was the first stage of a TKR revision. The haplotree 

from PDR6 shows a central genotype that was detected in four of the specimens from which other 

genotypes radiate at a maximum of two SNVs. This central genotype may be a dominant clone more 

populace than the others at the site of infection. Therefore, the central genotype could potentially 

represent the initially infecting clone, or a prevailing clone better adapted to the ecological niche 

and/or insult by the host immune system or antimicrobial agents. The lateral nodes may represent 

genotypes that are the result of natural diversification which occurs over time. The nine radiating 

edges show that a single genotype has given rise to nine different sub-lineages. Case PDR12 is from 

a THR and has a haplotree with a central genotype detected multiple times in more than one 

specimen. However, the radiating edges are longer with up to eight SNVs representing a more 

divergent population structure. PDR21 was a case of the DAIR of an infected THR. The haplotree is 

much more clonal with only two genotypes detected which differed by a single SNV. This markedly 

lower diversity may be the result of this case being an early infection in which the population has 

had less time to acquire SNVs or a selective sweep reducing the diversity of the population. The DAIR 

procedure is more effectively applied during early infection (270) and so this may also be an indicator 

of a more recent inoculation event.  

Figure 4.5b is comprised of haplotrees constructed from cases of ODRI in which S. epidermidis from 

four specimens were analysed. Case PDR1 was an infected hemiarthoplasty leading to a single stage 

THR. The haplotree for PDR1 shows a central genotype isolated from 3/4 specimens. From the 

central genotype radiate three genotypes differing by a single SNV from the same specimens and 

two genotypes from the remaining specimen one of which differs from the central genotype by a 
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single SNV. This again suggests a closely related clonal population expanding from an initially 

colonising or prevailing clone from which the sublineages diverge. Case PDR19 had six specimens 

growing S. epidermidis, four of which were analysed for this study. The associated haplotree shows 

an inferred unobserved genotype linking three observed genotypes. This suggests there was a 

central genotype that was either undetected in this study or supplanted by more successful variants. 

A single genotype was isolated from the synovial fluid and the synovial membrane and could be due 

to the immediate proximity of the two in the joint. Case PDR38 involved infection of acetabular 

metalwork. There were two different sequence types (ST57 and ST130) isolated from the specimens 

which differed by an average of 3168 SNVs (see Figure 4.4) and had different antimicrobial 

susceptibility phenotypes (see Table 4.7). ST57 was isolated from three specimens and differed by 

eight SNVs. Colonies of ST130 were isolated from two specimens and had no SNVs separating them. 

Both sequence types were isolated from multiple specimens strongly suggesting polyclonal infection. 

It is possible that both STs were present in all specimens but were not detected however this is not 

known.  

Figure 4.5c is comprised of haplotrees constructed from cases in which three specimens growing S. 

epidermidis were analysed. The haplotree for case PDR9 shows a slightly radial structure with 7 

genotypes being detected in two specimens and having a maximum divergence of 22 SNVs. A more 

distantly related genotype was detected in a single specimen. PDR28 has a slightly radial structure 

with a single specimen growing two genotypes and the other two growing a single genotype each. 

PDR139 shows a more homogeneous population structure with only two SNVs separating all 15 

genomes. This may be due to the infection being in its early stage as suggested by the associated 

DAIR treatment. Case TF16 is more homogeneous still with only two SNVs separating all genomes. 

The two genotypes shown in the haplotree for case TF26 is separated by 7598 SNVs and is the result 

of two different sequence types (ST558 isolated from one specimen and ST772 isolated from two 

specimens) with different antimicrobial susceptibility phenotypes. Case TF26 had 5/5 specimens 

growing S. epidermidis however for this study only three were analysed therefore it is not known if 

ST558 was present in the other specimens suggesting it was part of a polyclonal infection or only 

present in one specimen indicating it was a contaminant.  

Figure 4.5d shows the haplotrees of eight cases of S. epidermidis ODRI from which two specimens 

per case were analysed. Of the eight cases, five involved the hip, two involved the knee and one 

involved the calcaneus. PDR25 shows a haplotree consisting of a single genotype isolated from one 

specimen and two genotypes separated from each other by one SNV isolated from another 

specimen. PDR33 shows a single genotype isolated from one single specimen and two genotypes 29 

SNVs distant from each other and 25/26 SNVs distant from the first genotype. Haplotree PDR36 is 
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comprised of one genotype isolated from each specimen and only differing by a single SNV. 

Haplotree PDR39 is uninodal representing ten completely homogeneous genomes being isolated 

from both specimens. PDR93 is a more complex haplotree comprised of eight observed genotypes 

(three from one specimen and five from the other specimen). Genotypes isolated from the two 

different specimens in the set are separated by a minimum of 50 SNVs. Whilst all the genomes from 

case PDR93 are of the same sequence type there are two different antimicrobial susceptibility 

phenotypes. Only six SNVs separate the two genotypes with different antimicrobial susceptibility 

phenotypes. Table 4.7 shows that 6/10 colonies from case PDR93 were resistant to cefoxitin, 

penicillin, gentamicin, fusidic acid, rifampicin and ciprofloxacin and 4/10 were also resistant to 

erythromycin, clindamycin and mupirocin. Analysis of the de novo assembled genomes found that 

the four more resistant genomes harboured ermC and mupA whilst the six less resistant colonies did 

not.  Subsequent interrogation with PlasmidFinder (355) found the mupA and ermC genes were 

respectively located on plasmid repUS19 and a plasmid with 100% identity to pNE131, both which 

were not present in the genomes of the six erythromycin, clindamycin and mupirocin susceptible 

colonies. This demonstrates that plasmid loss or gain, whilst is a significant genomic event could 

result in closely related isolates being mistaken for distant relatives. The haplotree for case PDR98 

shows three genotypes one of which was isolated from the two specimens. The case for PDR144 

involved the peri-prosthetic tissue surrounding a screw employed to fix a calcaneal fracture. In total 

S. epidermidis was cultured from 4/5 of the specimens explanted for this case, however only two 

underwent genomic analyses. Of the ten colonies isolated, nine had the same genotype and one 

colony differed by a single SNV. The specimens cultured from case TF51 were not explanted during 

surgery but were taken prior to surgery. One of the specimens from TF51 was a processed as a 

superficial wound swab and the S. epidermidis that was cultured was reported as skin flora, the other 

specimen was a synovial fluid which was reported as a significant isolate with associated AST results 

for administration of antibiotic therapy. Seven of the colonies of S. epidermidis cultured from the 

two specimens were genomically identical and the other three were very closely related indicating 

that these were the same strain. 

Figure 4.5e shows nine haplotrees constructed from the genomes of S. epidermidis determined by 

the consultant medical microbiologist’s application of the MSIS criteria to be contaminants of 

specimen cultures from cases of suspected ODRI. Since the MSIS criteria consider more than one 

specimen growing an indistinguishable organism to be a major indicator of infection (76) each case 

had only a single specimen that was culture-positive therefore each haplotree is constructed from 

five genomes only. 8/9 of the haplotrees were uninodal meaning no SNVs were detected between 
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the five genomes. The remaining haplotree shows a single genotype isolated four times and another 

genotype one SNV different isolated once. 
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Figure 4.5a. Haplotrees drawn from the detected genotypes of S. epidermidis colonies cultured from ODRI. The 

size of each node is proportional to the number of times a genotype was detected. Black nodes represent 

unobserved intermediate hypothetical genotypes. Grey edges represent the mutations that separate 

genotypes White/grey shading indicates specimen.  
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Figure 4.5b. Haplotrees drawn from the detected genotypes of S. epidermidis colonies cultured from ODRI. The 

size of each node is proportional to the number of times a genotype was detected. Black nodes represent 

unobserved intermediate hypothetical genotypes. Grey edges represent the mutations that separate 

genotypes White/grey shading indicates specimen.  
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Figure 4.5c. Haplotrees drawn from the detected genotypes of S. epidermidis colonies cultured from ODRI. The 

size of each node is proportional to the number of times a genotype was detected. Black nodes represent 

unobserved intermediate hypothetical genotypes. Grey edges represent the mutations that separate 

genotypes White/grey shading indicates specimen.  
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Figure 4.5d. Haplotrees drawn from the detected genotypes of S. epidermidis colonies cultured from ODRI. The 

size of each node is proportional to the number of times a genotype was detected. Black nodes represent 

unobserved intermediate hypothetical genotypes. Grey edges represent the mutations that separate 

genotypes White/grey shading indicates specimen.  
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Figure 4.5e. Haplotrees drawn from the detected genotypes of S. epidermidis colonies cultured from ODRI. The 

size of each node is proportional to the number of times a genotype was detected. Grey edges represent the 

mutations that separate genotypes  
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4.4.3 Determining an average SNV rate for cases of ODRI 

Orthopaedic device-related infection events are, in effect, transmission events, in which a bottleneck 

occurs where bacterial diversity is greatly reduced, because of the small numbers of bacterial cells 

which comprise the inoculum, and because of barriers to infection such as the host immune response 

and antimicrobial prophylaxis, or because of selective sweeps. This can result in a founding 

population that has very low genomic diversity. Applying the assumption that a complete genomic 

bottleneck event (involving a single genotype) has occurred, it may be possible to use the time from 

device implantation to culture to determine the average rate of SNV accumulation within the 

infecting population. This number would represent the slowest possible rate of SNV accumulation 

since it could not account for unobserved bottleneck events that might also occur after device 

implantation. Therefore, the maximum expected rate of diversification from the most recent 

common ancestor to time of culture could be calculated as 2m where m represents the genomic 

mutation rate.  

Figure 4.6 shows an attempt to apply this method to the cases of ODRI in this study where the time 

of implantation was known. The exact date of implantation was not known for Case PDR9, only the 

year. Therefore, three different results representing the minimum, maximum and median time from 

implantation to culture generated a boxplot. Three other cases (PDR1, PDR93 and TF26) also had 

approximate implantation dates however since only the month was known the timeframes were too 

narrow to generate a visible boxplot. As described previously, case PDR38 cultured two different 

sequence types of S. epidermidis with very little or no diversity between genomes of the same ST. 

Therefore, the two STs isolated from PDR38 were analysed separately. Figure 4.6 shows that during 

the cases of ODRI 2m ranged from 0 to 93.14 per year. The mean 2m was 14.38 SNVs per year and 

the median was 4.94 SNVs per year. This data is likely to be affected by the availability of resources 

required for population growth and cell death because of antimicrobial therapy and the host immune 

system. Moreover, it is not known whether the initial inoculation event was a complete bottleneck, 

for example PDR38 had two infecting sequence types, one of which showed a pairwise distance of 

93.14 SNVs after just 19 days suggesting a gross inoculation of the implanted device. 
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Figure 4.6.  Box plots of mean number of SNVs per year of each case of ODRI. Box plot of PDR9 represents an unknown implantation date (sometime in 2015) generating a 
range of results. 
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4.4.4 Linear regression of the increase in diversity of S. epidermidis 

infection over time.   

