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Summary
Staphylococcus lugdunensis is a coagulase negative staphylococcus 

(CoNS). Infections caused by CoNS are normally less severe than infections 

caused by S. aureus. However, S. lugdunensis is associated with a series of 

severe cases of infective endocarditis displaying an aggressive course of 

disease akin to S. aureus infections.

The first complete genome sequence of S, lugdunensis N920143 which 

is reported within this thesis revealed a multitude of interesting encoded 

features, including multiple non-ribosomal peptide synthesis systems, a plethora 

of putative cell wall-anchored proteins, and an iron-dependent surface 

determinant locus (isd).

Hypothesis-driven research regarding S. lugdunensis has been 

neglected up to date and S. lugdunensis mutants have not been constructed 

before. Therefore a protocol for the transformation of S. lugdunensis was 

established, the restriction barrier was identified and techniques for the 

convenient transformation and the creation of mutants by allelic exchange were 

developed.

For the first time, S. lugdunensis N920143 and several isogenic mutants 

were investigated in a catheter-induced rat endocarditis model and compared to 

S. aureus Newman and S. aureus COL. S. lugdunensis N920143 was found to 

display reduced virulence compared to S. aureus Newman. However regarding 

the size and density of the vegetations, N920143 was comparable to S. aureus 

COL. A sortase A deficient strain was significantly less virulent than the wild- 

type in this model, confirming the importance of appropriately anchored proteins 

during infection.

S. lugdunensis is the only CoNS sequenced to date that encodes an isd 

locus. This system allows the acquisition of haem as a source of nutrient iron 

and is well described for S. aureus, it was found that the S. lugdunensis strain 

HKU09-01 possesses a 32 kb duplication comprising the complete isd operon. 

Duplications are known to allow high frequency RecA-dependent 

recombination, due to the presence of long regions of homology. This leads 

either to amplification of the region or to loss of the duplication. Accordingly, the 

duplication of the isd operon was found to be intrinsically unstable and could be



stabilized by the introduction of a recA mutation. Furthermore, subclones 

carrying up to seven copies of the isd operon could be isolated and the increase 

in copy number correlated with an increase in Isd protein expression. 

Comparison of the isd copy number variants revealed that one copy of isd is 

sufficient to allow optimal growth in the presence of human haemoglobin as the 

sole source of nutrient iron. However, Isd proteins are known to possess 

additional functions and the effects of the isd copy number are under current 

investigation.
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Chapter 1 
Introduction



1.1 staphylococci
staphylococci are Gram-positive, non-motile cocci belonging to the 

family of Staphylococcacea. The cells are 0,5 - 1,5 pm in diameter and their 

DNA possesses a low G + C content of 30 - 39% (Hofstad, 1999). Cell division 

occurs in three planes, leading to grape-like cluster formation which is visible 

under the microscope. There are 42 species and 10 subspecies described for 

the genus Staphylococcus (Ghebremedhin et al., 2008). All members are 

catalase positive, facultatively anaerobic and do not form spores. Staphylococci 

are divided into the coagulase positive staphylococci (CoPS) and the cgagulase 

negative staphylococci (CoNS), depending on the presence or absence of a 

secreted plasma coagulase. The coagulase is a secreted, non-enzymatic 

activator of prothrombin that activates the blood clotting cascade (Panizzi et al., 

2006) thereby leading to the coagulation of blood plasma in the tube coagulase 

test. The only CoPS is Staphylococcus aureus.

1.2 Staphylococcus aureus

1.2.1 S. aureus and disease

The best studied staphylococcal species is the CoPS S. aureus. The 

characteristic golden colour of the species derives from the carotenoid pigment 

staphyloxanthin (Pelz et al., 2005). S. aureus is an opportunistic pathogen that 

is found as a micro commensal in healthy humans. It predominantly colonizes 

the anterior nares of humans and about 20% of the human population carry 

S. aureus constantly while another 80 % are intermittent carriers (Kluytmans et 

al., 1997). Colonization with S. aureus is recognized to be an important risk 

factor with infections being more frequent in carriers than non-carriers. 

Furthermore infections are frequently caused by a carrier’s endogenous strain 

(von Eiff et al., 2001). However, carriage of S. aureus appears to have an 

immune stimulating effect since significantly fewer fatalities are recorded if the 

patients are colonized with S. aureus (Wertheim et al., 2004).

S. aureus causes wound infections and due to the frequent use of 

invasive procedures in modern medicine it is increasingly important in causing 

nosocomial infections (Kluytmans et al., 1997). However, S. aureus is also



capable of causing invasive disease without a pre-existing breach of the outer 

barrier of the skin. These infections are locally confined in abscesses, furuncles 

or mastitis and are associated with strong pus formation. If such a focus of 

infection opens to the blood stream, bacteria reach all areas of the body 

causing life threatening infections such as endocarditis, osteomyelitis or sepsis 

(Lowy, 1998). An important component of modern medicine is the use of 

implanted medical devices such catheters, stents or artificial heart valves. Use 

of devices is associated with a high risk of infection with S. aureus and 

S. epidermidis being the two species most frequently linked to device- 

associated infection (Donlan, 2001).

1.2.2 The innate immune response to S. aureus infection

As soon as the outer physical barrier of the body is breached by 

S. aureus, the bacterium is confronted by the host immune system. The rapidly 

induced complement cascade is an important defence mechanism of the innate 

immune system. The complement is capable of detecting invading 

microorganisms, labelling them for destruction and attracting phagocytes to the 

site of infection (Moore, 2004). The complement system is composed of several 

serum glycoproteins. The central molecule of the cascade is the C3 protein. 

Upon activation of the cascade, the first C3 convertase (C4bC2a) cleaves C3 

into two fragments. The small soluble C3a fragment is released and acts as a 

strong chemoattractant for neutrophils and macrophages. The C3b fragment 

becomes covalently attached to the surface of the invading pathogen. C3b is an 

active C3 convertase that cleaves C3 molecules into C3b and C3a, thereby 

amplifying the activation of the cascade. Furthermore C3b labels the pathogen 

for phagocytosis since it is recognised by the C3b receptor on macrophages. 

Additional glycoproteins are activated in the later stages of complement 

activation. C3b activity also results in the cleavage of C5 into C5a 

(chemoattractant) and C5b which becomes attached to the cell surface and 

possesses C5 convertase activity to amplify the loop. Finally the complement 

cascade activates proteins to form a rnembrane attack complex (MAC) which is 

capable of killing Gram-negative microorganisms by integration into the outer 

membrane.



The initial activation of the complement cascade can occur by three 

distinct mechanisms (Figure 1.1). The “classical pathway” uses specific 

antibodies bound to the surface of the invading microorganism. The 

complement protein Clq recognizes the Fc part of the bound immunoglobulin. 

Bound Clq recruits and activates the serine protease Cir which activates CIs. 

CIs then cleaves C2 and C4 to form the first C3 convertase C4b/C2a. The 

“lectin pathway” uses the mannose Ending lectin (MBL) or ficolin to recognise 

conserved carbohydrates on the cell surface of microorganisms. Serine 

proteases then allow the formation of C4b/C2a and the subsequent cleavage of 

C3. The “alternative pathway” is initiated by free C3b that is present in low 

amounts within the serum. Interaction with complement regulatory factors 

allows the attachment of C3b to the invading pathogen and to start the 

endogenous loop of complement activation.

Taken together, the complement cascade is activated by the recognition 

of invading microorganisms and leads to the opsonisation (C3b/C5b) and to the 

release of chemoattractants (C3a/C5a) which stimulates phagocyte migration 

and induces general inflammation processes.

The immune response to S. aureus comprises both innate and adaptive 

immunity. S. aureus infection induces strong activation of complement, followed 

by the inflammation and influx of neutrophils and macrophages. These innate 

responses are very effective in clearing the infection.

1.2.3 S. aureus virulence and immune evasion factors

S. aureus is able to avoid the immune response by the production of 

secreted and surface-associated factors that allow the establishment of invasive 

disease and the evasion of host immune factors. Furthermore S. aureus has the 

ability to suppress the establishment of an effective adaptive immune response. 

This section will focus on the factors secreted by S. aureus, while cell surface- 

associated proteins are introduced in section 1.4. However, a comprehensive 

review of all immune evasion and virulence factors of S. aureus would go 

beyond the scope of this thesis. Therefore only the most important molecules 

are mentioned in this section.
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Figure 1.1 Complement activation pathways
(A) The classical pathway is initiated by the binding of the C1 complex to 
antibodies that are bound to antigens on the surface of bacteria. The Cl 
complex consists of C1q and two molecules each of Cir and CIs, The 
binding of the recognition subcomponent Clq to the Fc portion of 
immunoglobulins results in autoactivation of the serine protease C1r. C1r 
then cleaves and activates CIs, which translates the activation of the Cl 
complex into complement activation through the cleavage of C4 and C2 to 
form a C4bC2a enzyme complex. C4bC2a acts as a C3 convertase and 
cleaves C3, which results in products that bind to, and cause the 
destruction of, invading bacteria.
(B) The lectin pathway is initiated by the binding of either mannose-binding 
lectin (MBL) or ficolin - associated with MBL-associated serine protease 1 
(MASP1), MASP2, MASP3 and small MBL-associated protein (sMAP) - to 
an array of carbohydrate groups on the surface of a bacterial cell. Similar 
to CIs, MASP2 is responsible for the activation of C4 and C2, which leads 
to the generation of the same C3 convertase (C4bC2a). As in the classical 
pathway, C3 convertase cleaves C3 to C3b and the chemoattractant 
peptide C3a. The C3b-C2a-C4b complex then cleaves C5 to C5a and the 
chemoattractant peptide C5b, which stimulates assembly of factors C6, 
C7, C8 and C9 (not shown). MASP1 is able to cleave C3 directly.
(C) The alternative pathway is initiated by the low-grade activation of C3 
by hydrolysed C3 (C3(H20)) and activated factor B (Bb). The activated 
C3b binds factor B (B), which is then cleaved into Bb by factor D (D) to 
form the alternative pathway C3 convertase, C3bBb. Once C3b is attached 
to the cell surface, the amplification loop consisting of the alternative­
pathway components is activated, and the C3-convertase enzymes cleave 
many molecules of C3 to C3b, which bind covalently around the site of 
complement activation.
Adapted from (Foster, 2005).



1.2.3.1 Inhibition of chemotaxis and opsonisation

The rapid innate immune response to infection involves the immediate 

chemotactic migration of phagocytes (neutrophils and macrophages) to the site 

of infection. Phagocytes are recruited by two independent mechanisms. Firstly 

the activation of the complement cascade leads to the release of the 

chemoattractant peptides C3a and C5a (Moore, 2004). Secondly, peptides 

produced by bacteria are typically formylated and are recognised by 

neutrophils. On neutrophils, complement fragments are recognised by the C5a 

receptor (Murdoch & Finn, 2000) and peptide fragments are recognized by the 

fomylated peptide receptor (FPR) (Migeotte et ai, 2006). Both receptors belong 

to the family of G-protein coupled receptors and when activated stimulate the 

migration of neutrophils. Most S. aureus strains produce the chemotaxis 

inhibitor protein of staphylococci (CHIPS). CHIPS possesses two distinct 

binding sites. The first binds to FPR while the second binds to the C5a receptor. 

In both cases CHIPS prevents the cognate substrate from binding to the 

receptor and receptor signalling is not activated (de Haas et ai, 2004).