A linear regression analysis was performed to determine the accumulation of diversity over time. 

Cases that cultured more than one sequence type were removed from the analysis. Six cases in which 

the date of organism isolation was more than 24 months (730 days) after surgical implantation were 

removed from the analysis as these were most likely associated with haematogenous seeding (356) 

from another site and so it was not possible to determine the date of device inoculation. In addition, 

it was not possible to determine the exact date of device implantation for four of the cases of ODRI 

from the clinical history however timeframes were known and so used in the analysis with the 

median date used as an estimate. Table 4.10 shows that for the ODRI specimens, the average number 

of SNVs accumulated between device implantation and culture was 7.6 (95% CI 1.43 – 13.8) occurring 

over an average of 223.2 days which equates to an average of 1 SNV across the entire genome every 

29.4 days.  

Samples Parameter Mean Standard Deviation 

ODRI 
SNVs 7.6 12.2 

Days 223.2 256.6 

Contaminants 
SNVs 0 0 

Days 230.6 188.3 

 

Table 4.10. Summary of the number of days and SNVs between time of device implantation and specimen 

culture. 

 

Figure 4.7 shows the mean pairwise distance of the genomes against time from device implantation 

to organism isolation for the cases of ODRI and specimen contamination. The regression line 

intercept was set at 0 with the assumption that the inoculation of either the implanted device or 

contaminated specimen was monoclonal and the result of a bottleneck event in which there was a 

single most recent common ancestor.  

The regression line of ODRI shows an increase in the mean number of SNVs over time however the 

co-efficient of determination value, R2, was very low at 6.57% meaning there was very little 

correlation between time and the accumulation of diversity in these isolate genomes. The correlation 

co-efficient was 0.54 suggesting that variations in time from implant to culture had a moderate effect 

on variations in the accumulation of diversity. Conversely, the contaminant isolates show no 

discernible increase in diversity regardless of the duration between implantation and isolation. 
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Figure 4.7. Plot of the mean pairwise distance of genomes of S. epidermidis from orthopaedic device-related infection-associated and contamination-associated cultures against 

the time from device implantation to culture of peri-prosthetic specimens. Where the exact date of implantation was not known horizontal lines indicate the known timeframe 

and the dot indicates the middle date. Specimens with a 2m pairwise distance greater than 70 SNVs were excluded as they were a result of polyclonal infection. 
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4.5 Discussion 

The ability to accurately differentiate between infective and non-infective causes of orthopaedic 

device implantation failure is essential to guide patient management and to treat infection. A 

significant body of work has already been carried out to improve and consolidate methods for 

the diagnosis of ODRI, including the establishment of algorithms employing clinical and 

laboratory criteria (76,265). The application of these algorithms may be more problematical 

when the infection is sub-acute and the organism a constituent of the normal flora, such as S. 

epidermidis. Several studies have attempted to address the challenges of determining whether 

a cultured S. epidermidis should be regarded as the agent of a true infection or as contaminant. 

For example, biological factors have been examined that might predispose an organism to 

invasiveness (32,97,105,109,110,144). The work outlined in this chapter has attempted to 

determine if genomic characteristics of cultured isolates can be used to discriminate between 

infecting- and non-infecting isolates. Within-host evolution of pathogens is a significant 

phenomenon whereby mutations are selected that allow organisms to undergo adaptive 

change to a new environment and respond to the host immune system and antibiotic exposure. 

In addition to adaptive evolution, the normal substitution rate (molecular clock) may drive 

diversity of an infecting population, as has been observed during carriage (318). Whole-genome 

sequencing has been employed to characterise and measure within-host population dynamics 

including the accumulation of diversity following the bottleneck events of transmission and 

invasion of S. aureus (285,308,318). Similar methods have been employed in this study to 

attempt to characterise differences between infecting and contaminant populations of S. 

epidermidis. 

The diversity amongst the S. epidermidis isolates analysed in this study was predictably lower 

than that seen in the normal human carriage isolates of the previous chapter. In total there 

were 18 sequence types detected amongst the 65 patient cases (contrasting with the 32 STs 

detected amongst five people of Chapter 3.). Of interest, however, was the detection of six 

(6/18) novel STs. The novel ST781 was one allele different (it was completely lacking the arcC 

gene) from ST2. Furthermore, amongst the eight ST2 strains isolated, eight different 

phenotypes were observed, suggesting that success of this lineage may be associated with 

considerable phenotypic diversity. Further investigation showed that despite having differing 

sequence types and antibiograms, ST2 and ST781 were markedly similar genomically and so 

were treated as a common ST in downstream analyses. Two other cases yielded different strains 

according to either MLST or antibiogram. Case PDR38 cultured ST57 and ST130 (with different 
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antibiograms) from multiple specimens each and was thus defined as a ‘true’ case of polyclonal 

infection. PDR93 cultured S. epidermidis with two different antibiograms.  However, both 

populations were ST2 and were closely related (with a minimum of 51 SNVs), which suggests a 

recent common ancestor. Furthermore, only 2/5 of the positive cultures from the patient were 

sequenced. If the other three had been investigated, they may perhaps have yielded 

intermediate genotypes. In the three cultures investigated for case TF26, two different 

sequence types and antibiograms were observed, which may have been the result of polyclonal 

infection or contamination by ST558.  These doubts might have been resolved by investigating 

more isolates. It may be possible to define a threshold of relatedness, as has been proposed in 

Chapter 3, for commensal carriage populations. Indeed, this may in fact be simpler since there 

should be little or no admixture of mobile genetic elements between lineages that could 

potentially confound the data. 

Sequencing individual colonies from multiple cultured specimens yielded a higher pairwise 

distance than the pairwise distance of colonies from individual cultures. This resulted in a higher 

correlation with the clinical diagnosis for multiple cultures (p = 0.000115) than for single cultures 

(p = 0.0254). The study showed that a low pairwise distance of zero or one was usually 

associated with contamination and could also be associated with infection, but that a higher 

pairwise distance was always associated with infection. It is possible that sequencing more 

colonies from the same specimen or sequencing colonies from more specimens from the same 

site of infection would show more diversity and therefore provide clearer evidence for infection. 

However, this may not be the case as external factors such as selective sweeps or bottlenecks 

caused by the host immunity or antibiotic treatment may reduce the bacterial population 

diversity. Furthermore, whilst polyclonal contamination was not observed during this study it 

can and does occur and so must be considered. Polyclonal contamination may be readily 

detected if criteria are established for differentiating between strains. For example, the previous 

chapter reported a positive predictive value of 100 SNVs for differentiating subtypes of 

commensal S. epidermidis with 95% confidence. However, since the macro-diversity of clinical 

strains of S. epidermidis is smaller than the macro-diversity of commensal strains, it may be that 

the micro-diversity of clinical strains is also smaller and therefore a PPV of less than 100 SNVs 

may be determined. Explicit characterisation of polyclonal contamination of specimens and 

cultures could therefore be a valuable further investigation. 

The production of haplotrees to visualise the population structure of the infecting organism 

could be a better aid to diagnosis than simply a measure of pairwise distance. Some of the 

haplotrees showed marked radial structures which may represent how the infecting population 
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has diversified. By inserting an outgroup of a genome of a closely related but different strain 

into the tree structure it may be possible to identify the ancestral genotype of the sequenced 

colony genomes. Therefore, building up a larger library of genomes from colonies of S. 

epidermidis associated with ODRI may add further value to the method. 

Determining a molecular clock for infecting populations of S. epidermidis was less successful 

than discriminating between infecting and contaminating populations. This was likely due to 

several factors including a small sample size, unknown specific dates of orthopaedic device 

implantation and the influence of exogenous environmental factors on bacterial population - 

and therefore diversity - size. Exogenous factors such as host immunity or antibiotic insult may 

cause a reduction or slower increase in bacterial population diversity. The formation of a 

bacterial biofilm is considered a reaction to the external environment which results in the 

deceleration of cell growth (77). This slower growth will, in turn, slow the normal accumulation 

of population diversity and therefore affect any measurement of a molecular clock. Similarly, a 

successful selective sweep may reduce the diversity of the population, returning it back to a 

level like a previous point in time. However, since a population diversity of greater than 1 SNV 

was statistically more likely to originate from ODRI then even if the diversity is reduced or only 

increases slowly in vivo whilst attempting to identify correlation between time and diversity may 

not be a useful tool, identifying any diversity still is useful.  

As a potential tool to aid in the diagnosis and management of ODRI, characterising the diversity 

of the bacterial population would perhaps be incorporated into the existing well-established 

criteria of laboratory and clinical observations (76,265). At present, sequencing multiple 

colonies from multiple cultured specimens has greater time and cost implications however 

given the high cost and time already required to diagnose and treat implant failures this may 

not be proportionally high, especially if it increases the chance of successful treatment. WGS 

data derived from infecting populations would also yield useful information on genetic 

determinants of antimicrobial resistance (as discussed in Chapter 5) and virulence factors which 

may help in the management of the infection. Furthermore, building up a database of the strains 

isolated from each patient could yield valuable information on relatedness which could help 

identify epidemic or endemic strains at a higher resolution afforded by multi-locus sequence 

typing. A potential area of further research would be to try and build on the work of 

metagenomic sequencing of intra-operative specimens (341,342) by incorporating a similar a 

SNV-based method of characterising the infecting population. 
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4.6 Conclusion 

In this chapter I have demonstrated that there is a difference between the pairwise distance of 

genomes of S. epidermidis isolated from cases of orthopaedic device-related infection and from 

cases of contamination. 

Measuring the pairwise distance of genomes of isolates associated with infection and 

contamination yielded statistically significant results which could be exploited to aid diagnosis. 

Since a pairwise distance greater than one SNV was always associated with ODRI this could be 

included in the criteria for discriminating between infection and contamination.   

The generation of haplotrees could potentially be used to visualise infecting populations which 

could help characterise ODRI at the genomic level and could be used alongside existing clinical 

and laboratory methods to characterise the infection. 