Another important step in neutrophil recruitment is the interaction of 

intercellular adhesion rnolecule-1 (ICAM-1) on the surface of endothelial cells 

with lymphocyte-function-associated antigen (LFA-1) on the surface of 

neutrophils. This interaction allows the adherence of neutrophils to blood 

vessels close to the site of infection and stimulates extravasation. S. aureus 

produces the extracellular adherence protein (Eap) that interacts with ICAM-1 

and prevents LFA-1 mediated neutrophil extravasation (Chavakis etai, 2002).

S. aureus produces the staphylococcal complement inhibitor (SCIN) 

which binds to and stabilises the C3 convertases C4b2a and C3bBb. Thereby 

SCIN inhibits convertase activity, preventing C3b and C3a production 

(Rooijakkers et ai, 2005). The extracellular fibrinogen binding protein (Efb) of 

S. aureus is a further inhibitor of C3-mediated opsonisation. Efb binds to and 

inhibits the deposition of C3b on the cell surface, thereby reducing 

opsonophagocytosis (Lee etai, 2004a; Lee etai, 2004b).

Opsonisation of invading bacteria can occur by the deposition of the 

complement factor C3b on the cell surface. Alternatively antibodies bind to 

specific antigens. Phagocytes recognise opsonisation by Fc-receptors and C3b 

receptors. In order to reduce the amount of opsonin present on the cell surface,
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S. aureus uses the secreted enzyme staphylokinase (Sak) to bind to and 

activate host plasminogen (Chavakis et ai, 2002). The serine protease of 

activated plasmin subsequently cleaves C3b and immunoglobulin from the cell 

surface thereby reducing opsonin-mediated phagocytosis.

1.2.3.2 Resistance to phagocytosis and survival within neutrophils

S. aureus is known to cause abscesses where it is encapsulated 

in a protective layer of prothrombin and fibrin. For phagocytes this layer is 

difficult to penetrate. S. aureus secretes two proteins to enable the formation of 

this pseudocapsule. The secreted coagulase is a non-enzymatic activator of 

prothrombin that triggers the cleavage of fibrinogen to fibrin (Panizzi et ai, 

2006). Furthermore, S. aureus secretes a yon Willebrand Factor binding protein 

(vWbp), a second coagulase that also activates prothrombin in the same way as 

the major coagulase. Both, coagulase and vWbp are required for abscess 

formation by S. aureus (Cheng eta!., 2010).

Most S. aureus strains produce a layer of capsular polysaccharide. Most 

prominent are the serotypes 5 and 8 (O'Riordan & Lee, 2004; Roghmann et ai, 

2005). The capsule is anti-opsonic and decreases the uptake of S. aureus by 

neutrophils (Thakker et ai, 1998). Nonetheless, if S. aureus is engulfed by 

phagocytes it possesses several factors that promote intracellular survival. 

Interestingly, the golden pigment staphyloxantin allows the scavenging of 

oxygen radicals and promotes survival within the phagolysosome (Clauditz et 

ai, 2006; Liu et ai, 2005). In addition S. aureus expresses two superoxide 

dismutase enzymes that remove 02'. Both enzymes are important for survival 

under oxidative stress (Karavolos et ai, 2003).

An additional mechanism of the innate immune system is to kill invading 

microorganism by the secretion of cationic antimicrobial peptides (CAMPs) such 

as the human defensins (Boman, 2003). The peptides possess amphiphatic 

properties and integrate into bacterial membranes through the interaction of the 

intrinsic negative charge of the prokaryotic cell envelope and the positive 

charge of the CAMP. S. aureus counteracts CAMPs by neutralizing the negative 

charge of the cell envelope by the addition of the positively charged amino acid 

alanine to wall teichoic acid (WTA) which is promoted by enzymes encoded by 

the dit operon (Peschel et ai, 1999). Furthermore the multiple geptide



resistance factor (MprF) attaches lysine to the membrane lipid phosphatidyl 

glycerol (Peschel et ai, 2001). Both, DIt and MprF confer resistance to multiple 

CAMPs. MprF is also implicated in resistance to the novel antibiotic daptomycin 

which possesses a CAMP-like mode of action (Bayer et a!., 2013).

1.2.3.3 Proteases and nucleases

In order to facilitate tissue destruction and to provide resistance against 

immune defence strategies S. aureus secretes several catalytic proteins. 

Among those are several proteases of various classes. The calcium-dependent 

zinc metalloprotease aureolysin is involved in the modification of S. aureus 

derived proteins, promotes the cleavage of the antimicrobial peptide cathelicidin 

LL-37 (Sieprawska-Lupa et ai, 2004) and inhibits immunoglobulin production 

(Prokesova et ai, 1988). in addition S. aureus secretes serine and cysteine 

proteases (staphopains) which are involved in tissue destruction and vascular 

leakage (Imamura et ai, 2005; Kantyka et ai, 2011). Besides proteases, 

S. aureus secretes at least two nucleases that degrade extracellular DNA 

(Beenken et ai, 2012). These enzymes influence biofilm formed by S. aureus 

and allow the escape from DNA released in neutrophil extracellular traps (NET) 

(Beenken et ai, 2012; Berends et ai, 2010).

1.2.3.4 Pore-forming toxins

A remarkable characteristic of S. aureus is the ability to secrete a range 

of pore-forming toxins. These toxins are secreted as monomers and integrate 

into the membrane of host cells as multimers forming a fJ-barrel pore (Foster, 

2005). Pore-formation leads to the leakage of cytoplasmic components and 

ultimately to cell death. Pore forming toxins recognize receptor molecules on 

the surface of target cells allowing a high degree of specificity for certain cell 

types. The classical example is the a-toxin which integrates into the membrane 

of the host cell as a heptamer. The receptor for a-toxin is the metalloprotease 

ADAM-10 that is expressed on epithelial cells (Wilke & Bubeck Wardenburg, 

2010). Interference with receptor signalling and activation of ADAM-10 protease 

activity destroys the integrity of the epithelial barrier, facilitating the invasion of 

S. aureus. With ADAM-10 being highly expressed on lung epithelial cells.



a-toxin production is especially associated with staphylococcia pneumonia 

(Inoshima et al., 2011).

S. aureus secretes up to four different bicomponent toxins, the y-toxin 

(HIg), the Panton-Valentine leukocidin (PVL), leukocidin E/D (lukE/D) and 

leukocidin M/F (lukM/F). These toxins comprise two subunits that are secreted 

separately but assemble within the membrane of the host cell to form the pore. 

These toxins are specific for leukocytes with the exception being HIg which is 

also capable of lysing erythrocytes (Menestrina et al., 2003). The receptor of 

lukE/D was identified as the CCR5 receptor on human T cells (Alonzo et al., 

2013) and the receptor of PVL was found to be the human C5a receptor (Spaan 

et al., 2013).

1.2.3.5 Superantigens
Clinical S, aureus isolates often express several superantigens. These 

proteins have the capacity to bind to MHC class II molecules on the surface of 

antigen presenting cells and crosslink MHC to the T cell receptor of T-helper 

cells. This leads to non-specific activation, proliferation and high release of 

cytokines. The unspecific activation leads to T cell energy (Lussow & 

MacDonald, 1994) and superantigens are therefore regarded as a strategy to 

suppress the initiation of an adaptive immune response (Llewelyn & Cohen, 

2002; Proft & Fraser, 2003), Since each superantigen is specific for a subset of 

the variable Vli-chain of the T cell receptor each superantigen can only activate 

a subset of T cells (Choi et al., 1990).

Besides the activation of T cells, many superantigens provoke an emetic 

response when ingested and are therefore also referred to as enterotoxins 

(Alberefa/., 1990)

1.2.3.6 Phenol soluble modulins and p-toxin

Phenol soluble modulins (PSMs) are a class of short peptide toxins that 

are secreted by most staphylococci (Rautenberg et al., 2010) including 

S. aureus (Wang etal., 2007) and S. epidermidis (Mehlin et al., 1999). All PSMs 

share an amphiphatic, a-helical structure (Rautenberg et al., 2010). Two 

classes are distinguished according to peptide mass; a-type PSMs (20-26 aa) 

and (3-type PSMs (~44 aa) (Mehlin et al., 1999; Wang et al., 2007). The reported 

functions of these peptides are diverse. The short a-PSMs display strong
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haemolytic effects (Cheung et al., 2012; Wang et ai, 2007) and have been 

identified as key virulence factors of S. aureus in murine models (Wang et al., 

2007). In addition, both a- and 3-PSMs have been shown to be important for 

biofilm development and structuring, due to their surfactant characteristics 

(Periasamy etal., 2012; Wang etai, 2011).

Bacterial proteins are typically formylated and can be recognized by the 

host G-protein coupled formyl peptide receptor (FPR) family (Migeotte et al., 

2006). The PSMs are specifically recognized by FPR2. This recognition initiates 

pro-inflammatory neutrophil responses and chemotactic migration (Rautenberg 

et al., 2010; Vuong et al., 2004a) and is therefore an important mechanism for 

the recognition of invading pathogens. Due to the conserved expression of 

PSMs among staphylococcal pathogens and the strong immune response 

induced by them, PSMs may be used by the immune system to distinguish 

between more aggressive staphylococci and less virulent staphylococcal 

commensals (Kretschmer et al., 2010; Rautenberg et al., 2010).

The sphingomyelinase C (also known as p-toxin) is an enzyme secreted 

by S, aureus. The toxin degrades the membrane lipid sphingomyelin (Doery et 

al., 1963). p-toxin lyses cells containing significant amounts of the lipid in the 

membrane such as sheep erythrocytes, human monocytes, human 

granulocytes and human fibroblasts (Walev et al., 1996).

1.2.3.7 Biofilm formation by S. aureus

Bacterial biofilms are surface-attached bacterial communities where the 

bacterial cells are embedded within an extracellular matrix. This form of growth 

has several advantages. During colonization, a biofilm protects the bacteria 

from being washed or scraped away and provides a protective environment 

during changing environmental conditions such as humidity or osmotic pressure 

(Otto, 2013). During infection it provides protection from host defenses such as 

phagocytes and antimicrobial peptides (Otto, 2006). In addition biofilms cannot 

be penetrated by antibiotics (Hoiby et al., 2010). A major problem in modern 

medicine is the development of biofilms on indwelling medical devices such as 

catheters or implants. Most frequently the persistent bactereamia associated 

with device-associated biofilms can only be resolved by removing the device.



Biofilm development is generally divided in three phases, (i) attachment, 

(ii) maturation and (iii) detachment (Figure 1.2). If a biofilm is formed on the 

surface of a medical device, the interaction between the bacterial cell and the 

polymer surface is mediated be unspecific hydrophobic or electrostatic 

interactions. The staphylococcal teichoic acids (Gross et a!., 2001) and the 

autolysin AtlE (Heilmann etai, 1997) are important in this process. Furthermore 

the lysis of a fraction of cells allows the controlled release of extracellular DNA 

(eDNA) which can coat the surface of devices and is involved in both biofilm 

attachment and maturation (Rice et al., 2007). However, after the insertion of 

the device, the surface is rapidly coated with host matrix molecules allowing 

specific high affinity interactions with adhesins on the bacterial surface. 

Regarding S. aureus, cell wall-anchored proteins (CWPs) play a vital role in the 

interaction of S. aureus with host matrix proteins (section 1.4). and are therefore 

important for the primary adhesion and during accumulation phase (Vaudaux et 

al., 1995).

During biofilm maturation adhesive factors are secreted that hold the 

bacteria together. The best studied adhesive factor is the exopolysaccharide 

eoly-N-acetylglucosamine (PNAG) which is also known as polysaccharide 

intercellular adhesin (PIA) (Mack et al., 1996) and its importance for biofilm 

formation has been demonstrated in vitro and in vivo (Heilmann et al., 1996; 

Vuong et al., 2004b). PIA is synthesized and secreted by the proteins encoded 

by the icaADBC operon and most biofilm-forming staphylococcal isolates 

posses this locus. It was assumed for a long time that PIA is indispensable for 

biofilm formation. However, biofilm-forming Isolates that do not secrete PIA 

have been described (Kogan et al., 2006; Rohde et al., 2007). Cell-cell 

interactions that keep PIA-independent biofilms together appear to be mediated 

mainly by protein-protein interactions e.g. involving the cell wall-anchored 

protein Aap (accumulation associated protein) and the extracellular protein 

Embp (extracellular matrix binding protein) (Christner et al., 2010; Conrady et 

al., 2013; Hussain et al., 1997; Rohde et al., 2005). Cell wall-anchored proteins 

of S. aureus are also important for cell-cell interactions, especially protein A 

(Merino et al., 2009), SasG (Geoghegan et al., 2010a) and the fibronectin 

binding proteins (FnBPA/B) (O'Neill et al., 2008). Recent studies showed that 

that FnBPA promotes biofilm formation in a Zn^'^-dependent manner and that
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the residues 166-498 of the protein are important (Geoghegan et ai, 2013). 

However, the precise mechanism of the interaction is not solved yet. Finally, 

extracellular DNA (eDNA) which is released from lysed bacteria contributes to 

biofilm maturation In vitro. The contribution of eDNA in vivo is questionable due 

to the presence of a potent DNAse in human serum (Otto, 2013).

Biofilm detachment is an important process since it allows bacteria to be 

released and form new colonies at different sites. To allow the detachment, 

several factors are produced in mature biofilms. Relevance In vitro has been 

shown for the protease aureolysin (Boles & Horswill, 2008) and the nucleases 

Nuci and Nuc2 (Beenken et ai, 2012; Kiedrowski et ai, 2011). However, 

relevance both in vitro and in vivo has only been demonstrated for the PSMs 

(see 1.2.3.6) (Periasamy et ai, 2012; Wang et ai, 2011). Synthesis of these 

peptides is controlled by Agr and expression increases in mature biofilms. The 

surfactant characteristics of PSMs allow the dispersal and structuring of 

biofilms.

Interestingly staphylococci do not encode an enzyme that degrades PIA 

to facilitate biofilm dispersal. Such an enzyme was reported for Aggregatibacter 

actinomycetemcomitans and is named dispersin B (Kaplan et ai, 2004). 

However, homologous genes could not be identified in the genomes of 

staphylococci.

1.2.4 Antibiotic resistance in S. aureus
From a clinical point of view, a major problem of S. aureus infection is 

antibiotic resistance. The first antibiotic introduced was penicillin, a B-lactam 

antibiotic inhibiting the transpeptidation reaction during peptidoglycan 

biosynthesis. S. aureus developed resistance against this antibiotic within two 

years by the acquisition of a R-lactamase that cleaves the fJ-lactam ring of the 

antibiotic. Nowadays most infectious S. aureus isolates are resistant to penicillin 

(Otto, 2012). The semi-synthetic antibiotic methicillin which cannot be cleaved 

by

li-lactamase was constructed to overcome this problem. However, S. aureus 

strains resistant to methicillin (MRSA) were detected only one year after its 

introduction (Jevons et ai., 1963). MRSA strains are a major problem in modern 

medicine and many industrialized countries report 25-50% of infectious
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S. aureus isolates to be methicillin resistant (Diekema et al., 2001). Resistance 

is caused by the acquisition of the mecA gene which encodes the penicillin­

binding protein PBP2a. This transpeptidase possesses a low affinity for the 

li-lactam ring (Hartman & Tomasz, 1981), thereby transferring resistance 

against the entire class of li-lactam antibiotics including penicillin, methicillin, 

cephalosporins and carbapenems. The mecA gene is located on the 

staphylococcal cassette chromosome mec (SCCmec) (Katayama et al., 2000), 

a mobile genetic element that can be acquired by lateral gene transfer. Eleven 

types of SCCmec have been described, ranging in size from 21 - 67 kb 

(Hiramatsu et al., 2001). All SCCmec elements carry the mecA gene and ccr 

genes for the integration of the element into and its excision from the 

chromosome. Depending on the type of the element addition antibiotic 

resistance determinants (Hiramatsu et al., 2001) or virulence factors can be 

encoded within SCCmec (Queck et al., 2009).

S. aureus strains have also acquired resistances to antibiotics of other 

classes such as erythromycin, clindamycin, ciprofloxacin, tetracycline, etc 

(Shorr, 2007). Alarmingly, multidrug resistant strains are occurring that can only 

be treated with vancomycin and rare cases of vancomycin resistant MRSA 

isolates have been reported (CDC, 2002).

1.3 Staphylococcus lugdunensis
The species Staphylococcus lugdunensis was first described by Freney 

et al. in 1988 in Lyon, France (Freney et al., 1988). It is a Gram-positive, 

catalase negative and non-motile coccus. The species displays colony 

morphology and colony sizes ranging from 1-4 mm are reported (Freney et al., 

1988). Also the pigmentation of isolates is known to vary and the described 

colours vary from cream to a yellow/golden (Freney et al., 1988). Most strains 

display a haemolytic phenotype on agar plates containing rabbit or sheep 

erythrocytes (Freney et al., 1988).

S. lugdunensis does not produce a secreted plasma coagulase and is 

therefore a member of the CoNS. Phylogenetic analysis of 16S rDNA 

(Takahashi et al., 1999) and dnaJ (Shah et al., 2007) gene sequences places 

S. lugdunensis in a clade that includes S. epidermidis, S. aureus and 

S. haemolyticus.
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S. lugdunensis is a constituent of the normal human skin flora and is 

predominantly isolated from the moist areas of the skin such as the groin, the 

axilla and the perineum (Bieber & Kahimeter, 2010). In contrast to S. aureus, 

S. lugdunensis is only infrequently isolated from the nasal cavity and about 90% 

of all healthy individuals carry S. lugdunensis on either one or multiple sites of 

the body (Bieber & Kahimeter, 2010).

S, lugdunensis can be easily misidentified as S. aureus due to their 

similar colony morphology, haemolytic activity and the ability to agglutinate latex 

particles coated with fibrinogen (Zbinden et al., 1997). Yet, a tube coagulase 

test clearly identifies S. lugdunensis as a CoNS and a positive 

pyrrolidonylarylamidase (PYR) reaction along with positive ornithine 

decarboxylase activity distinguishes S. lugdunensis from the other CoNS (De 

Paulis et al., 2003).

1.3.1 S. lugdunensis and disease

Compared to S. aureus, diseases caused by CoNS are normally sub­

acute, less severe and rarely associated with mortality (Frank et al., 2008). 

However, described as a “wolf in sheep’s clothing” (Frank et al., 2008), 

S. lugdunensis behaves in many ways more like the coagulase positive 

S. aureus than the other CoNS including having an apparently elevated degree 

of virulence. S. lugdunensis is known to cause a wide range of diseases 

including superficial skin and soft tissue infections (SSTI) (Arias et al., 2010; 

Bocher et al., 2009; Papapetropoulos et al., 2013), ocular infections (Chiquet et 

al., 2007; Pinna et al., 1999), peritonitis (Ludlam & Phillips, 1989; Schnitzler et 

al., 1998) and urinary tract infections (Casanova-Roman et al., 2004; Haile et 

al., 2002). In diagnostic microbiology SSTIs caused by CoNS are rarely 

identified to species level (Bocher et al., 2009). This makes a reliable estimation 

of the frequency of S. lugdunensis infections impossible. However, a study 

focusing on S. lugdunensis infections in one Swedish county showed that 

accurate species identification of CoNS infections increased the reported 

S. lugdunensis isolations eleven times from 5 to 53 infections per 100.000 

inhabitants per year (Bocher et al., 2009). S. lugdunensis was predominantly 

found to cause abscesses. In abscesses S. aureus (86%) and S, lugdunensis
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(70%) are most frequently isolated in monoculture which is significantly higher 

than the rate of all the other CoNSs which are predominantly isolated as mixed 

cultures (Bocher et al., 2009).

S. lugdunensis is also able to cause severe invasive infections such as 

septic arthritis (Crupper et al., 2010), osteomyelitis (Vigna et al., 2007) or 

necrotizing fasciitis (Hung et al., 2012). Most importantly, S. lugdunensis is 

associated with an aggressive form of infective endocarditis (IE). Around 1% of 

IE cases are reported to be caused by S. lugdunensis (Anguera et al., 2005) 

with mortality rates ranging from 38% (Liu et al., 2010) to 42% (Anguera et al., 

2005). S. lugdunensis most frequently causes left sided native valve 

endocarditis involving mitral and/or aortic valves (Frank et al., 2008; Liu et al., 

2010). Also, S. lugdunensis IE shows a very aggressive course of disease with 

70% of the patients requiring surgery compared to 37% of patients suffering 

from S. aureus IE (Liu etal., 2010).

1.3.2 S. lugdunensis pathogenicity and virulence factors

Although S, lugdunensis is now recognized as an important pathogen 

there is still remarkably little information regarding virulence factors and the 

molecular mechanisms of pathogenicity. Previous research failed to identify 

genes encoding toxins (superantigens, pore-forming toxins) with similarity to 

toxins of S. aureus (Fleurette et al., 1989). Furthermore, no IgG binding 

molecule could be detected. However, S. lugdunensis possesses a regulatory 

agr locus 63% identical to that encoded by S. aureus with the apparent 

difference that the S. lugdunensis locus does not encode a 6-haemolysin 

(Vandenesch et al., 1993). Neither a- nor p-toxin activity was reported for 

S. lugdunensis but three short peptides combine to generate delta-like 

haemolysis. The three peptides A/B/C have a length of 43 aa and are named 

S. lugdunensis synergistic haemolysin (SLUSH). These peptides are encoded 

within an operon upstream of the agr locus together with a fourth peptide (OrfX) 

for which no function is yet described (Donvito et al., 1997). The expression of 

the peptides is dependent on agr activity (Donvito et al., 1997). The SLUSH 

peptides have been recognized to belong to the group of B-PSMs (Rautenberg 

et al., 2010).
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S. lugdunensis is capable of forming biofilm (Fleurette et a!., 1989) and 

the organism carries the icaADBC operon (Cramton et al., 1999; Frank & Patel, 

2007) suggesting it is able to produce PIA. However, PIA was shown not to be a 

major component of S. lugdunensis biofilms. In contrast, microscopy of “SYPRO 

Ruby” stained S. lugdunensis biofilms showed vast amounts of extracellular 

proteins and the addition of proteases lead to biofilm dispersal (Frank & Patel,

2007) . This suggests that cell-cell adherence is mediated mainly by protein 

interactions. The identities of the proteins contributing to biofilm formation in 

S. lugdunensis have yet to be identified.

1.3.3 Antibiotic resistance in S. lugdunensis

In contrast to S. aureus, S. lugdunensis has remained remarkably 

sensitive to the antibiotics used in modern medicine. Only sporadic isolates 

were reported to be resistant against single antibiotics and no accumulation of 

multiple resistances has been observed (Frank et al., 2008). Interestingly, 

compared to S. aureus most S. lugdunensis isolates have an increased 

tolerance towards glycopeptide antibiotics such as vancomycin or teicoplanin 

(Bourgeois et al., 2007; Frank et al., 2007). The reasons for this are unknown.