The attempt to determine a correlation between time from implantation to culture and pairwise 

diversity did not produce statistically significant results.  
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Chapter 5                                                             

Detecting genomic determinants of antimicrobial 

resistance in Staphylococcus epidermidis 
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5.1 – Introduction 

Staphylococcus epidermidis can colonise different ecological niches including, humans and 

other animals, plants and the environment (260,357–361). The ability of S. epidermidis to 

survive in a range of habitats is facilitated by a flexible genome and the acquisition of genes that 

confer resistance to environmental pressures (262,359). Nosocomial strains of S. epidermidis 

which have become adapted to the hospital environment may become endemic or associated 

with outbreaks of infection in specialist units (10,238,255,362). This is, in part, mediated by the 

ability to resist antimicrobial compounds. Antibiotic resistant strains have been isolated from 

patients and staff (where they may live as commensals), environmental samples and from sites 

of infection (29,105,299,363). The clonal expansion of antibiotic resistant sequence types such 

as ST2 and ST27 within healthcare environments attests to the selective advantage conferred 

by antibiotic resistance in this environment (238,255). Moreover, these successful strains 

continue to accumulate genetic factors which confer resistance to antibiotics and are 

disseminated in healthcare settings across the world (10,362,364). 

S. epidermidis orthopaedic device-related infections are often difficult to treat because of 

antibiotic resistance and the ability of the organism to form biofilms on biosynthetic materials. 

Knowledge of the isolate’s antibiotic susceptibility is necessary as the number of compounds 

that can efficaciously penetrate to the site of infection and biofilm is limited. 

Traditional phenotypic methods of determining resistance or susceptibility rely on determining 

if the antibiotic prevents the isolate growing in vitro. Molecular methods have been devised that 

can detect the genes or point mutations associated with resistance. Multiplex polymerase chain 

reaction (PCR) and DNA microarray assays have been developed that can detect the antibiotic 

resistance genes found in clinically important isolates of staphylococci (365–367). More 

recently, tools have been developed that can detect antibiotic resistance-associated genes and 

point mutations from whole genome sequences. These tools include ResFinder, PointFinder, 

CARD (Comprehensive Antibiotic Resistance Database), ARIBA (Antimicrobial Resistance 

Identification By Assembly), Mykrobe and ARG-annot (Antibiotic Resistance Gene-ANNOTation) 

and BLAST (286,368–373). Moreover, a number of studies have compared phenotypic methods 

with WGS-based methods to successfully predict antibiotic resistance for a number of 

pathogens including S. aureus, Mycobacterium tuberculosis, Escherichia coli, Klebsiella 

pneumoniae, Neisseria gonorrhoea, Streptococcus pneumoniae, Helicobacter pylori and Shigella 

sonnei (204,374–379). As well as predicting resistance, some studies have used WGS data to 



 

Page 169 of 232 
 

predict the actual minimum inhibitory concentrations of some organisms to generate a 

quantitative result (166,375,380–382).  

It is therefore plausible that one or more of the listed methods could be applied to whole-

genome sequences from S. epidermidis to infer an antibiotic resistance profile. 

 

5.2 - Objectives 

This chapter outlines the methods and results of developing a BLASTn-based method of 

detecting genes and mutations associated with S. epidermidis resistance to a panel of antibiotics 

routinely tested at the Royal Sussex County Hospital Microbiology Department. This builds on 

previous research by Gordon et al. (204) which used BLASTn to predict antimicrobial resistance 

in S. aureus.  The work outlined in this chapter had four components: 

1) Perform phenotypic antimicrobial susceptibility testing on the collection of S. 

epidermidis isolates from normal human carriage and orthopaedic device-related 

infection,  

2) Create a catalogue of the gene sequences of genetic determinants of resistance to a 

panel of 13 antibiotics commonly used to manage or prevent infection, 

3) Develop and pilot a BLASTn-based method to interrogate the S. epidermidis genomes 

for the resistance conferring gene sequences, 

4) Describe levels of concordance between the genotypic and phenotypic methods. 

 

5.3 Methods 

5.3.1 Sampling 

Two collections of isolates of S. epidermidis were investigated in this study. One was the 

collection of isolates from healthy volunteers as described in Chapter 3, Section 3.3.1 which 

were obtained with ethical approval by Brighton and Sussex Medical School Research 

Governance and Ethics. The other was the collection of clinical isolates obtained from cultured 

specimens relating to suspected orthopaedic device-related infections as detailed in Chapter 4, 

Section 4.3.1 and did not require ethical approval under the Statutory Instrument Regulations 

2002 No. 1438 (348). The use of patient or participant data was not required to conduct this 

study.  
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5.3.2 Culture and Identification 

5.3.2.1 Healthy carriage isolates 

As previously described, swabs from seven anatomical sites (anterior nares, axillae, cheeks and 

throat) were inoculated in a 10ml 7% HPA Salt Broth (Oxoid Ltd, Basingstoke, UK) (307). The salt 

broths were incubated overnight at 35oC. A 10µl loopful of the inoculated broth was spread 

onto a Columbia CAP Staph/Strep Selective Agar & Horse Blood (Oxoid Ltd, Basingstoke, UK) 

which were incubated aerobically at 35oC for up to 48 hours. Colonies of suspected S. 

epidermidis were initially selected according to their visual appearance; small, white colonies 

on Columbia Cap Selective Agar (Oxoid Ltd, Basingstoke, UK) and sub-cultured on to a Columbia 

Blood Agar (CBA) plate (Oxoid Ltd, Basingstoke, UK) and incubated aerobically at 35oC overnight. 

Following incubation, colonies were identified to species using MALDI-ToF MS (Bruker Daltonik 

GmbH, Leipzig, Germany), (see Chapter 2: Materials and Methods). 

 

5.3.2.2 Clinical isolates 

As described in Chapter 4, Section 4.3.2, specimens from suspected cases of ODRI were 

investigated at the John Radcliffe Hospital microbiology laboratory or the Royal Sussex County 

Hospital microbiology laboratory as part of routine clinical practice. Cultures of S. epidermidis 

were investigated as part of this study. Five colonies from original culture plates of Columbia 

Blood Agar or Chocolate Agar (Oxoid Ltd, Basingstoke, UK) were harvested to capture the 

diversity of cultured organism. Isolates from suspected ODRI and suspected contamination 

underwent examination for this study.  Colonies were confirmed as S. epidermidis using MALDI-

ToF MS (Bruker Daltonik GmbH, Leipzig, Germany), (see Chapter 2: Materials and Methods). 

 

5.3.3 Antimicrobial Susceptibility Testing 

Antimicrobial susceptibility testing was performed on each isolate. In the first instance the disc 

diffusion method was employed for testing cefoxitin, penicillin, erythromycin, gentamicin, 

fusidic acid, clindamycin, tetracycline, ciprofloxacin, linezolid, rifampicin and mupirocin and any 

discrepant results were then checked by using MIC strips, where available. The MIC strip 

method was used for susceptibility testing to teicoplanin and vancomycin in the first instance 

as the disc diffusion method is considered to be an unreliable indicator of susceptibility (279). 
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5.3.3.1 Disc diffusion 

The disc diffusion method is outlined in Chapter 2: Materials and Methods (279). Briefly, three 

to five colonies of similar appearance were lightly touched with a 1µl loop. This was inoculated 

into a vial of 5ml sterile 0.9% saline (Oxoid Ltd, Basingstoke, UK) to achieve a 0.5 McFarland 

suspension.. A sterile cotton-tipped applicator was used to spread the inoculum onto an Iso-

Sensitest Agar plate (Oxoid Ltd, Basingstoke, UK).  Antimicrobial Susceptibility Discs (Oxoid Ltd, 

Basingstoke, UK) were applied to the inoculated plate. Plates were then incubated 18 – 20 hours 

aerobically at 35oC. Zones of inhibited growth around the antibiotic disc were measured to 

determine resistance (R), intermediate category (I) or susceptibility (S) according to the clinical 

breakpoints outlined by BSAC and as shown in Table 2.1 (280). 

 

5.3.3.2 Minimum inhibitory concentration 

A 0.5 McFarland standard of inoculum was prepared in sterile saline as above. This was used to 

inoculate an Iso-Sensitest Agar plate (Oxoid Ltd, Basingstoke, UK). An E-test© strip (BioMerieux, 

Marcy-l'Étoile, France) or M.I.C. Evaluator strip (Oxoid Ltd, Basingstoke, UK) was then applied 

to the centre of the plate. Plates were incubated 18 – 20 hours aerobically at 35oC. For oxacillin 

testing, Columbia Agar Base with 2% Salt (CSA) plates (Oxoid Ltd, Basingstoke, UK) were used as 

the growth medium and plates were incubated at 30oC for 24 hours before reading. Following 

incubation, MICs were interpreted as the lowest concentration of antibiotic that inhibited the 

growth of test organism as shown in Table 2.2. 

 

5.3.3.3 Nitrocefin disc test for beta-lactamase 

Nitrocefin is a chromogenic beta-lactam susceptible to all lactamase enzymes. The nitrocefin 

disc test (Mast Group Ltd., Bootle, UK) was used to detect the production of penicillinase. 

 

5.3.4 Selection of Isolates for Genotyping 

All isolates described in Chapter 3 and Chapter 4 underwent phenotypic antimicrobial 

susceptibility testing. However, many isolates in the two collections were either genomically 

identical or very closely related. Figure 5.1 outlines the criteria used for the selection of isolates 

for genotyping to avoid duplication of results. 

Two isolates from the same sequence type (ST2) and from the same patient (PDR25) were 

included in the analysis because although both were phenotypically resistant to cefoxitin by disc 
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diffusion method one had a zone of inhibition measuring 0 mm and the other had a zone of 

inhibition of 19 mm. 

 

 

 

Figure 5.1. Criteria for selecting S. epidermidis isolates for detection of genetic determinants of 
antimicrobial resistance. 

 

5.3.5 Detection of Genetic Elements Associated with Antimicrobial 

Resistance 

5.3.5.1 Literature search for common determinants of antimicrobial resistance 

The method developed by Gordon et al. (2014) was used to detect genetic elements conferring 

antimicrobial resistance in the S. epidermidis isolates (204). A Google Scholar search using the 

headings “Staphylococcus epidermidis” and “resistance” along with the antibiotics listed in 
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Table 2.2 was used to identify the common genetic causes of resistance in S. epidermidis. The 

search was then broadened by replacing “Staphylococcus epidermidis” with “Staphylococcus” 

or “staphylococci”. This search yielded two datasets; acquired resistance genes and mutations 

that confer resistance in antibiotic targets.  

 

5.3.5.2 Acquired genes associated with resistance 

Once a list of the commonly acquired resistance genes was made, sequences obtained from 

either S. epidermidis, or other staphylococci were compiled from the NCBI Genbank resource 

into a single FASTA file. A summary of the details of these sequences is outlined in Table 5.1. 

 

5.3.5.3 Amino acid substitutions, insertions or deletions in antimicrobial targets 

that are associated with resistance 

A list of antimicrobial targets along with and amino acid variations that are associated with 

antimicrobial resistance was collected (as listed in Table 5.2). The amino acid sequences of the 

target proteins were obtained from translated gene sequences from the NCBI Genbank 

resource and compiled into a single FASTA file.  