Only 20 to 40% of S. lugdunensis isolates produce 3-lactamase (Frank et 

al., 2008). Methicillin resistant clinical isolates that have acquired SCCmec have 

been reported (MRSL) (Becker et al., 2006; Nakamura et al., 2012; Pereira et 

al., 2010; Tee et al., 2003) and account for ca. 5% of all isolates (Tan et al.,

2008) . MRSL does not yet pose a significant problem for the treatment of 

infections.

1.4 Cell surface-associated proteins
staphylococci express a variable number of cell surface-displayed 

proteins that are covalently anchored to the cell wall ^eptidoglycan (PG). These 

proteins form the interface between the bacterial cell and the environment. 

Consequently the proteins fulfil important functions for the colonization of the 

host and for the establishment of invasive diseases.
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1.4.1 Sortase mediated attachment to the peptidoglycan

The precursors of cell wall-anchored proteins (CWPs) are produced with 

an N-terminal signal sequence and are secreted using the universal Sec 

pathway. Additionally, the proteins possess a sortase cleavage motif at the 

C-terminal end which is followed by a membrane-spanning hydrophobic helix 

and several positively charged amino acids (Figure 1.3). This ensures that the 

precursor remains attached to the cell membrane until the transpeptidase 

sortase connects the CWP to the PG. Sortase genes have been identified in all 

Gram-positive genomes and in most cases more than one sortase is encoded 

(Pallen et a!., 2001). S. aureus encodes two distinct sortase enzymes. Sortase 

A (SrtA) anchors CWPs possessing an LPXTG motif at the C-terminal end. The 

amino acid sequence is highly stringent and exchanges at position 1, 2, 4 and 5 

are not tolerated (Schneewind et ai, 1992). In S. aureus SrtA anchors 23 of 24 

CWPs to the PG. The three dimensional structure of SrtA is described as an 8 

stranded (3-barrel in which a hydrophobic depression is present between (37 and 

P8. This depression contains the active site of the enzyme (ilangovan et ai, 

2001). The active site is composed of Cys^®'* and His^^°. These residues are 

absolutely conserved among sortases (Zong et ai, 2004). The S. aureus 

sortase B (SrtB) recognizes the NPQTN motif of IsdC and no other substrates 

for this enzyme occur in S. aureus. The three dimensional structure of SrtB is 

similar to the structure of SrtA including the cysteine-histidine pair within the 

active site. However SrtB possess three a-helixes that are not present in SrtA 

explaining the different substrate specificity (Marraffini et ai, 2006).

Sortases represent a class of transpeptidases that attach CWPs to PG- 

building blocks during cell wall-biosynthesis. The synthesis of PG starts in the 

cytoplasm where /V-acetylmuramic acid (MurNAc) attached to the pentapepide 

[L-Ala-D-iGlu-L-Lys-D-Ala-D-Ala] is synthesized and coupled to the 

cyotoplasmic side of the membrane using the lipid carrier undecaprenol (lipid I) 

(Figure 1.4). Subsequently A/-acetylglucosamine (GIcNAc) is attached to the 

MurNAc and the pentaglycine bridge is attached to the L-Lys in the middle of 

the stempentapeptide (lipid II) (Figure 1.4). This PG building block is flipped to 

the extracellular side of the membrane and incorporated into the growing PG by
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Figure 1.4 Peptidogiycan synthesis in S. aureus
Park's nucleotide, a soluble nucleotide precursor, originates in the 
bacterial cytoplasm by successive addition of l-stereoisomer amino acids 
(l-Ala and l-Lys) as well as d-stereoisomer amino acids (d-isoglutamine 
[d-iGIn] and d-Ala) to UDP-A/-acetylmuramic acid (UDP-NM). Precursor 
transfer to undecaprenol pyrophosphate, a bacterial membrane carrier, 
generates lipid I and removes UMP nucleotide. Lipid I modification with 
A/-acetylglucosamine (GN) and pentaglycine cross bridge formation at 
the £-amino of l-Lys with tRNA^'y substrate generates lipid II. Following 
translocation across the cytoplasmic membrane, lipid II serves as 
substrate for PBPs that catalyze three reactions: transglycosylation, 
transpeptidation, and carboxypeptidation. Transglycosylases polymerize 
MN-GN subunits into repeating disaccharide chains, the glycan strands. 
Transpeptidases cleave the amide bond of the terminal d-Ala in 
pentapeptide precursors and generate an amide bond between the 
carboxyl group of d-Ala at position four and the amino group of 
pentaglycine cross bridges in wall peptides. Carboxypeptidases 
hydrolyze the C-terminal d-Ala of most non-cross-linked pentapeptides 
to yield mature peptidogiycan.
Adapted from (Marraffini et a!., 2006)



transglycosylation and transpeptidation (Marraffini et al., 2006; Ton-That et al., 

2004).

Sortase-mediated incorporation of CWPs into the cell wall occurs before 

transglycosylation and transpeptidation. CWP precursors are secreted by the 

Sec pathway and remain attached to the membrane by the C-terminal 

hydrophobic region. Sortase A recognises the LPXTG motif, cleaves between 

the threonine and the glycine residues and captures the polypeptide as a 

thioester-linked acyl enzyme at its active site cysteine residue (Ton-That et al., 

1999; Ton-That et al., 2000). The subsequent nucleophilic attack of the amino 

group of the cross-bridge in the PG-precursor completes the anchoring of the 

CWP (Ton-That et al., 1999). The building block is subsequently incorporated 

into the PG by transglycosylation and transpeptidation. The steps for correct 

display of a CWP are shown in Figure 1.5.

Sortase B recognizes the NPQTN motif of IsdC and cleaves the 

substrate between the threonine and the asparagine residues and connects it to 

the penta glycine bridge of the PG (Marraffini & Schneewind, 2005; Mazmanian 

et al., 2002). Interestingly, it seems to link IsdC to a different location within the 

PG scaffold, at sites showing a low level of cross linking. However, the precise 

mechanism of this mechanism and its implications are not completely 

understood (Marraffini et al., 2006).

1.4.2 Functions of cell wall-anchored proteins

Classically, CWPs were referred to as microbial surface component 

recognizing adhesive matrix molecules (MSCRAMMs) since the first proteins 

described promoted adhesion to molecules of the extracellular matrix (ECM). 

Recently a new classification system was proposed since the structural 

organizations of many CWPs have been described, revealing different tertiary 

structures and domains. Additionally, several functions other than ligand binding 

have been uncovered and many CWPs do not promote adhesion to ECM. Thus, 

CWPs should be classified according to structural similarities and the term 

MSCRAMM was proposed to be used for one class of CWPs that show two 

independent IgG-like folds and promote binding to their ligand by the “dock, lock 

and latch” mechanism (described in 1.4.3.1) (Foster eta!., 2013).
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All CWPs possess a distinct N-terminal region (A domain) and in most 

cases a C-terminal stalk region consisting of a varying number of repeated 

domains or amino acid motifs (see Figure 1.3). The stalk region is needed to 

span the cell wall and to enable the display of the A domain some distance 

away from the cell surface. It was shown that 60-110 residues are needed 

between the cell wall anchor and the A region for functional expression 

(Hartford et al., 1997; Strauss & Gdtz, 1996). However, in some CWPs the 

repeat region also binds ligands (e.g. the fibronectin binding proteins of 

S. aureus that are described in section 1.4.3.3). S. aureus has the potential to 

express 24 different CWPs that promote binding to the most prominent proteins 

of the ECM and blood plasma, such as fibrinogen (Fg), fibronectin (Fn), keratins 

and collagens (Speziale et al., 2009) and many surface proteins have been 

shown to represent virulence factors (Cheng et al., 2009; Gomez et al., 2004; 

Moreillon et al., 1995; Que et al., 2005). Cell wall-anchored proteins were also 

shown to play a role in S. aureus nasal colonization. The MSCRAMM clumping 

factor B (ClfB) and its interaction with the envelope protein loricrin of squamous 

epithelial cells was shown to be an important factor in nasal colonization by 

S. aureus (Mulcahy et al., 2012). In addition to their role as adhesins, CWPs 

possess additional functions. As described in detail in section 1.5, the iron- 

regulated proteins IsdA, IsdB, IsdC and IsdH possess haem binding NEAT 

domains and are important for the extraction of haem from haemoproteins and 

its transport into the cytoplasm (Grigg et al., 2007; Grigg et al., 2010; 

Mazmanian et al., 2003; Pishchany et al., 2010; Torres et al., 2006). 

Furthermore, CWPs are important immune evasion factors. The S. aureus 

protein A (Spa) binds to the Fc-region of IgG thereby preventing opsonisation 

(Cedergren et al., 1993; Deisenhofer, 1981). Furthermore Spa acts as a B cell 

mitogen by binding to the heavy-chain variable domain 3 (VH3) of IgM. This 

induces unspecific proliferation and thereby energy and immune suppression 

(Graille et al., 2000; Silverman & Goodyear, 2006). ClfA promotes adhesion to 

Fg but possesses also antiphagocytic characteristics (Higgins et al., 2006) and 

interacts with regulatory complement factors to prevent complement-mediated 

killing and opsonisation (Hair et al., 2008).

A high degree of functional redundancy is observed between different 

CWPs. Thus, ClfA, ClfB, FnBPA and FnBPB all bind to Fg, which might
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underline the importance of this interaction for S. aureus. Furthermore, many 

CWPs possess multiple functions. As an example, IsdA is important for haem 

uptake and the resistance to host immune defences and FnBPs bind both Fg 

and Fn. Thus, a limited set of CWPs possess a multitude of functions. A 

summary of the S. aureus CWPs and their described functions in adhesion and 

immune evasion are summarized in Table 1.1.

1.4.3 Ligand binding mechanisms of CWPs

1.4.3.1 Fibrinogen binding by the “dock, lock and latch” mechanism

The archetypes of Fg binding MSCRAMMs are clumping factor A (ClfA) 

of S. aureus and SdrG of S. epidermidis. The molecular mechanism of the 

interaction between SdrG and fibrinogen has been characterized in great detail 

(Bowden et ai, 2008; Ponnuraj et ai, 2003). Fg is a soluble plasma protein and 

consists of three pairs of non-identical chains (Aa, Bp and y) as shown in Figure 

1.6 A. The A region of SdrG consists of three independently folded domains 

(N1/N2/N3). The role of the N1 domain has still to be characterized in detail, but 

was shown to be important for the functional secretion and surface display of 

the homologue ClfA in S. aureus (McCormack et ai, 2013). The minimal Fg 

binding region of SdrG consists of two domains N2/N3 comprising IgG-like folds 

and consisting predominantly of p-strands (Ponnuraj et at., 2003). Without 

bound peptides (apo form) a hydrophobic trench is present between the N2 and 

N3 domains (Figure 1.7). The docking of the fibrinogen BP-chain into this trench 

leads to a change in conformation, allowing the C-terminal extension of N3 to 

interact with the peptide within the cleft, locking the peptide in place. Further 

changes in the conformation allow the C-terminal extension of the N3 domain to 

be inserted into a trench within the N2 domain by p-strand complementation. By 

this latch, the fibrinogen peptide is tightly locked within the cleft (Bowden et ai, 

2008; Ponnuraj et ai, 2003). A model of SdrG binding to fibrinogen is shown in 

Figure 1.7.