 

5.3.5.4 Use of BLAST to detect genetic determinant of resistance 

The datasets were then used as query sequences in BLAST searches of the study genomes. 

Details of these methods are summarised in Table 5.3. BLASTn was used to detect the acquired 

gene sequences listed in Table 5.1. and output relative coverage scores (the length of the 

sequence that has aligned multiplied by the percentage of identical nucleotide matches). A 

threshold of >80% relative coverage was applied as a filter to remove low-scoring nucleotide 

alignments. tBLASTn was used to align the amino acid sequences listed in Table 5.2 in the S. 

epidermidis genomes and identify any amino substitutions, insertions or deletions. The 

detection of amino acid changes listed in Table 5.2 was recorded.  

 

5.3.5.5 Use of Clustal W to align sequences 

The Clustal W programme aligns multiple DNA sequences (383). The Clustal W (Codons) version 

translates the codons to amino acids, performs the alignment and then replaces the amino acids 
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with the original codons (383). Clustal W was used to investigate resistance-associated genes 

for the presence of non-synonymous mutations or insertions or deletions. 
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Antimicrobial Gene Product Genbank Accession Species Isolate Identifier 

Ciprofloxacin norA Efflux pump NC_006663.1 S. epidermidis RP62A 

Clindamycin and/or 

Erythromycin 

ermA rRNA adenine N-6-methyltransferase NC_006663.1 S. epidermidis RP62A 

ermC rRNA adenine N-6-methyltransferase HG970733.1 S. epidermidis C6187 

ermT rRNA adenine N-6-methyltransferase KX274135.1 S. arlettae SA-01 

lnuA Nucleotidyltransferase AM184101.1 S. haemolyticus coa101 

mphC Phosphotransferase AM397632.1 S. equorum CSNO44 

msrA Efflux pump EF092840.1 S. epidermidis Unpublished 

Fusidic Acid 
fusB Ribosomal protection protein NG_047902.1 S. epidermidis NTUH-2793 

fusC Ribosomal protection protein CP033782.1 S. epidermidis FDAARGOS_529 

Gentamicin 

ant(6)-I Adenylyltransferase NC_006663.1 S. epidermidis RP62A 

ant(9)-I Adenylyltransferase NC_006663.1 S. epidermidis RP62A 

aph(2'') Phosphotransferase NC_006663.1 S. epidermidis RP62A 

aph(3')-IIIa Phosphotransferase NC_006663.1 S. epidermidis RP62A 

Linezolid cfr RNA large subunit methyltransferase JX910899.1 S. epidermidis 426-3147L 

Methicillin 
mecA Penicillin binding protein KF415244.1 S. epidermidis TN/CN/KSE/1/13 

mecC Penicillin binding protein KT192641.1 S. aureus TRN6234 

Mupirocin mupA Isoleucyl-tRNA synthetase JTAY02000002.1 S. epidermidis FDAARGOS_83 

Penicillin blaZ Beta-lactamase NC_006663.1 S. epidermidis RP62A 

Tetracycline 

tetK Efflux pump 176280.1 S. epidermidis ATCC 12228 

tetL Efflux pump HG380319.1 S. epidermidis 47 

tetM Ribosomal protection protein HG380319.1 S. epidermidis 47 

Vancomycin and/or 
Teicoplanin 

vanA Dipeptide terminus modifying protein MG592387 S. aureus Transposon Tn1546 

 

Table 5.1. List of acquired resistance genes detected in S. epidermidis and other staphylococci obtained from NCBI Genbank. 
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Antimicrobial Gene Product Genbank Accession Isolate Amino Acid Change 

Ciprofloxacin 

grlA DNA topoisomerase ASJ93525.1 ATCC 12228 
V41G, I45M, A48T, D79V, S80F, S80Y, V82L, Y83N, E84K, E84G, 

E84V, D84A, D84C, S108N, A116E, D432G 

grlB DNA topoisomerase ASJ93526.1 ATCC 12228 E422D, P585S, D443E, R444S, P451S, R470D, N404S 

gyrA DNA gyrase ASJ94484.1 ATCC 12228 S84F, S84L, S84Y, E88K, S85P, E88G, E88L, G106D 

Fusidic Acid 
fusA Translocase elongation factor ASJ94281.1 ATCC 12228 

A67T, A70V, A71V, R76C, V90A, V90I, P114H, Q115L, A160V, 

M161I, D189G, D189V, E233Q, D373N, A376V, T385N, T387I, 

P404L, P404Q, P406L, S416F, L430S, B434N, T436I, H438N, F441Y, 

E444K, E444V, E449K, G451V, G452C, G452S, M453I, L456F, 

H457Q, H457Y, L461K, L461S, D463G, R464C, R464H, R464S, 

C473S, P478S, G556S, V607I, G617D, M651I, F652S, Y654N, A655E, 

A655P, A655V, T656K, R659C, R659H, R659L, R659S, G664S 

fusE Ribosomal protein ASJ92851.1 ATCC 12228 Q140L 

Linezolid 

rplC Ribosomal protein ASJ92836.1 ATCC 12228 
G355A, G463X, A505T, H146Q, V154L, A157R, G137S, M156T, 

M169L 

rplD Ribosomal protein ASJ92837.1 ATCC 12228 A202C, K68N, L108S, ins71GR, ins71GGR 

rplV Ribosomal protein ASJ92841.1 ATCC 12228 A138G, C141T, G166A 

Mupirocin ileS Isoleucyl-tRNA synthetase NP764423.1 ATCC 12228 V588F, V631F 

Rifampicin rpoB RNA polymerase ASJ94286.1 ATCC 12228 

Q456K, S463P, S464P, L466S, Q468K, Q468L, Q468R, M470T, 

D471E, D471G, D471Y, A473T, N474K, ins475H, insG475, A477D, 

A477T, A477V, H481D, H481N, H481Y, R484H, S486L, S486F, 

I527F, I527L, I527M, S529L, A534V, D550G, Q565R 

 
Table 5.2. List of housekeeping genes present in S. epidermidis obtained from NCBI Genbank, and amino acid substitutions, insertions or deletions associated with 

antimicrobial resistance. 
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Query Sequences Query Sequence Molecules Subject Sequences Subject Sequence Molecules Programme Indicator of Genotypic Resistance 

Acquired resistance genes Nucleotides S. epidermidis genomes Nucleotides BLASTn Relative coverage 

House-keeping genes Amino acids S. epidermidis genomes Nucleotides tBLASTn Amino acid changes 

 

Table 5.3. Summary of BLAST methods employed for interrogating S. epidermidis genomes for antimicrobial resistance determinants.
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5.4 Results 

5.4.1 MLST and Initial Phenotyping 

The selection of isolates, based on the criteria outlined in Section 5.3 Methods, yielded 87 

isolates. 48/87 (55%) isolates were selected from healthy individuals as discussed in Chapter 3, 

38/87 (44%) isolates were selected from clinical cases of suspected orthopaedic device-related 

infection as discussed in Chapter 4 and 1/87 (1.1%) was the type strain NCTC 11047. These 

criteria yielded 45 different sequence types. There were differences between the two 

collections with the isolates from healthy carriage being more diverse according to sequence 

type (Table 5.4) but exhibiting less phenotypic resistance to the antimicrobials tested than those 

from a clinical source (Table 4.6 and Table 4.7). 

 

5.4.1.1 Isolates from healthy individuals 

Of the 48 isolates selected from healthy study participants, 22 (45.8%) were unique 

representatives of a sequence type, the remaining 26/48 (54.2%) represented 10 different 

sequence types meaning 32 different sequence types were represented in the analysis.  

Testing the 48 isolates against the 13 antibiotics listed in Table 2.1 and Table 2.2 yielded 624 

phenotypic observations, 544/624 (87.2%) of which were susceptible, 78/624 (12.5%) were 

resistant and 2/624 (0.3%) were intermediate. Overall, fifteen different phenotypic 

antimicrobial resistance profiles were observed. Antimicrobial susceptibility testing and MLST 

results are listed in Table 5.4.  
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Participant Colony Cefox Pen Eryth Gent Vanc Teic Fus Rif Tet Cipro Clind Lzd Mup MLST 

F5 

F50AxLm1 S R R S S S S S S S S S S 32 

F50AxRm1 S R R S S S S S S S S S S 766 

F50AxRm5 S R S S S S R S S S S S S 767 

F50ChLm1 S R R S S S S S S S I S S 73 

F50ChLm4 S R R S S S R S S S R S S 774 

F50NaRm1 R R S S S S R S S R S S S 190 

F50NaRm6 S S S S S S S S S S S S S 723 

F512AxLm1 S R R S S S S S S S S S S 73 

F512ChLm1 S R S S S S R S S S S S S 778 

F512NaRm1 S S S S S S S S S S S S S 723 

F512NaRm6 S R S S S S R S S S S S S 59 

F7 

F70AxLm1 S S R S S S S S S S S S S 297 

F70AxRm4 S S S S S S S S S S S S S 73 

F70ChLm2 S R R S S S R S S S S S R 775 

F70ChLm8 S R S S S S S S S S S S S 776 

F70ChRm1 S S R S S S S S S S R S S 769 

F70NaLm4 S R S S S S S S S S S S S 487 

F70NaLm5 S R S S S S R S S S S S S 543 

M4 

M40AxLm3 S R R S S S S S S S S S S 384 

M40ChLm5 S R R S S S S S S S S S S 153 

M40NaLm2 S R S S S S S S R S S S S 89 

M40NaRm7 S R S S S S S S R S S S S 777 

M412AxLm1 S R R S S S S S S S S S S 384 

M412ChLm2 S R S S S S S S S S S S S 153 

M412NaRm2 S R R S S S R S S S S S S 7 
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M412NaRm4 S R S S S S S S R S S S S 777 

M7 

M70ChRm4 S R S S S S R S S S S S S 73 

M70NaLm1 S R R S S S R S S S S S S 59 

M712AxLm1 S R S S S S S S S S S S S 773 

M712AxLm2 S R S S S S S S S S S S S 558 

M712AxLm4 S R S S S S S S S S S S S 17 

M712AxLm5 S S S S S S S S S S S S S 768 

M712ChLm1 S S R S S S S S S S S S S 457 

M712ChLm5 S S R S S S S S S S S S S 59 

M712ChRm4 S R S S S S R S S S S S S 73 

M712NaLm3 S S S S S S S S S S S S S 190 

M712NaLm4 S S R S S S S S S S S S S 130 

M712NaRm1 S S R S S S R S S S S S S 765 

M8 

M80AxLm1 S R R S S S S S S S S S S 87 

M80AxLm3 S R R S S S S S R S S S S 770 

M80ChLm2 S S S S S S S S S S S S S 57 

M812AxLm2 S S R S S S S S S S S S S 297 

M812AxLm3 S R S S S S R S S S S S S 73 

M812AxLm6 S S I S S S S S S S S S S 87 

M812AxRm2 S R R S S S S S R S S S S 770 

M812ChLm1 S S S S S S S S S S S S S 329 

M812ChRm2 S R R S S S S S S S S S S 19 

M812NaLm3 S S R S S S S S S S S S S 59 
  

Table 5.4. Antimicrobial susceptibility testing and MLST results of colonies of S. epidermidis from healthy participants. S: Susceptible, R: Resistant, I: Intermediate, Cefox: 

Cefoxitin, Pen: Penicillin, Eryth: Erythromycin, Gent: Gentamicin, Vanc: Vancomycin, Teic: Teicoplanin, Fus: Fusidic Acid, Rif: Rifampicin, Tet: Tetracycline, Cipro: Ciprofloxacin, 

Clind: Clindamycin, Lzd: Linezolid, Mup: Mupirocin.  
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5.4.2 Isolates from clinical sources 

Of the 39 clinical isolates, 13(33%) were unique representatives of a sequence type and 26/39 

(67%) represented 7 sequence types resulting in 20 different sequence types.  

Testing the 39 isolates with the panel of 13 antibiotics listed in Table 2.1 and Table 2.2 yielded 

507 phenotypic observations, of which 158/507 (31.2%) showed resistance and 349/507 

(68.8%) showed susceptibility to the antimicrobials tested (Table 5.5). These observations 

yielded 28 different antimicrobial resistance profiles. 
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Source Colony Cefox Pen Eryth Gent Vanc Teic Fus Rif Tet Cipro Clind Lzd Mup MLST 

Contaminant TF11m1 S S S S S S S S S S S S S 520 

Contaminant PDR17am1 R R R R S S R S S R R S S 2 

Contaminant PDR20am1 S S R S S S S S S S S S S 764 

Contaminant PDR44am1 S R R S S S R S S S S S S 208 

Contaminant PDR45am1 S R R S S S R S S S S S S 7 

Contaminant PDR49am1 S R S S S S S S S S S S S 89 

Contaminant TF12m1 S R S S S S R S S S S S S 208 

Contaminant TF24m1 R R R R S S S S S R R S S 2 

Contaminant TF32m1 S R S S S S S S S S S S S 88 

Contaminant TF8m1 S R R S S S S S S S S S S 87 

ODRI PDR12am1 S R R S S S R S S R R S S 2 

ODRI PDR12em1 S R R S S S S S S R R S S 2 

ODRI PDR139am1 R R R R S S R S R R R S S 5 

ODRI PDR144am1 S R R S S S S S S S S S S 924 

ODRI PDR15am1 R R S S S S R S R R S S S 2 

ODRI PDR19am1 S S S S S S R S S S S S S 958 

ODRI PDR1am1 R R S R S S S S S S S S S 89 

ODRI PDR1bm3 R R S R S S S S R S S S S 89 

ODRI PDR21am1 R R S S S S S S S S S S S 88 

ODRI PDR25am1 R R S R S S R R S R S S S 781 

ODRI PDR25am2 R R S R S S R R S R S S S 2 

ODRI PDR25bm1 R R S R S S R R S R S S S 2 

ODRI PDR28am1 R R R R S S R S S R S S R 2 

ODRI PDR33am1 R R R R S S S R R S R S S 2 

ODRI PDR36am1 R R R R S S S S S R R S R 2 
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ODRI PDR38bm1 S S R S S S S S S S S S S 57 

ODRI PDR38em1 S S R S S S R S S S S S S 130 

ODRI PDR39am1 R R R R S S R S S R R S S 87 

ODRI PDR6am1 R R S S S S R S S S S S S 88 

ODRI PDR93am1 R R S R S S R R S R S S S 2 

ODRI PDR93bm1 R R R R S S R R S R R S R 2 

ODRI PDR98am1 S R R R S S S R R R S S S 57 

ODRI PDR9am1 R R R S S S R S S S S S S 35 

ODRI TF16m1 R R R S S S R S S S S S S 640 

ODRI TF26m1 R R R S S S R R S R R S R 772 

ODRI TF29m1 S R R S S S S S S S S S S 558 

ODRI TF51m1 R R S R S S R S S S S S S 59 

ODRI TF56m1 S R S S S S S S S S S S S 782 

Type Strain NCTC11047 S R S S S S R S R S S S S 5 

 

Table 5.5. Antimicrobial susceptibility testing and MLST results of colonies of S. epidermidis from clinical specimens. S: Susceptible, R: Resistant, I: Intermediate, Cefox: Cefoxitin, 

Pen: Penicillin, Eryth: Erythromycin, Gent: Gentamicin, Vanc: Vancomycin, Teic: Teicoplanin, Fus: Fusidic Acid, Rif: Rifampicin, Tet: Tetracycline, Cipro: Ciprofloxacin, Clind: 

Clindamycin, Lzd: Linezolid, Mup: Mupirocin, ODRI: Orthopaedic device-related infection.
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5.4.3 Initial Detection of Genetic Determinants of Resistance 

5.4.3.1 Detection of acquired resistance genes 

Testing for the presence of the 22 resistance genes listed in Table 5.1 in the 87 isolates of S. 

epidermidis (48 listed in Table 5.4 and 39 listed in Table 5.5) generated 1914 observations. 

Commensal carriage-associated isolates accounted for 1056/1914 (55.2%) of the observations, 

clinical isolates accounted for 836/1914 (43.7%) and the type strain NCTC 11047 accounted for 

22/1914 (1.1%). In concordance with the AST results, there was a lower rate of detection of 

resistance genes amongst the carriage isolates (14.3%) than the clinical isolates (20.8%). Only 

two resistance genes were detected in the type strain NCTC 11047 which was isolated from the 

nose of a healthy individual (4,7). Figure 5.2 shows the prevalence of each resistance gene 

detected amongst all isolates; genes that were not detected in any isolate are not included in 

the chart. 
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Figure 5.2. Table of prevalence of acquired resistance genes detected by BLAST with a relative coverage >80% in 87 S. epidermidis isolates. The barcolour indicates the affected 

antimicrobial listed in the legend. 
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5.4.3.2 Detection of amino acid substitutions associated with resistance 

The 87 isolates were tested for resistance-conferring amino substitutions affecting ten house-

keeping proteins yielding 870 observations. Amongst the commensal carriage isolates 2/480 

(0.42%) such substitutions were detected and amongst the clinical isolates 37/380 (9.7%) 

substitutions were detected. There were no resistance-associated substitutions detected in the 

type strain NCTC 11047. Figure 5.3 shows prevalence of the amino acid substitution and 

affected protein for all isolates; substitutions that were not detected were not included in the 

chart.  

 

 

Figure 5.3. Prevalence of amino acid substitutions (with affected protein in parentheses) detected by 

BLAST in 87 S. epidermidis isolates. The bar colour indicates the affected antimicrobial listed in the legend. 
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5.4.4 Initial Comparison of Phenotyping and Detection of Genetic 

Determinants of Resistance 

To assess the potential ability of a BLAST-based method of predicting antimicrobial resistance 

in S. epidermidis the sensitivity and specificity was determined against the traditional 

phenotypic methods previously discussed (in Section 5.3.3). In line with previous work taking 

this approach, a Very Major Error (VME) was defined as the genotyping method not detecting 

a resistance determinant when there was phenotypic resistance leading to a false-susceptible 

result and a Major Error (ME) was defined as the detection of a resistance determinant when 

there was phenotypic susceptibility leading to a false-resistant result (204,376).  

Cefoxitin 

23/87 (26.4%) of the isolates tested were phenotypically resistant to cefoxitin, amongst which 

the mecA gene was detected in 18/23 (78.3%). Neither mecA nor mecC were detected in 5/23 

(21.7%) of the phenotypically resistant isolates producing a very major error rate of 5.7%. 64/87 

(73.6%) of the isolates were phenotypically susceptible to cefoxitin, 2/64 (3.1%) of which had 

the mecA gene resulting in a major error rate of 2.3%. 

Penicillin 

65/87 (74.7%) of the isolates were phenotypically resistant to penicillin all of which had the 

resistance-conferring blaZ gene. Of the 22 that were phenotypically susceptible, 5/22 (22.7%) 

harboured the blaZ gene with a relative coverage of 94.3% and were therefore regarded as 

major errors. Two of the phenotypically resistant isolates also had a 94.3% relative coverage of 

blaZ suggesting this was not the cause of discordance. 

Erythromycin and Clindamycin 

There were 46/87 (52.9%) isolates that were phenotypically resistant to erythromycin, 12/46 

(26.1%) of which were also resistant to clindamycin. There was also one isolate that had 

intermediate resistance to erythromycin and another that had intermediate resistance to 

clindamycin. Only one isolate harboured the ermA gene and thiswas phenotypically resistant to 

both antimicrobials, this isolate harboured no other genes associated with resistance to the 

macrolides investigated. The genes ermC and ermT were always detected together and were 

present in 10/12 (91.7%) of isolates resistant to both erythromycin and clindamycin. One isolate 

that had the ermC and ermT genes was phenotypically susceptible constituting a major error. 

36/87 (41.4%) of the isolates harboured the msrA gene and 21/36 (58.3%) also had the mphC 

gene. Of these, only one was phenotypically resistant to both macrolides and the rest were 

resistant to erythromycin only. The isolate that had intermediate resistance to erythromycin by 
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AST harboured mphC and msrA and the isolate that had intermediate resistance to clindamycin 

(and was fully resistant to erythromycin) harboured the msrA gene only. 

Gentamicin 

Phenotypic resistance to gentamicin was observed in 16/87 (18.4%) of the isolates, all of which 

were of clinical origin and all of which harboured the aph(2'') phosphotransferase. One (6.3%) 

also had the ant(9)-I adenylyltransferase and another also had the other phosphotransferase 

aph(3')-IIIa. 

Vancomycin and Teicoplanin 

Unsurprisingly, none of the isolates were phenotypically or genotypically resistant to the 

glycopeptides.  

Fusidic Acid 

35/87 (40.2%) of the isolates were resistant to fusidic acid by traditional AST methods. Of these 

34/35 (97.1%) also had the fusB gene and 1/35 (2.9%) had the fusC gene. There were also three 

isolates phenotypically susceptible to fusidic acid but had the fusB gene and were therefore 

listed as major errors.  