Various cell wall-anchored proteins share the structural organization of 

N1/N2/N3 domains at their N-terminal end and are therefore also classified as 

MSCRAMMs. Among them are ClfA, ClfB, FnBPA and FnBPB of S. aureus. The 

N2/N3 domains of each protein can bind to human Fg, although different parts
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Table 1.1 S. aureus CWPs and their ligands

CWP Ligands / Functions Reference
Bone sialoprotein binding

protein (SdrE)

bone sialoprotein

fibrinogen

(Tung et al., 2000;

Vazquez et al., 2011)

Clumping factor A

(ClfA)

fibrinogen

complement factor I

(Ganesh etal., 2008;

Hair et al., 2008;

McDevitt ef a/., 1994)

Clumping factor B

(ClfB)

fibrinogen

cytokeratin 10

loricrin

(Mulcahy etal., 2012; Ni

Eidhin et al., 1998;

Walsh et al., 2004)

Collagen binding protein

(Cna)

collagen

complement protein Clq

(Kang et al., 2013; Patti

etal., 1993)

Fibronectin binding protein A

(FnBPA)

fibronectin

fibrinogen

elastin

tropoelastin

(Keane et al., 2007a;

Keane et al., 2007b;

Meenan et al., 2007;

Wann et al., 2000)

Fibronectin binding protein B

(FnBPB)

fibronectin, fibrinogen

elastin

(Roche et al., 2004)

Iron-regulated surface

determinant A
(IsdA)

beam, fibronectin,

fibrinogen, lactoferrin,

transferrin, involucrin,

loricrin, cytokeratin 10

(Clarke et al., 2004;

Clarke & Foster, 2008;

Clarke etal., 2009;

Hammer & Skaar, 2011)

Iron-regulated surface

determinant B (IsdB)

haemoglobin, haem

GPIIb/llla receptor on

platelets,

pS integrins on epithelia

cells

(Hammer & Skaar, 2011;

Miajlovic et al., 2010;

Zapotoczna et al., 2012)

Iron-regulated surface

determinant C (IsdC)

Haem (Hammer & Skaar, 2011)

Iron-regulated surface

determinant H (IsdH)

haemoglobin-haptoglobin

complex, haem

(Hammer & Skaar, 2011)

Protein A IgG, IgM, von Willebrand

factor,

TNFR-1

(Gomez et al., 2004;

Moks etal., 1986;

O'Seaghdha et al., 2006)

SdrC P-neurexin

desquamated epithelial

cells - no known ligand

(Barbu et al., 2010;

Corrigan et al., 2009)



Table 1.1 S. aureus CWPs and their ligands, continued

CWP Ligands / Functions Reference

SdrD desquamated epithelial cells

- no known ligand

(Corrigan et al., 2009)

SdrE complement regulation

factor H

(Sharp et al., 2012)

SasG No known ligand. The A

domain masks ligands for

other CWPs, the B repeats

induce biofilm formation.

Promotes adherence to

desquamated epithelial

cells.

(Corrigan et al., 2007;

Corrigan et al., 2009)

Adenosine synthase A

(AdsA)

Promotes survival within

neutrophils.

(Thammavongsa et al.,

2009; Thammavongsa

et al., 2011)

SasA

(SraP)

salivary agglutinin, gp340,

platelets - no known ligand

(Kukita et al., 2013;

Siboo et al., 2005)

staphylococcus aureus
surface protein X

(SasX)

No known ligand, involved

in biofilm formation and cell

aggregation.

(Li et al., 2012)

SasC, SasB, SasD, SasF,

SasJ, SasK, SasL.

No known ligands or

functions.



y chain

D domain E domain D domain

■ Fibrinopeptide A 
□ Fibrinopeptide B 
V Oligosaccharide side chain

Figure 1. 6 Schematic diagram of fibrinogen
There are three sets of non-identical chains which are bound by 
disulphide bonds at the amino-terminal end. Removal of fibrinopeptides A 
and B in the E domain via the action of thrombin, leads to cross-linking 
and the formation of the fibrin clot.
Adapted from (Herrick et al. 1999.)

LPXTG
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1
SdrG s N1 N2 N2 B1 B2 R H +

Fg binding domains

B
A

N3

Figure 1.7 SdrG binding to fibrinogen by “dock, lock and latch”
(A) Schematic representation of the SdrG molecule: A - N-terminal region; 
N2-N3 - subdomains with IgG-like folds binding to Fg; B1-B2 - repeats of 
unknown function; R - serine-aspartate repeat region; H - hydrophobic 
region; + -positively charged region;.
(B) SdrG N2/N3 bind Fg by the “dock, lock and latch” mechanism. SdrG in 
its open apo form has a wide trench between the N2 and N3 subdomains. 
The ligand inserts into this trench and SdrG undergoes conformational 
changes to a closed form and locks the ligand in place. In the apo form the 
disordered C-terminal extension of the N3 subdomain is not part of the 
crystal structure. After “Dock Lock and Latch” this region forms the lock 
(blue) and the latch (red).
Adapted from (Foster et al. 2013).



of the various fibrinogen chains are recognized. SdrG binds to the N-terminal 

segment of the (3-chain. In contrast ClfA interacts with the extreme C-terminus 

of the fibrinogen y-chain (Deivanayagam et al., 2002; McDevitt et al., 1994). In 

addition the Fg peptide bound to the cleft in the opposite orientation. ClfB binds 

to the a-chain of fibrinogen and to loop regions of cytokeratin 10 and loricrin 

(Mulcahy etal., 2012; Walsh etal., 2004; Walsh eta!., 2008; Xiang eta/., 2012). 

All ligands are bound by the “dock, lock and latch” mechanism.

The same mechanism of binding to Fg was shown for FnBPA and 

FnBPB (Burke et al., 2011; Wann et al., 2000). Flowever, the N2/N3 domains of 

FnBPA/B also bind to elastin and tropoelastin (Keane et al., 2007; Roche et al., 

2004). Thus the “dock, lock and latch” mechanism is quite promiscuous in the 

ligands that can be accepted into the binding trench and phage display has 

recently been used to identify 3-neurexin as a ligand for the MSCRAMM SdrC 

(Barbu et al., 2010). However some MSCRAMMs (e.g. SdrE or SdrD) have no 

known ligand.

1.4.3.2 The collagen hug
The collagen binding protein (CNA) of S. aureus binds to collagens in a 

variation of the “dock, lock and latch” mechanism (Zong et al., 2005). The 

protein possesses an A domain with N1/N2/N3 domain organisation and a stalk 

region of B-repeats (Figure 1.8). In contrast to the mechanism described above, 

the ligand binding domain of CNA comprises the N1/N2 IgG-like domains rather 

than the N2/N3 domains. However, the general interaction is comparable. The 

N1/N2 domains are organized to allow the docking of a collagen triple helix 

within the trench between N1/N2. The linker region between N1/N2 in CNA is 

longer than the linker between N2/N3 in ClfA to allow the accommodation of the 

triple helix within the cleft. In CNA the C-terminal extension of N2 serves as lock 

and latch to tighten the interaction (Zong etal., 2005).

1.4.3.3 The p zipper mechanism of fibronectin binding

The S. aureus fibronectin binding proteins A/B FnBPs possess a 

N1/N2/N3 domain organisation at the N-terminal end which binds to fibrinogen. 

However, the IgG-like domains are followed by a series of Fn binding motifs 

(Figure1.8). Fibronectin is a homodimer composed of two splice variant protein
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chains of between 230 and 270 kDa in size. The two chains are linked by 

disulfide bonds near their C-termini. Each chain is composed of an array of 

repeated modules designated type I, type II and type III which are separated by 

connecting sequences (Bork et al., 1996). Each of the type I modules is 

composed of a p-sandwich of anti parallel p-sheets containing two and three 

strands.

The Fn binding motif bind to the type 1 modules of Fn by short anti­

parallel p-strand complementation (Schwarz-Linek et al., 2003) and the Fn 

binding domains vary in their affinity for Fn. The mechanism allows low affinity 

interaction of a single binding motif with a single type one module but a high 

affinity interaction when the Fn binding region interacts with an array of type I 

modules.

1.4.3.4 Immunoglobulin binding by protein A

The Staphylococcus aureus protein A (Spa) is composed of an A domain 

consisting of five domains designated E, D. A, B, C followed by a repeat region 

consisting of an octapeptide motif (Xr) (Figure 1.8) (Moks et al., 1986). Each of 

the five N-terminal domains consists of three anti-parallel a-helixes (10 

residues) separated by short loops (5 residues) (Cedergren et al., 1993; 

Deisenhofer, 1981). The bundles possess the ability to bind the Fc region of 

IgG. The binding site is located between the Ch2 and the Ch3 domains of IgG. 

Spa is an important virulence factor (Palmqvist et al., 2002) that prevents 

opsonisation and complement activation by displaying IgG in the incorrect 

orientation on the cell surface. Furthermore the bundle domains of Spa bind to 

the Fab region of IgM (Graille et al., 2000). Since IgM molecule represent the 

B cell receptor on immature B cells, Spa dependent activation can lead to B cell 

energy and immune suppression (Silverman & Goodyear, 2006).

Spa also binds to von Willebrand factor thereby promoting interactions 

with platelets (O'Seaghdha et al., 2006). Finally Spa binds to the ectodomain of 

tumor necrosis factor receptor-1 thereby inducing inflammation (Gomez et al., 

2004; Gomez et al., 2006).
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1.5 Iron acquisition by S. aureus

1.5.1 Characteristics and importance of iron
Iron is an important molecule for the host and the pathogen, since it is 

required as prosthetic group or cofactor for many enzymes in essential 

processes such as DNA replication and aerobic respiration (Schaible & 

Kaufmann, 2004; Weinberg, 2000). This is attributed to the chemical 

characteristics of this metal. It readily engages in one electron 

oxidation/reduction reactions between the ferric (Fe^"') and ferrous (Fe^'") state 

which makes it valuable for enzymatic reactions. However, “free” reactive 

ferrous iron in the cytoplasm can engage in Fenton type reactions, thereby 

creating ferric iron and various radicals, damaging membrane lipids and 

ultimately leading to cell death (Hentze et al., 2004). Due to the toxicity of free 

iron, its concentration is strongly limited within mammalian cells and in the 

extracellular milieu. Greater than 90% of the iron in mammals is located 

intracellularly and is therefore not accessible for extracellular pathogens unless 

it can be liberated from the cells (Drabkin, 1951). Intracellular iron is either 

engaged as a cofactor or prosthetic group into biochemical reactions or 

complexed to the tetrapyrrole ring of haem and stored by haemoproteins such 

as haemoglobin, myoglobin or haemopexin (Hentze et al., 2004). Extracellular 

iron is bound by high affinity iron chelating proteins such as lactoferrin and 

transferrin found in lymph and mucosal secretions or within the serum, 

respectively. The process of iron sequestration is also referred to as “nutritional 

immunity” (Cassat & Skaar, 2013; Hood & Skaar, 2012) and poses a significant 

problem for any invading microorganism. The importance of strictly controlled 

iron metabolism was heightened by several experimental and descriptive 

studies, linking an increased level of free iron to an increased severity of 

bacterial infections (Gladstone & Walton, 1971; Schaible & Kaufmann, 2004; 

Singh & Sun, 2008).

Due to the importance of iron for biochemical reactions, bacteria deposit 

intracellular reserves of iron within iron storage proteins. These internal stores 

can be used to enhance growth when external iron is restricted. Three different 

forms of iron storage proteins are described: ferritins, bacterioferritins and Dps
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proteins (Andrews et al., 2003). All proteins show a modular structure 

composed of identical subunits consisting of a four a-helix-bundle. Ferritin (Bou- 

Abdallah, 2010) and bacterioferritin are composed of 24 subunits while the 

smaller Dps proteins are composed of 12 subunits. The architecture of the 

protein complexes allows the formation of a central cavity where the ferric form 

of iron is stored. Bacterioferritin is more common in bacteria then ferritins 

(Andrews et al., 2003). In contrast to Dps proteins and ferritins, bacterioferritins 

contain haem which is used to coordinate the iron molecule in the central cavity.