Rifampicin 

Phenotypic resistance to rifampicin was observed in 7/87 (8.1%) of the isolates, all of which 

were from clinical specimens. 6/7 (85.7%) had two amino acid substitutions (D471E and I527M) 

in the RNA polymerase and one (14.3%) had a single S486F substitution in the RNA polymerase. 

Tetracycline 

11/87 (12.6%) of the isolates were resistant to tetracycline by AST, of which 5/11 (45.5%) 

harboured the tetK gene. There was also a single isolate which harboured tetK but was 

phenotypically susceptible to tetracycline so was considered a major error. 

Ciprofloxacin 

All 87 (100%) of the isolates harboured the norA gene suggesting this is not a reliable indicator 

of phenotypic resistance to ciprofloxacin. Gordon et al. (2014) observed the same lack of 

correlation between the presence of norA and ciprofloxacin resistance in S. aureus (204).  17/87 

(19.5%) of the isolates were resistant to ciprofloxacin by phenotype. Of these 8/17 (47.1%) had 

the S84F amino acid substitution in the GyrA DNA gyrase and S80F in the GrlA DNA 

topoisomerase, 8/17 (47.1%) had the S84F amino acid substitution in GyrA and S80Y in GrlA, 

and one (5.8%) had the S80Y in GrlA only.  
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Linezolid 

There were no isolates resistant to linezolid by phenotypic and genotypic detection methods. 

Mupirocin 

There were 5/87 (5.7%) isolates resistant to mupirocin by disc diffusion phenotype testing, all 

of which harboured the mupA gene. Of the phenotypically susceptible isolates 3/82 (3.6%) 

harboured the mupA gene and two (2.4%) had the V588F amino acid substitution in the 

Isoleucyl-synthetase (Iles) enzyme and so were defined as major errors.  

5.4.4.1 Initial Results 

Table 5.6 shows that, in total, there were 1107/1129 (98.1%) concordant results between the 

genotypic and phenotypic methods for the detection of the presence or absence of 

antimicrobial resistance. This meant there were 24/1129 (2.1%) discrepancies. Of these, 6/24 

(25%) discrepancies were the result of phenotypically resistant isolates lacking any of the 

resistance-associated determinants tested for. This generated a very major error rate of 0.53%. 

There were also 18/893 (2.0%) phenotypically susceptible isolates harbouring a resistance-

associated determinant. Whilst the overall concordance was high, the number of discrepancies 

between the methods was high for some of the antibiotics: cefoxitin (7/87 (8.0%)), penicillin 

(5/87 (5.7%)), mupirocin (5/87 (5.7%)) and moderate for some: fusidic acid (3/87 (3.4%)), 

clindamycin (2/87 (2.3%)), erythromycin (1/87 (1.1%)) and tetracycline (1.1%)). In addition, 

there were two phenotypically intermediate results to macrolide antibiotics, one of which was 

an isolate that harboured two resistance determinants and the other lacked any of the 

determinants investigated. To address the discrepant or intermediate results additional 

investigations were undertaken including MIC measurement with E-tests, the biochemical 

nitrocefin test to determine the presence of a beta-lactamase enzyme (for penicillin) and 

analysing the sequences of resistance genes for the presence of indels or non-synonymous 

mutations that could impact  translation (383).  
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 Resistant  
Phenotype 

Susceptible 
Phenotype 

Intermediate 
Phenotype 

     

Antimicrobial 
Genotype 
Present 

Genotype 
Absent 

Genotype 
Present 

Genotype 
Absent 

Genotype 
Present 

Genotype 
Absent 

Total 
Sensitivity  
(95% CI) 

Specificity  
(95% CI) 

% VME  
(95% CI) 

% ME  
(95% CI) 

Cefoxitin 18 5 2 62 0 0 87 0.78 (0.58-0.9) 0.97 (0.89-0.99) 5.7 (2.5-12.8) 2.3 (0.4-8.4) 

Penicillin 65 0 5 17 0 0 87 1.0 (0.94-1.0) 0.77 (0.54-0.91) 0.0 (0.0-5.27) 5.75 (2.14-13.51) 

Erythromycin 46 0 1 39 1 0 87 1.0 (0.92-1.0) 0.98 (0.85-1.0) 0.0 (0.0-5.27) 1.16 (0.06-7.13) 

Gentamicin 16 0 0 71 0 0 87 1.0 (0.81-1.0) 1.0 (0.95-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.27) 

Vancomycin 0 0 0 87 0 0 87 N/A 1.0 (0.96-1.0) N/A 0.0 (0.0-5.27) 

Teicoplanin 0 0 0 87 0 0 87 N/A 1.0 (0.96-1.0) N/A 0.0 (0.0-5.27) 

Fusidic Acid 34 0 3 50 0 0 87 1.0 (0.9-1.0) 0.94 (0.83-0.99) 0.0 (0.0-5.27) 3.45 (0.0-5.27) 

Rifampicin 7 0 0 80 0 0 87 1.0 (0.56-1.0) 1.0 (0.94-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.27) 

Tetracycline 11 0 1 75 0 0 87 1.0 (0.74-1.0) 0.99 (0.91-1.0) 0.0 (0.0-5.27) 1.15 (0.06-7.13) 

Ciprofloxacin 17 0 0 70 0 0 87 1.0 (0.82-1.0) 1.0 (0.91-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.28) 

Clindamycin 11 1 1 73 0 1 87 0.92 (0.6-0.99) 0.99 (0.91-1.0) 1.15 (0.06-7.13) 1.16 (0.06-7.13) 

Linezolid 0 0 0 87 0 0 87 N/A 1.0 (0.91-1.0) N/A 0.0 (0.0-5.28) 

Mupirocin 5 0 5 77 0 0 87 1.0 (0.6-1.0) 0.94 (0.91-0.99) 0.0 (0.0-5.27) 5.75 (2.14-13.51) 

Total 230 6 18 875 1 1 1131 0.97 (0.94-0.99) 0.98 (0.91-0.99) 0.53 (0.24-1.15) 1.59 (0.97-2.55) 

 

Table 5.6. Initial comparison of the presence or absence of a genetic determinant of antimicrobial resistance and the phenotype.  VME: Very Major Error, ME: Major Error, 

N/A: Not Applicable (no resistance observed). 
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5.4.5 Investigation of Discrepant Results 

Further investigations of the discrepant results were performed to try and identify or reconcile 

the differences between the phenotypic disc diffusion method of AST and the BLAST-based 

method of detection of genetic determinants of resistance.  

Cefoxitin 

There were five isolates that were recorded as being resistant to cefoxitin by the disc diffusion 

method of AST but which lacked the mecA or mecC genes. Minimum inhibitory concentration 

testing of oxacillin using E-test strips yielded an MIC of 0.12 mg/L for two of the isolates and 

0.25 mg/L for the other three indicating that they were, in fact, susceptible according to BSAC 

interpretive guidelines (MIC <2 mg/L) (280). 

There were also two isolates which were susceptible to cefoxitin according to disc diffusion 

testing, but which harboured mecA. Testing with oxacillin E-test strips yielded an MIC of 1 mg/L 

for both isolates, which implies susceptibility according to the BSAC guidelines (280). Further 

investigation showed that there was 100% relative coverage of the mecA gene in both isolate 

genomes which aligned with the reference gene.   

Penicillin 

The five isolates that harboured the blaZ gene but were phenotypically susceptible to penicillin 

by disc diffusion were further tested using nitrocefin discs and penicillin E-tests.  

Two isolates showed positive nitrocefin hydrolysis and MICs of 0.12 mg/L and 0.25 mg/L 

confirming that they were, in-fact, phenotypically resistant to penicillin. 

One isolate showed no nitrocefin hydrolysis and had an MIC of 0.03 mg/L confirming that it was 

phenotypically susceptible to penicillin. However, investigation of the blaZ gene showed 100% 

relative coverage using BLAST and no SNVs were detected with ClustalW meaning that the 

discrepancy could not be resolved using this approach. One of the remaining isolates showed 

nitrocefin hydrolysis suggesting a functional blaZ gene but had a susceptible MIC of 0.015 mg/L 

according to BSAC guidelines. Moreover, BLASTn yielded relative coverages of 100%, with no 

SNVs detected by visual analysis of the aligned gene with ClustalW. The other remaining isolate 

also showed positive nitrocefin hydrolysis and generated a susceptible MIC of 0.06 mg/L. The 

relative coverage was 94.3% and whilst SNVs were present when aligned with the reference 

gene there were no indels resulting in frameshifts.  
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Erythromycin and Clindamycin 

One isolate was phenotypically resistant to clindamycin but did not harbour the resistance 

conferring ermA, ermC, ermT or lnuA genes. The isolate did harbour mphC and msrA. However, 

whilst these genes confer resistance to erythromycin there is no documented evidence of them 

conferring resistance to clindamycin, inducible or otherwise. Furthermore, there were no MIC 

strips available to determine the MIC for clindamycin so this discordance could not be 

investigated further 

 An isolate that was susceptible to both erythromycin and clindamycin by disc diffusion, but 

which harboured the ermC gene was further investigated. The ermC gene in the test isolate had 

99% relative coverage suggesting high homology with the reference gene however when the 

two genes were aligned with ClustalW there was a five-nucleotide deletion at the 3’ end of the 

coding sequence resulting the loss of an isoleucine residue. A literature search could not confirm 

if this deletion was the cause of the discrepancy, so this was not resolved.  

Fusidic Acid 

The three isolates susceptible to fusidic acid but with a positive genotype all had >99.8% relative 

coverage of the fusB gene with no non-synonymous mutations, insertions or deletions. There 

were no E-tests available for MIC testing, so the discordances could not be investigated further. 

Tetracycline 

One isolate that was susceptible to tetracycline by disc diffusion was also susceptible by E-test 

method with an MIC of 0.25 mg/L. This isolate also had 100% relative coverage of the tetK gene 

with no non-synonymous mutations, insertions or deletions meaning the results remained 

discordant. 

Mupirocin 

Two isolates that were susceptible to mupirocin by the disc diffusion method also had the V588F 

substitution in the Iles protein. When these isolates underwent E-test MIC testing they both had 

MICs of 6 mg/L. This concords with low-level mupirocin resistance demonstrated in S. aureus 

that have the same substitution (384).  