1.5.2 The S. aureus Fur protein
S. aureus reacts to iron shortage with a dramatic change in its gene 

expression profile (Friedman et al., 2006). This is due to the iron-dependent 

regulator Fur (ferric uptake regulator). Under iron-rich conditions, the 

conformation of the regulator allows the binding of Fur to the consensus 

sequence in the DNA {fur boxes) upstream of iron regulated genes. Fur acts as 

a repressor, preventing the transcription of these genes. It was shown for the 

Fur protein of Pseudomonas aeroginosa that under iron starvation conditions Fe 

dissociates from Fur, leading to a subtle change in conformation and allowing 

the repressor to drop off the operator sequence (Pohl et al., 2003). 

Subsequently the RNA polymerase can access the operator sequence and 

transcribe the genes. In S. aureus. Fur is known to negatively regulate at least 

20 different genes (Friedman et al., 2006). Among these are genes involved in 

iron acquisition such as the sfnisbn genes and the isd locus described below. 

Furthermore up-regulation of fermentative enzymes is observed. This results in 

the increased production of lactate which results in a decrease of the local pH. 

Since host proteins such as transferrin possess a lower affinity for iron at low 

pH (Friedman et al., 2006), the secretion of lactate is believed to stimulate the 

release of iron from these proteins to make it accessible for S. aureus (Hammer 

& Skaar, 2011). Additionally, several staphylococcal virulence factors are Fur 

regulated (Torres et al., 2010). Among those are proteins involved in, biofilm 

formation (Hussain et al., 2001; Johnson et al., 2008) in delayed wound healing 

(Athanasopoulos et al., 2006) and secreted cyotolytic and immunostimulatory 

toxins (Nizet, 2007). A functional fur gene is important for full virulence of 

S. aureus (Horsburgh et al., 2001; Torres et al., 2010). Taken together. Fur
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represents an important sensor for S. aureus, specifically recognizing the 

environment during invasive infection and adapting bacterial physiology for 

survival within the host.

1.5.3 S. aureus siderophores
Iron-scavenging siderophores are small secreted molecules that show an 

exceptionally high affinity for iron, thereby outcompeting host proteins such as 

transferrin and lactoferrin. Secretion and reuptake of siderophores by 

membrane transporter systems allows S. aureus to steal iron from host 

proteins. At least two different siderophores are produced by S. aureus, 

staphyloferrin A (Beasley et ai, 2009; Cotton et ai, 2009) and staphyloferrin B 

(Cheung et a!., 2009). Both belong to the carboxylate family of siderophores 

(Figure 1.9). A third siderophore (aureochelin) has been proposed, but has not 

been characterized (Courcol et ai, 1997). The 479 Da molecule staphyloferrin A 

is produced by four proteins (SfnABCD). The haem transporter HtsABC was 

shown to be responsible for the reuptake of staphyloferrin A (Beasley et ai, 

2009). Staphyloferrin B is synthesized by SbnABCDEFGHI and its reuptake is 

mediated by the staphylococcal iron regulated transporter SirABC. Inactivation 

of sbnE lead to a reduced bacterial load within the kidneys of systemically 

infected mice, underlining the importance of the molecule during pathogenesis 

(Dale et ai, 2004a).

The active transport of substrates is typically associated with ATP usage. 

Interestingly, neither the hts locus nor the sir locus encodes an ATPse. It was 

shown that both systems are energised by the ATPase FhuC of the ferric 

hydroximate uptake operon (fhuCBG) (Beasley et ai, 2009; Speziali et ai, 

2006). The xeno-siderophores are a further class of iron scavenging molecules. 

Although S. aureus does not produce this class of siderophore, it is capable of 

using them as a source of iron (Sebulsky et ai, 2000). The uptake is FhuCBG 

dependent and is proposed to allow S. aureus to establish itself within the 

microbiome by stealing siderophores produced by other bacteria within the 

community (Hammer & Skaar, 2011). A schematic diagram of the siderophore 

mediated iron acquisition is shown in Figure 1.9
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Siderophore-mediated iron acquisition B
Staphyloferrin A

0
Staphyloferrin B 
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Heme-mediated iron acquisition

Hemoglobin
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Cell wall
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Figure 1.9 A model of the Staphylococcus aureus iron acquisition 
pathways
(A) S. aureus produces two siderophores, staphyloferrin A and 
staphyloferrin B. Staphyloferrin A import is mediated by the HtsA lipoprotein 
and HtsBC permease. The SirA lipoprotein is the receptor for staphyloferrin 
B, and the SirBC permease mediates the translocation of staphyloferrin B 
across the membrane. S. aureus imports xenosiderophores produced by 
other bacteria through the binding activity of FhuD1 and FhuD2 receptor 
lipoproteins and the FhuBG permease. The energy needed for siderophore 
uptake is provided by the FhuC ATPase.
(S) Haem acquisition is mediated by the Isd system. IsdH binds the 
haemoglobin-haptoglobin complex and IsdB binds haemoglobin. Haem is 
passed through the NEAr iron Transporter (NEAT) domains of IsdH (N1- 
N3), IsdB (N1-N2), IsdA, and IsdC. Haem can also be passed from IsdH or 
IsdB directly to the IsdE haem-receptor lipoprotein. Haem transport across 
the membrane occurs through either the IsdDF or the HtsBC permeases. 
Once in the cytoplasm haem is a substrate for the haem-degrading 
enzymes IsdG and IsdI. S. aureus degradation of haem leads to the release 
of iron and the production of staphylobilin.
Adapted from (Hammer & Skaar, 2011).



1.5.4 The S. aureus isd locus

With about 80% of host iron bound to haem, this protein represents the 

most abundant iron source within the host and was shown to be the preferred 

source of nutrient iron for S. aureus (Skaar et al., 2004). Four haem molecules 

are bound by the protein haemoglobin which is enclosed within erythrocytes. In 

order to make this rich source available, S. aureus produces several haemolytic 

toxins that lyse erythrocytes and release the haemoglobin. Several host 

molecules reduce the concentration of free haemoglobin and haem within the 

blood plasma and lymph. The protein haptoglobin is a high affinity haemoglobin 

binding protein and is present in high amounts within serum (Hwang & Greer, 

1980; Oliviero et al., 1987). Haemopexin (Tolosano & Altruda, 2002) binds to 

free haem. Both haemoglobin-haptoglobin complexes and haemopexin-haern 

complexes are rapidly recycled by hepatocytes within the liver. This rapid 

clearance of haemoproteins is thought to have two distinct advantages for the 

host. Firstly, it reduces the toxic effects associated with the presence of free 

iron/haem. Secondly it reduces the amount of iron available for invading 

microorganism (nutritional immunity). S. aureus is capable of using free haem, 

haemoglobin, myoglobin and the haemoglobin-haptoglobin complex as a source 

for nutrient iron. However, the bacterium is not able to use the haemopexin- 

haern complex (Torres et al., 2006).

The S. aureus isd operon (iron regulated surface determinant) represents 

an efficient haem uptake and degradation system. Protein expression is 

controlled by Fur. Therefore the proteins are only expressed under iron limiting 

conditions (Mazmanian et al., 2002). The system allows the extraction of haem 

from haemoproteins, its transport through the cell wall and the cell membrane 

and its subsequent degradation in the cytoplasm (Hammer & Skaar, 2011).

The S. aureus isd locus contains two cytosolic haem-degrading 

monooxygenases (IsdG, Isdl), three membrane transport proteins (IsdE, IsdF, 

IsdD) and four cell wall-anchored proteins (IsdA, IsdB, IsdC, IsdH). IsdC 

contains the alternative sorting signal NPQTN at its C-terminal end. This signal 

is recognized by sortase B (SrtB) which is also encoded within the operon 

(Mazmanian et al., 2002). All cell wall-anchored proteins contain NEAT (near 

iron transporter) domains. These 125 aa domains bind one haem molecule
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within a groove possessing a conserved tyrosine residue (Grigg et ai, 2007). 

The cell wall-anchored proteins IsdH, IsdB and IsdC are cell surface exposed 

proteins and possess three, two and one NEAT domain, respectively (Hammer 

& Skaar, 2011; Mazmanian et a!., 2003). IsdB is a haemoglobin receptor, while 

IsdH was found to bind the haemoglobin-haptoglobin complex (Torres et al., 

2006). The transfer of haem has been described with in vitro experiments. 

Haem is transferred unidirectionally from IsdB NEAT2 to the NEAT motif of IsdA 

or IsdC. Additionally, the NEAT motif of IsdA can transfer haem to IsdC (Liu et 

al., 2008). The NEAT domain of IsdC can transfer haem to IsdE within the 

membrane. No transfer occurs directly between IsdA and IsdE (Muryoi et al., 

2008). The NEAT1 domain of IsdH binds to haemoglobin-haptoglobin, NEAT2 

binds to haemoglobin and NEAT3 binds to haem. The IsdH NEAT3 domain can 

receive and transfer haem from/to IsdB NEAT2. Furthermore it can transfer 

haem to IsdA, IsdC or directly to IsdE (Dryla et al., 2007; Pilpa et al., 2009). 

Haem transfer between the NEAT domains is indicated in Figure 1.9. IsdB and 

IsdH represent the haemoglobin receptors on the cell surface. However only the 

deletion of isdB prevented the utilization of haemoglobin as a source of nutrient 

iron (Torres et al., 2006). Furthermore, deletion of isdB led to a decrease in 

bacterial burden in murine models of systemic infection with special importance 

for the colonization of the heart (Pishchany et al., 2009). This implicates IsdB as 

an important factor for haemoglobin binding and haem uptake.

Taken together, haemoproteins are captured at the cell surface by the 

receptors IsdH and IsdB. Haem is extracted and transferred to IsdA which is 

also surface exposed. Subsequently haem is transferred to IsdC which is buried 

within the cell wall and passed on to IsdE in the membrane. It is transported into 

the cytoplasm where IsdG/l degrade the haem and release the iron. Figure 1.9 

shows a diagram of the haem transfer through the S. aureus cell envelope.

It was shown, that S. aureus Isd proteins recognize human haemoglobin 

more efficiently than the murine molecule (Pishchany et al., 2010). This 

underlines the adaption of S. aureus to humans and shows the limitations of 

standard mouse models. However, transgenic mice (expressing human 

haemoglobin) are more susceptible to S. aureus strains expressing IsdB than to 

the AisdB mutant (Pishchany et al., 2010). Thus, transgenic mice represent the 

best model currently available to study effects of Isd proteins in vivo.
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1.1.5 Haem mediated toxicity

Haem is an indispensable element in many physiological processes, and 

most bacteria dedicate significant efforts to acquire haem from extracellular 

sources or to synthesise it endogenously. However, the high reactivity of haem 

that makes it important for physiological reactions are inseparable from toxic 

side effects. This poses a problem for all bacteria that take up extracellular 

haem. In general Gram-positive bacteria seem to be more susceptible to haem 

mediated toxicity than Gram-negative organisms (Nitzan et a!., 1994). The 

mechanism of toxicity is not completely understood, but haem possesses potent 

monooxygenase-like and peroxidise-like activity, thereby it might damage 

multiple cellular constituents including the DMA (Anzaldi & Skaar, 2010).

S. aureus uses extracellular haem as a source of nutrient iron. 

Subsequently haem toxicity is a problem for the pathogen if too much haem is 

taken up, S. aureus encodes a haem regulated transporter (HrtAB) in order to 

avoid accumulation of excess haem within the cytoplasm (Torres et al., 2007). 

The system is upregulated in the presence of haem and confers tolerance to 

high extracellular concentrations. The exact mechanism is unknown but HrtA is 

an ATPase that energises the system and HrtB is a membrane located porin. It 

is assumed that the system allows the efflux of haem. HrtAB expression is 

regulated by the two component system HssRS (haem sensor system). HssS is 

a membrane located histidine kinase that senses the presence of haem by an 

unknown mechanism. Haem sensing leads to autophosphorylation of HssS. 

The phosphorylation is transferred to the response regulator HssR which 

subsequently binds to the HrtAB promoter region and allows the expression of 

the system (Stauff et at., 2007).

1.5.6 Additional functions of Isd proteins

Besides their importance for haem uptake, several additional functions 

have been described for the Isd proteins of S. aureus. Under iron limited 

conditions, IsdA is the predominant covalently attached surface protein of 

S, aureus and its expression leads to a significant reduction in the 

hydrophobicity of the bacterial cell (Clarke et at., 2007). This effect was shown 

to be conferred by the C-terminal domain of IsdA and not by the N-terminal
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NEAT domain, which is involved in haem uptake (Clarke et al., 2007). Several 

host defence molecules use hydrophobic interactions to damage bacterial 

membranes. For this reason, the decrease in the hydrophobicity conferred by 

IsdA confers resistance to antimicrobial fatty acids, antibacterial peptides and 

lantibiotics (Clarke et al., 2007). Furthermore it reduces biofilm formation, 

protects S. aureus from protease activity of apolactoferrin and increases 

survival on the human skin (Clarke et al., 2007; Clarke & Foster, 2008). Thus 

IsdA represents an important molecule for S. aureus to circumvent the host 

immune defence. In addition IsdA is a broad spectrum adhesin. It mediates 

adherence to Fg, Fn, fetuin, asialofetuin (Clarke et al., 2004), involucrin, loricrin 

and cytokeratin 10 and is important for nasal colonization (Clarke et al., 2009). 

A murine model confirmed the importance of IsdA for abscess formation (Cheng 

et al., 2009).

IsdB was shown to mediate the adherence to platelets by the direct 

interaction with the integrin receptor GPIIb/lla (Miajlovic et al., 2010). 

Furthermore, the interaction with (33 interaction allows the invasion of human 

non-phagocytotic cells to evade the host immune response (Zapotoczna et al., 

2012b).

1.6 Allelic exchange in staphylococci
In order to gain an in depth understanding of bacterial pathogen biology, 

the ability to create specific mutations is of crucial importance. Targeted 

mutations preventing normal protein expression allow the investigation of the 

importance of single proteins in physiology and pathogenicity.

Several methods have been established for the creation of mutations in 

S. aureus. Most of them function by the introduction of a genetic element into 

the target gene thereby disrupting the open reading frame of the protein. 

Examples for this type of system are transposon mutagenesis (Foster, 1998) or 

the use of type II introns in the targetron system (Sigma Aldrich) (Chen et al., 

2005; Yao et al., 2006). Flowever, these systems have a number of 

disadvantages including the insertion of antibiotic resistances and the possibility 

of polar effects on the expression of downstream genes.
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1.6.1 Mutagenesis using allelic exchange

In contrast to insertions, allelic exchange allows the construction of 

deletion mutations in order to avoid polar effects. It also allows the creation of 

chromosomal point mutations and the targeted insertion of antibiotic resistances 

and is therefore the preferable method for many applications. On the downside, 

it is a more time consuming procedure. The allelic exchange methodology uses 

the ability of bacteria to integrate DNA into and to excise DNA from the 

chromosome if homologous regions are present. This RecA-dependent process 

is known as homologous recombination and happens with different frequencies, 

depending on the length of the homologous regions (Alberts & Lewis, 2002).

For the construction of a deletion mutation by allelic exchange, a deletion 

cassette consisting of a short DNA fragment upstream and downstream of the 

gene of interest is constructed and cloned onto a thermosensitive plasmid 

(Figure 1.10). The use of thermosensitive plasmids provides a convenient 

method to select for plasmid integration since a temperature shift from low 

temperatures (allowing plasmid replication) to a restrictive temperature allows 

only cells with integrated plasmid to grow and form colonies. Subsequent 

growth at a low temperature without antibiotic pressure promotes plasmid 

replication, its excision and subsequent loss. The process of integration and 

excision will delete the target gene from the chromosome, if one of the 

recombination events (integration or excision) occurs at the upstream sequence 

while the other event occurs at the downstream sequence (Figure 1.10).

1.6.2 Thermosensitive plasmids for the use in S. aureus

The first highly efficient thermosensitive plasmid constructed specifically 

for S. aureus is pKORI (Bae & Schneewind, 2006). The pE194ts replicon of this 

plasmid requires 43°C for the selection of integrants. It has been reported that 

mutations in the genes encoding the two component system sae can be 

selected at high temperatures in the presence of antibiotics (Sun et a!., 2010). 

To avoid the risk of acquiring secondary mutations, novel thermosensitive 

plasmids have been constructed. pIMAY (Monk etai, 2012) and pIMAYZ (Monk 

et al. unpublished) are plasmids with the improved thermosensitivity conferred 

by the pWVOIts replicon (Maguin et al., 1992) which allows the selection of
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Figure 1.10 Schematic of alietic exchange in S. aureus using pIMAY
pIMAY is transformed into staphylococci at 28°C, and single-crossover 
integration is stimulated by growth at 37°C. The diagram details an 
integration event through the AB side. A clone from either AB or CD 
integration event is grown at 28°C without antibiotic selection to stimulate 
plasmid excision and loss. Plasmid excision through the AB side recreates 
the wild-type locus, while CD excision yields a mutated gene.
Adapted from (Monk et al., 2012)



integrants at 37°C. This decreases the risk of stress-induced secondary 

mutations.

1.6.3 Counter selection to identify plasmid loss

A long standing problem for targeted mutagenesis by allelic exchange is 

the identification of clones that have lost the plasmid after integration in the 

chromosome. In times when antibiotic resistance was the only marker 

associated with the thermosensitive plasmid, this process used to be work 

intensive and time consuming since single colonies had to be picked and 

patched on different plates for the identification of plasmid loss. Both pKOR1 

and pIMAY/pIMAYZ carry a coding sequence for secY-antisense RNA to 

simplify this process. Protein secretion is an essential capability and bacteria 

without a functional Sec-system are not viable (Ji et al., 2001). Thus the 

induction of plasmid-encoded secY antisense RNA can be used to suppress 

growth of bacteria harbouring the plasmid (Bae & Schneewind, 2006). In 

pKORI and pIMAY the secY antisense RNA is under tight control of the TetR 

repressor. After induction with anhydrotetracycline, only cells without integrated 

or replicating plasmid are able to grow allowing the easy identification of 

putative mutants.

pIMAYZ (Monk et al., unpublished) represents the next generation of 

thermosensitive plasmids. In addition to the inducible secY antisense RNA, the 

plasmid encodes the lacZ gene in a transcriptional fusion with the constitutively 

expressed cat gene (chlormaphenicol resistance). By using the chromogenic 

substrate X-Gal, pIMAYZ allows a simple identification of clones without the 

plasmid by the colour of the colony. Clones carrying the plasmid are able to 

degrade X-Gal and possess a blue colour, while colonies without the plasmid 

fail to degrade X-Gal and exhibit a white colour.
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1.7 Rationale of this study
S. lugdunensis is more and more recognized to be an important 

pathogen and seems to be unusually virulent for a coagulase negative 

staphylococcus. However, hypothesis-driven research regarding S. lugdunensis 

has not been performed prior to this study and very little was known about the 

virulence factors that account for the apparent S, aureus-Wke behaviour.

A S. lugdunensis genome sequence was not available prior to this study. 

Therefore the chromosome of the clinical isolate N920143 was sequenced and 

analysed to identify any putative virulence and colonisation factors. Furthermore 

S. lugdunensis had not been transformed prior to this study and mutant strains 

had not been created.

This project was therefore aiming for a detailed investigation of the 

S. lugdunensis genome sequence, the establishment of a genetic system and 

the investigation of any apparent virulence factors that might account for its 

aggressive behaviour.
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Material and Methods
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Remark
Unless stated otherwise, materials and reagents were obtained from 

Sigma Aldrich.

2.1 Genome sequencing and analysis

2.1.1 Genome sequencing

The genome of the S, lugdunensis strain N920143 was sequenced by 

collaborators of the Welcome Trust Sanger Institute, using both reversible 

terminator sequencing (on lllumina Genome Analysers (GAM)) and 

pyrosequencing (on 454 instruments; subsidiary of Roche Diagnostics 

Corporation, Branford, Connecticut, US). A total of 40.1 Mb of lllumina 

sequence was produced from a 200 bp standard paired-end library run in one 

lane of a flow cell with 54 bp reads representing approximately 850-fold 

coverage. The 454 sequencing produced 0.23 Mb sequence with an average 

length of 250 bp. The assembly of the lllumina reads using Velvet 0.7.62 gave 

142 contigs of > 1 kb with a contig N50 of 22 kb.

A combined assembly of the 454 reads using Newbler 2.1 and the 

lllumina consensus sequences from the Velvet assembly produced 69 contigs > 

500 bp with an N50 of 72 kb. The length of the combined assembly was 

2,588,004 bp in 9 scaffolds. IMAGE (Tsai et ai, 2010) and ICORN (Otto et ai, 

2010), along with a further 1070 high quality reads, were used to close gaps 

and to improve the quality of the sequence to the standard of improved high 

quality draft (Chain etal., 2009).

2.1.2 Bioinformatic analysis

The sequence and annotation of the S. lugdunensis strain N920143 

genome has been deposited in the EMBL database under accession number 

FR821777. The sequence was finished and annotated as described previously 

using Artemis software (Holden et ai, 2009). Comparison of the genome 

sequences was facilitated by using the Artemis Comparison Tool (ACT) (Carver 

et ai, 2005). Orthologous proteins were identified as reciprocal best matches 

using PASTA (Pearson & Lipman, 1988) with subsequent manual curation. 

Circular diagrams were created using the program DNAPIotter (Carver et ai, 

2009). Protein domains were predicted using the Pfam database (Finn et ai,
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2010) and repeat-regions were identified using the web based radar program 

[www.ebi.ac.uk/Tools/Radar].

2.2 Bacterial culture conditions
S. lugdunensis strains were grown at 37°C in Jryptic Soy Broth (TSB) or 

on Tryptic Soy Agar (TSA) with 200 rpm shaking for liquid cultures. To 

represent iron-limited conditions, S. lugdunensis was grown in RPMI medium 

containing 1% casamino acids (Difco). E. coll strains were grown at 37°C Luria 

Bertani Broth (LB) or on Luria Bertani Agar (LA) (Difco) with 200 rpm shaking 

for liquid cultures. Lactococcus lactis strains were grown in GM17 (M17 medium 

(Difco), 200 mM sucrose, 25 mM glucose). L. lactis was grown on plates and in 

broth without agitation at 30°C.

For strains carrying chromosomal or plasmid-encoded antibiotic 

resistance, the appropriate antibiotic was added to the medium. Stock 

concentrations and final concentrations are summarized in Table 2.1.

Strains were kept for up to four weeks on agar plates. For long term 

storage, 0.5 ml of freezing solution (65% glycerol, 0.1 M MgS04 25 mM Tris- 

HCI, pH 8) was added to 0.5 ml of a fresh overnight culture and the strain was 

stored at -80°C.