Three isolates had susceptible phenotypes to mupirocin by disc diffusion and then by E-test 

(0.125 mg/L) but also had the mupA gene. Alignment alongside the reference gene using Clustal 

W highlighted an adenine nucleotide deletion in position 280 of the three mupA genes 

investigated. This resulted in the same adenine deletion reported by Driscoll et al. (2007) which 

corresponds to position 2441 in the pUSA03 plasmid sequence and causes a frameshift 

mutation resulting in out-of-frame translation and a premature stop-codon (158).  
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5.4.5.1 Revised Results 

Table 5.7 shows that further investigation resolved several discrepant observations resulting in 

1117/1129 (98.9%) concordant results between the phenotypic and genotypic methods. This 

meant that there were still 12/1129 (1.1%) discrepancies that could not be resolved by MIC 

testing, biochemical detection of beta-lactamase or inspection of resistance genes. MIC testing 

improved the sensitivity of the genotypic method of detecting cefoxitin resistance from 78% to 

100%. In addition, further analysis improved the specificity of genotypic detection of penicillin 

resistance and mupirocin resistance from 77% to 85% and 94% to 100% respectively. It was not 

possible to resolve discrepancies in isolates that were phenotypically susceptible to cefoxitin, 

erythromycin, fusidic acid, tetracycline and clindamycin but which harboured the genes 

associated with resistance and therefore there were no changes to the specificities indicated in 

Table 5.7. 
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 Resistant 
Phenotype 

Susceptible 
Phenotype 

Intermediate 
Phenotype 

     

Antimicrobial 
Genotype 
Present 

Genotype 
Absent 

Genotype 
Present 

Genotype 
Absent 

Genotype 
Present 

Genotype 
Absent 

Total 
Sensitivity  
(95% CI) 

Specificity  
(95% CI) 

% VME  
(95% CI) 

% ME  
(95% CI) 

Cefoxitin 18 0 2 67 0 0 87 1.0 (0.82-1.0) 0.97 (0.9-0.99) 0.0 (0.0-5.27) 2.3 (0.4-0.84) 

Penicillin 67 0 3 17 0 0 87 1.0 (0.95-1.0) 0.85 (0.61-0.96) 0.0 (0.0-5.27) 3.5 (0.9-10.45) 

Erythromycin 46 0 1 39 1 0 87 1.0 (0.9-1.0) 0.98 (0.85-1.0) 0.0 (0.0-5.27) 1.16 (0.06-7.13) 

Gentamicin 16 0 0 71 0 0 87 1.0 (0.76-1.0) 1.0 (0.95-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.27) 

Vancomycin 0 0 0 87 0 0 87 N/A 1.0 (0.96-1.0) N/A 0.0 (0.0-5.27) 

Teicoplanin 0 0 0 87 0 0 87 N/A 1.0 (0.96-1.0) N/A 0.0 (0.0-5.27) 

Fusidic Acid 34 0 3 50 0 0 87 1.0 (0.9-1.0) 0.94 (0.83-0.99) 0.0 (0.0-5.27) 3.45 (0.0-5.27) 

Rifampicin 7 0 0 80 0 0 87 1.0 (0.56-1.0) 1.0 (0.94-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.27) 

Tetracycline 11 0 1 75 0 0 87 1.0 (0.74-1.0) 0.99 (0.91-1.0) 0.0 (0.0-5.27) 1.15 (0.06-7.13) 

Ciprofloxacin 17 0 0 70 0 0 87 1.0 (0.82-1.0) 1.0 (0.91-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.28) 

Clindamycin 11 1 1 73 0 1 87 0.92 (0.6-0.99) 0.99 (0.92-1.0) 1.15 (0.06-7.13) 1.16 (0.06-7.13) 

Linezolid 0 0 0 87 0 0 87 N/A 1.0 (0.96-1.0) N/A 0.0 (0.0-5.27) 

Mupirocin 7 0 0 77 0 0 87 1.0 (0.56-1.0) 1.0 (0.94-1.0) 0.0 (0.0-5.27) 0.0 (0.0-5.27) 

Total 234 1 11 880 1 1 1131 1.0 (0.97-1.0) 0.98 (0.97-0.99) 0.09 (0.0-0.57) 0.97 (0.51-1.79) 

 

Figure 5.7. Adjusted comparison of the presence or absence of a genetic determinant of antimicrobial resistance and the phenotype. VME: Very Major Error, ME: Major Error, 

N/A: Not Applicable (no resistance observed). 
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5.5 Discussion 

The use of whole-genome sequencing to supplement phenotypic methods for the detection 

and surveillance of antimicrobial resistance in pathogenic organisms has been reported by 

several researchers (385–387). The implementation of such methods requires rigorous 

verification against currently adopted methods. Whilst no method may be 100% accurate at 

predicting antimicrobial resistance in vivo, Table 5.8 shows that WGS has been shown to be 

acceptably sensitive and specific. Verification of the method has already been achieved for 

some pathogens and WGS has now been adopted as a public health tool (388).  
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Authors (reference) Method Pathogen/s tested (number of isolates) Concordance with phenotype 

Gordon et al. (204) BLAST S. aureus (491) 97% sensitivity, 99% specificity 

Pankhurst et al. (374) PhyResSE M. tuberculosis (168) 93% correlation 

Eyre et al. (375) BLAST N. gonorrhoea (681) 

Same MIC = 53% correlation 

+ 1 MIC doubling dilution = 93% correlation 

+ 2 MIC doubling dilution = 98% correlation 

Stoesser et al. (376) BLAST 
E. coli (74) 99% sensitivity, 96% specificity 

K. pneumoniae (69) 95% sensitivity, 97% specificity 

Mason et al. (291) 

BLAST 

S. aureus (1389) 

96.4% sensitivity, 99.2% specificity 

Mykrobe 96.7% sensitivity, 98.9% specificity 

Resfinder 96.7% sensitivity, 99.0% specificity 

McDermott et al. 
(389) 

BLAST Salmonella (640) 98.8% sensitivity, 99.1% specificity 

Zhao et al. (390) BLAST Campylobacter coli (82), Campylobacter jejuni (32) 99.2% correlation 

Clausen et al. (391) KmerResistance 
Salmonella typhimurium (48), E. coli (48), E. faecalis (50), E. faecium (50) 96.04% correlation 

E. coli (74), K. pneumoniae (69) 99.61% correlation 

Table 5.8. Concordance of genotypic and phenotypic methods of determining resistance in common pathogens.
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The work outlined in this chapter has shown that for S. epidermidis, comparison of the genotypic 

method against the phenotypic method yielded no discrepant results for gentamicin, rifampicin 

and ciprofloxacin suggesting the genotypic method is a reliable indicator of the phenotype. 

There was one isolate that had intermediate resistance to erythromycin and one that had 

intermediate resistance to clindamycin by disc diffusion that unfortunately were not MIC tested. 

An MIC test might have been able to categorise the isolates as either resistant or susceptible or 

it may have been that they generated an intermediate breakpoint by this method too.  

Initial comparison of the two methods yielded six very major errors, five of which were 

associated with cefoxitin and were resolved by MIC testing with oxacillin. The other very major 

error was an isolate that was resistant to clindamycin by disc diffusion but lacked ermA, ermC, 

ermT or lnuA. It is possible that this isolate harboured a different resistant determinant that was 

not included in the panel (Table 5.1) and therefore not tested however when the isolate genome 

was interrogated using the online Comprehensive Antibiotic Resistance Database (CARD) (370) 

no genes associated with clindamycin resistance were detected from the database. Further 

testing could have included MIC testing, but this was not possible and so the discrepancy 

remained unresolved.  

There were 18 major errors involving seven antibiotics (cefoxitin, penicillin, erythromycin, 

clindamycin, fusidic acid, tetracycline and mupirocin) in the initial comparison of the two 

methods. There were three major errors in the 87 isolates tested against fusidic acid in the 

adjusted comparisons of phenotypic and genotypic methods, however these discordances may 

have been resolved with MIC testing.  

Two of the major errors involving penicillin were resolved by MIC testing, which showed 

resistance and by performing a nitrocefin test which detected the presence of a beta-lactamase. 

The other three major errors involving penicillin were not resolved by either phenotypic or 

genotypic analyses resulting in a major error rate of 3.45% which is higher than the acceptable 

3% major error rate specified in the Food and Drug Administration Class II Special Controls 

Guidance Document: Antimicrobial Susceptibility Test Systems (392). Aubry et al. (2020) used 

the presence of blaZ as the standard by which to determine penicillin resistance in S. epidermidis 

and compared this with a zone diameter of less than 26mm, MIC testing using the Vitek2 system 

(bioMérieux, Marcy l’Etoile, France) and the nitrocefin assay (393). The authors found 4/55 

(7.3%) of blaZ positive isolates were penicillin susceptible by MIC testing and 5/55 (9.1%) were 

nitrocefin test negative (393). This work was prompted by the decision of the European 

Committee on Antimicrobial Susceptibility Testing (EUCAST) to no longer recommend the use 



 

Page 198 of 232 
 

of benzylpenicillin to determine susceptibility in S. epidermidis due to poor performance 

(393,394). Whilst Aubry and colleagues only used PCR to detect the presence of blaZ and did 

not investigate the integrity of the gene the fact that both they and EUCAST have identified 

inaccuracies demonstrates there is still a gap in the current phenotypic and genotypic methods 

of determining penicillin resistance. 

Two major errors occurred during the comparative testing of cefoxitin which were not resolved 

by MIC testing or by analysis of the mecA gene. The mecA gene is regulated by the MecR sensory 

protein and MecI repressor protein which are encoded by mecR and mecI respectively (395). 

Whilst overexpression of mecI does not affect methicillin resistance in S. aureus, resistance to 

proteolysis of MecI by MecR2 can cause reduced methicillin resistance (395). It is possible that 

this phenomenon has occurred in the two S. epidermidis isolates resulting in methicillin 

susceptibility despite the presence of an intact mecA gene. Moreover, blaZ expression is 

regulated by a system homologous to that of mecA which may have affected the three 

aforementioned isolates that were phenotypically susceptible to penicillin despite the presence 

of blaZ in their genomes (395). A single isolate that was susceptible to erythromycin and 

clindamycin by disc diffusion method but harboured the ermC gene accounted for the two 

major errors that involved both antibiotics. Since the ermC gene was missing an isoleucine 

residue and stop codon further investigation into this may help resolve this discrepancy. Two of 

the five major errors involving mupirocin were resolved by phenotypic determination of low-

level resistance by MIC testing alongside identification of the causative genetic element. The 

other three were resolved by examination of the mupA gene which showed a frameshift 

mutation known to impact expression of MupA in S. aureus (158). Interestingly, Driscoll et al. 

(2007) demonstrated that this frameshift was reversible in vitro and suggest it could be 

reversible in vivo which could lead to loss of efficacy if using mupirocin to treat or decolonise S. 

aureus (158). Identification of the mupA gene and the adenine nucleotide deletion in position 

280 may therefore be a more reliable indicator of potential mupirocin resistance than 

phenotypic methods. 

Amongst the 87 isolates tested in this chapter there were none that exhibited phenotypic or 

genotypic resistance to linezolid and the glycopeptides vancomycin and teicoplanin. This is 

understandable as resistance to these antibiotics is, whilst emerging, still relatively uncommon 

in S. epidermidis (44,139,396,397). This meant that whilst data on the specificity of the 

genotypic method (100% concordance with the phenotype) was evaluated there were no 

means to test the sensitivity.  
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The results observed in this chapter generally accord with the work of Gordon et al. (2014) 

which had the highest major error rate (5.1%) when predicting penicillin resistance in a 

validation set of S. aureus isolates (204). This was reduced to 0.6% following phenotypic 

resolution of 22 of the discrepancies by nitrocefin test (n = 11), extended nitrocefin test (n = 3 

after two hours) and E-test and nitrocefin test (n = 2) and genotypic analyses of the blaZ gene 

(n = 6) but was still among the highest ME rates in their validation results (204). Overall, Gordon 

et al. (2007) had a higher VME rate at 0.5% and lower ME rate at 0.7% than the results in this 

thesis chapter. However, their study involved more isolates (n = 491) all of which were of clinical 

origin.  

Further work beyond this thesis should assess performance of genotypic resistance prediction 

in isolates from a greater range of clinical sources such as blood cultures and venous catheter 

tips. Testing more clinical isolates would not only add power to the study but would likely yield 

a greater number of some of the less common resistance phenotypes, e.g. to vancomycin, 

teicoplanin or linezolid. Furthermore, whilst the phenotypic methods employed in this chapter 

were intended to emulate those used in the routine clinical practice in the UK, a more 

comprehensive method of AST would likely yield more accurate results. More comprehensive 

phenotypic AST could be employed to compare heterogenous resistance as observed with 

glycopeptides (176,398), and/or intermediate resistance (396) and inducible resistance 

(20,158). Further genotypic research would likely include the use of more comprehensive 

databases of resistance-associated genetic elements. This may lead to the detection of 

resistance elements not previously observed in S. epidermidis or other staphylococci. Another 

interesting field is the characterisation of genetic elements that are associated with resistance 

to multiple, unrelated antibiotics. Lee and colleagues (2018) have described lineages of S. 

epidermidis that have mutations in the RNA polymerase rpoB gene that confer resistance to 

rifampicin and reduced susceptibility to glycopeptides (182).  Further investigation of isolates 

that harbour resistance determinants but demonstrate phenotypic susceptibility to 

antimicrobials is also an important area of study. The expression of genetic determinants of 

resistance may come at a biological cost to an organism and therefore may be regulated (399). 

Analysis of the bacterial transcriptome to profile resistance gene expression has been 

performed (400) and maybe a useful tool in describing factors that result in genotypically 

resistant, phenotypically susceptible isolates. Moreover, animal model or clinical studies 

determining the relationship between the presence or absence of resistance determinant and 

drug response may give a more holistic understanding of the treatment of resistant pathogens.    
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The ability to derive accurate and reliable antimicrobial susceptibility information from whole-

genome sequencing data is likely to be a crucial factor if the technology is to be adopted in 

routine medical microbiology. Successful attempts have already been made involving a range 

of important pathogens including nontyphoidal Salmonella, Campylobacter spp., S. aureus, N. 

gonorrhoea, M. tuberculosis, E. coli and K. pneumoniae (374–376,389,390). Since sequencing 

laboratory methods are now well established, much of the current research is focussed on the 

bioinformatic methods that can interrogate raw or assembled WGS data to detect genetic 

determinants of resistance (291,370–372,401,402). Furthermore, the development of curated 

databases such as CARD, that employs an ontological model to detect any resistance-associated 

gene, would be useful in previously undocumented resistance determinants in pathogenic 

species which can occur following horizontal gene transfer. However, since genotypic methods 

may not detect novel resistance mechanisms it is unlikely that they  will fully replace phenotypic 

methods for the determination of antimicrobial susceptibility.  

Here it has been demonstrated that a BLASTn-based method of detecting genetic determinants 

of resistance in S. epidermidis had a 98.76% (95% CI: 97.88 – 99.29%) concordance with the 

BSAC method of phenotypic AST (280). Table 5.8 shows that this compares favourably with 

similar work studying other pathogens using BLAST or other methods. Moreover, the overall 

very major error rate of 0.09% (95CI: 0.0 – 0.57) and major error rate of 0.97% (95% CI: 0.51 – 

1.79) (Table 5.7) are within the maximum permissible very major error rate of 1.1% (95% CI: 

0.03 – 6.04)  and major error rate of 3% required in the Food and Drug Administration Class II 

Special Controls Guidance Document: Antimicrobial Susceptibility Test Systems (392). The data 

presented in this chapter are the first demonstration that sequencing based approaches to 

resistance prediction which have been developed for other species including Staphylococcus 

aureus, can be adapted to reliably predict resistance in S. epidermidis. My findings underscore 

the potential for genotypic assessment to replace phenotypic in routine microbiology practice.  
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5.6 Conclusion 

The work outlined in this chapter has provided the proof-of-principle that interrogation of 

whole-genome sequence data for the presence of genetic determinants of resistance could be 

a valid method of antimicrobial susceptibility testing of clinical isolates of S. epidermidis. Testing 

the BLASTn method of detecting resistance determinants yielded a 100% (95% CI: 97 - 100%) 

sensitivity and 98% (95% CI: 97 – 99%) specificity when compared to BSAC methods. 

Discrepancies between the BLASTn and BSAC methods were observed for cefoxitin, penicillin, 

rifampicin, tetracycline, clindamycin and erythromycin that were not resolved and therefore 

warrant further investigation. Several of the initial discrepancies were resolved by either further 

phenotypic testing or more in-depth analysis of the genes of interest. If the method were to be 

validated for clinical, the more in-depth analyses could be programmed into the genotyping to 

further streamline the process. 
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Chapter 6                                                                

General Discussion and Conclusion 
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6.1 Discussion 

With an aging population and increasing use of implantable medical devices, device infection 

numbers and incidence rates which are currently are low (0.7 – 4.2%) are set to rise (267). The 

clinical impact of such infections will increase further as strains of S. epidermidis that are 

resistant to last-line antibiotics are emerging (177,362,403,404) making successful treatment 

more difficult to achieve. Prevention strategies, including decolonisation regimes, antibiotic 

prophylaxis, sterile surgical instruments and protocols, and antimicrobial coatings on device 

surfaces (405), will not completely prevent such infections. Vaccine-based approaches to 

prevention of staphylococcal have thus far proved beyond reach even for S. aureus (406).Thus 

ODRI diagnosis and management is still an essential requirement in orthopaedic medicine and 

diagnostic microbiology.   

Whole-genome sequencing has already been proven to be a transformative technology in 

clinical and public health microbiology. The full impact on diagnostics, treatment and infection 

prevention of WGS is still unknown as researchers pioneer new uses for the technology. WGS 

has been adopted by Public Health England to provide accredited services for a range of 

nationally important pathogens (407). These services provide information on the relatedness, 

virulence and antimicrobial resistance of primary pathogens, where clinical importance has 

already been determined.  

In my research I attempted to determine whether WGS has the potential to discriminate 

between infecting and non-infecting populations of a type of infection that can be difficult to 

diagnose. This began with the theory that, since S. epidermidis is part of the normal flora of the 

human skin and infection is the result of accidental contamination of prosthetic devices, then 

an understanding of the diversity of carriage populations was an important precursor to our 

understanding of infecting populations.   

The first part of my work characterised the diversity of normal human carriage of S. epidermidis 

by measuring the genomic diversity of different strains within and between healthy hosts. 

Firstly, the commonly used multi-locus sequence typing was applied and detected 32 sequence 

types, of which seven were novel. Then, genomic relatedness within and between sequence 

types and participants was determined by three different approaches using pairwise distance 

measurements: 

1. By SNV-based subtyping I determined minimum pairwise distances between genomes 

from different participants and different sequence types, and demonstrated that multi-

locus sequence typing was a stronger indicator of genomic diversity than origin, 
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2. I found that genomes with a pairwise distance up to 100 SNVs yielded a 95% positive-

predictive value that they were isolated from the same participant, 

3. Use of maximum-likelihood trees largely yielded results concording with SNV-based 

subtyping and assigning a positive predictive value, but detected some important 

outliers where recombination had a more dominant effect than common ancestry and 

MLST on determining genomic relatedness. 

Furthermore, determining fixation indices showed that at a maximum threshold of 550 SNVs 

(the maximum diversity observed between genomes of the same ST) recombination was seen 

at a greater degree between isolates from different participants whilst at a minimum threshold 

of 551 SNVs or no threshold recombination was seen at a greater degree between isolates of 

different STs. 

The second part of my work attempted to develop a genomic-based method of discriminating 

between infecting and contaminating isolates of S. epidermidis cultured from orthopaedic 

device specimens. A simple method of using mean pairwise distance of genomes from colonies 

from both same specimen and the same set of specimens was highly discriminatory. The 

construction of haplotrees based on the biallelic positions of SNVs between colony genomes 

produced visually demonstrable differences between isolates determined to be associated with 

device-related infections and isolates determined to be contaminants. An attempt was also 

made to determine if linear regression could be applied to the increase in diversity 

(accumulation of SNVs) during the time from orthopaedic device implant to isolation of the 

infecting S. epidermidis colonies. Whilst there was an observable increase in the diversity of 

infecting S. epidermidis colonies over time, a constant correlation could not be determined.  

The third part of my work set out to demonstrate that the same genomic data that could 

potentially aid diagnosis of device-related infection could also be used to guide antibiotic 

selection. Detection of known genes and mutations associated with antimicrobial resistance 

concorded with phenotypic antimicrobial susceptibility testing to a high degree of sensitivity 

and specificity for the antibiotics tested. The 13 antibiotics tested represent some of those 

which have clinical breakpoints determined by BSAC and EUCAST (280,408) for S. epidermidis. 

The work showed that 12/24 (50%) of the original 24/1129 (2.1%) discrepancies between the 

genotypic and phenotypic methods were resolved by MIC determination, biochemical detection 

of the beta-lactamase enzyme or gene interrogation resulting in 1117/1129 (98.9%) concordant 

results. 
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6.2 Conclusion 

In conclusion, this thesis determines that the while diversity of commensal carriage of S. 

epidermidis is largely driven by a clonality that can be characterised by MLST, analyses using 

WGS show a more nuanced picture that can be used to measure the relatedness of isolates and 

infer origin. Similarly, WGS-based measurements of relatedness can be used to accurately 

discriminate between infecting and contaminating isolates, and visually represent infection. 

Finally, the same data can be used to reliably detect genomic determinants of antimicrobial 

resistance.   
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