2.3 Molecular Biology

2.3.1 Isolation for DNA
For isolation of plasmid DNA the Wizard® Plus SV Miniprep kit 

(Promega) was used according to the manufacturers protocol. The only 

additional step required when isolating plasmid from S. lugdunensis was the 

incubation of the resuspended cells of 5 ml overnight culture for 15 min with 5 pi 

lysostaphin (Ambi Products LLC, 10 mg/ml) prior to lysis. For the purification of 

higher amounts of pRMC2 for comparative transformation experiments, the 

Qiagen® Plasmid Plus Midi Kit was used.

The PureElute Bacterial Genomic kit (Edge Biosystems) was used for the 

isolation of chromosomal DNA from S. lugdunensis with an additional incubation 

step with lysostaphin 10 pi (10 mg/ml) at 37°C for 20 min prior to lysis. For
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purification of DNA from PCR reactions, agarose gels or enzymatic reactions, 
the Wizard® Plus SV PCR purification kit (Promega) was used.

2.3.2 Polymerase chain reaction (PCR)

PCR reactions were carried out using thermal cyclers 

(Finnzymes/Techne). 10 ng plasmid DNA or 100 ng chromosomal DNA was 

used in a 50 pi PCR reaction. For cloning purposes the Phusion polymerase 

(Finnzymes) was used with a final primer (MWG-Biotech / IDT) concentration of 

0.5 pM and 200 pM of each dNTP (Bioline). Cycling conditions were chosen 

according the requirements of for the polymerase and the melting temperature 

of the primers. 30-35 cycles of amplification were carried out.

2.3.3 Colony PCR

One bacterial colony (E. coli / S. lugdunensis) was resuspended in 20 pi 

TE Buffer (10 mM Tris-HCI, 1 mM EDTA, pH 8), boiled for 10 min and 

centrifuged (5 min at 10000 x g). 0.5 pi of the supernatant was used for a 25 pi 

PCR reaction using Phire hot start polymerase (Finnzymes). Cycling conditions 

were chosen according to the requirements of the polymerase and the melting 

temperature of the primers. 30-35 cycles of amplification were carried out.

2.3.4 Restriction and ligation

DNA manipulations were carried out using standard restriction enzymes 

(Roche) and fast restriction enzymes (Fermentas). The enzymes were used 

with concentrations and incubation conditions as specified by the supplier. The 

T4 fast ligase (Promega) was used for the ligation of DNA fragments according 

to the manufacturers’ protocol.

2.3.5 Subcloning of DNA fragments

For rapid high efficiency blunt end subcloning of DNA fragments the 
“Zero Blunt® pCR cloning kit” (Invitrogen) was used according to the 

recommended protocol.

2.3.6 Sequence and ligase independent cloning

Some of the DNA constructs described within this thesis were cloned into 

the plasmids pIMAY, pIMAYZ, or pRMC2 using sequence and ligase 

independent cloning (SLID) (Li & Elledge, 2007; Li & Elledge, 2012). This
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method is based on the PCR amplification of the vector backbone and of the 

insert. Amplification of the vector backbone has the advantage that the resulting 

product is open-linear with blunt ends at the site required for the cloning. Primer 

synthesis allows the integration of short identical DNA sequences in vector and 

insert. Treatment of both PCR products with T4 polymerase (3’-5’ exonuclease 

activity) creates single stranded, 5’-overhangs in both vector and insert. The 

DNA fragments are assembled in vitro (without a ligation step) and used to 

transform E. coli. SLIC provides a high efficiency cloning method that is 

independent of available restriction sites.

Primers used for the amplification of the plMAY/plMAYZ/pRMC2 

backbones are summarized in Table 2.2. Identical sequences (20-25 

nucleotides) were integrated in the primers for the amplification of the insert 

(indicated in Table 2.2). 10 ng of plasmid DNA was used as template for the 

amplification of the plasmid backbone with Phusion polymerase (Finnzymes). 

The PCR products were purified and the vector product was digested with Dpnl 

in order to remove the methylated template DNA. 1 pg of vector and insert DNA 

was treated with T4 polymerase in a final volume of 40 pi. The reaction 

contained NEB Buffer 2 (New England Biolabs), molecular grade BSA (New 

England Biolabs), 5 mM Dithiothreitol (DTT), 200 mM urea and 3 units T4 DNA 

polymerase (New England Biolabs). The reaction was incubated for 20 min at 

23°C and stopped by the addition of 25 mM EDTA and subsequent incubation 

for 20 min at 73°C.

5 pi of vector DNA and 5 pi of insert DNA were mixed and the single- 

stranded overhangs were allowed to anneal. For this the reaction was placed in 

a PCR machine for 10 min at 65°C followed by a slow decrease in temperature 

from 65 - 25°C with 1 min hold for each degree. 2.5 pi - 5 pi of the reaction was 

subsequently used for the transformation of E. coli.

2.4 Transformation

2.4.1 Transformation of E. coli

E. coli cells were made chemically competent using the rubidium chloride 

method. 100 ml prewarmed LB-broth was inoculated with a 1 : 100 dilution of 

fresh overnight culture and grown shaking at 37°C to an OD578 = 0.5. Cells were
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harvested by centrifugation (5 min, 4000 x g at 4°C) resuspended in 4 ml ice- 

cold TFB1 (100 mM RbCI, 50 mM MnCb, 30 mM potassium acetate, 10 mM 

CaCl2, 15% glycerol, pH 5.8) and incubated on ice for 90 min. The cells were 

collected by centrifugation (5 min, 4000 x g at 4°C), resuspended in 4 ml ice- 

cold TFB2 (10 mM MOPS, 10 mM RbCI, 75 mM CaCIa, 15% glycerol, adjusted 

to pH 6.8 with KOH) and 200 pi aliquots were stored at -80°C. Prior to use an 

aliquot of cells was thawed on ice for 10 min. Depending on the DMA 

concentration, 1-20 pi of the ligation mixture was added to 50 pi of competent 

cells and the mixture was incubated for 15 min on ice. Afterwards the cells were 

heat-shocked for 90 sec at 42°C. 950 pi of LB was added and the cells were 

incubated for 30 min at 37°C with agitation to allow the expression of the 

plasmid-encoded antibiotic resistance. Afterwards cells were plated on agar 

plates containing the appropriate antibiotic.

2.4.2 Transformation of S. lugdunensis

Electrocompetent S. lugdunensis cells were prepared according to a 

protocol described for S. carnosus (Lofblom et al., 2007) with only minor 

differences, in brief, 50 ml TSB was inoculated with a fresh overnight culture to 

an OD578 = 0.5 and incubated with agitation at 37°C for 1 h. Cells were 

harvested (10 min at 4000 x g at 4°C), washed twice with 50 ml of ice-cold 

distilled H2O and finally with 50 ml ice-cold 10% glycerol (adjusted to pH 7). 

Cells were taken up in 250 pi 10% glycerol (pH 7) and 70 pi aliquots were 

stored at -80°C or used directly. Prior to transformation an aliquot was thawed 

on ice and centrifuged for 10 min at 9000 x g. The pellet was taken up in 60 pi 

of 0.5 M sucrose, 10% glycerol (no pH adjustment). 1-5 pg of DMA was added 

(in up to 10 pi H2O) and the mixture was incubated for 10 min at room 

temperature. The electroporation was carried out in 0.1 cm cuvettes (Bio-Rad) 

at 2.1 kV, 100 Q and 25 pF. Immediately after electroporation 950 pi TSB with 

0.5 M sucrose was added and the cells were incubated with shaking for 2 h 

before plating on TSA containing the appropriate antibiotic.

2.4.3 Transformation of Lactococcus lactis

L. lactis competent cells were prepared as described previously (Monk et 

al., 2010). The method uses medium containing glycine to weaken the ceil wall 

of L lactis. In brief, an overnight culture of L. lactis NZ9000 was grown statically
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at 30°C in GM17 (M 17-medium, 200 mM sucrose, 25 mM glucose) and used to 

inoculate (1;100) a second GS-GM17 (Ml7 medium, 200 mM sucrose, 25 mM 

glucose, 300 mM glycine) overnight culture. 5 ml of the second culture was 

used to inoculate the third overnight culture of 50 ml GS-GM17. After incubation 

overnight at 30°C, 400 ml GS-GM17 were inoculated with 50 ml of the third 

overnight culture and grown for 3 h statically at 30°C. The cells were harvested 

(4000 X g for 20 min at 4°C) The pellet was washed with 200 ml, 100 ml and 50 

ml ice-cold SGWB (0.5 M sucrose, 10% glycerol) with 15 min incubation on ice 

between every washing step. The ceils were resuspended in 2 ml SGWB and 

40 pi aliquots were stored at - 80°C.

Electroporation was carried out using 0.1 cm cuvettes (Bio-Rad) at 2.0 

kV, 200 Q and 25 pF. Cells were regenerated in 1 ml GM17 containing 20 mM 

MgCb and 2 mM CaCl2 for 2 h at 30°C. Dilutions were plated on GM17 agar 

containing the appropriate antibiotic.

2.5 Vector construction

2.5.1 Construction of pIMAY deletion cassettes

Construction of cassettes for the generation of deletion mutations was 

carried out as described previously (Monk et al., 2012). In brief, A and B primer 

combinations (Table 2.2) were used for each construct to amplify a 500 bp 

fragment located upstream of the target gene sequence (including the start 

codon). Primers C and D were used to amplify a 500 bp fragment downstream 

from the target gene (including the stop codon). The PCR products were used 

as templates for spliced overlap extension (SOE) PCR using primers A and D. 

SOE PCRs use ~15 nucleotide identity between the primers B and C to allow 

the fusion and amplification of the AB and CD templates, resulting 1 kb deletion 

fragment. The fragment was gel-purified, cleaved at endonuclease cleavage 

sites introduced in forward and reverse primers (A and D) and cloned into 

pIMAY treated with the same endonucleases. Successful cloning was confirmed 

by restriction digest and DNA sequencing. This method was used for the 

construction of all deletion plasmids which are summarised later in this chapter 

in Table 2.3.
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2.5.2 Construction of pIMAY variants for the reversion of deletion 

mutations

The program SILENT [emboss.bioinformatics.nl/cgi-bin/emboss/silent] 

was used to identify single nucleotides within the target gene that can be 

mutated to create novel restriction sites without causing translational changes in 

the protein. For the reversion of srtA primers E and F were synthesized, 

exchanging nucleotide 252 of srtA (T to G) thereby creating a novel Smal 

restriction site. For the complementation of the slush locus, primers E and F 

were designed to create a novel BamFII site in the non-coding region between 

slush-A and slush-B2. For the complementation of the isdC mutation primers E 

and F exchanged nucleotide 459 of isdC (A to C) creating a novel Smal site.

Primer A and E were used to amplify the upstream sequence and the 

5’-fragment of the gene to be complemented, and primers F and D were used to 

amplify the downstream region together with 3’-fragment of the gene to be 

complemented. PCR products were gel-purified and used for the SOE PCR 

using primers A and D. The complementation cassette was gel-purified, cleaved 

at endonuclease cleavage sites introduced in primers A and D and cloned into 

pIMAY treated with the same endonucleases. The success of the cloning was 

confirmed by restriction digests and DNA sequencing,

2.5.3 Construction of pIMAY cassette to reverse the nonsense mutation in 

sIsD of N920143

For the construction of the s/sD-reversion plasmid, AB and CD primer 

combinations were used to amplify a 500 bp fragment upstream and a 500 bp 

fragment downstream of the nonsense mutation in sIsD. Primers B and C 

covered the sequence of the nonsense mutation and possessed a single 

nucleotide exchange (taa-caa) to change the ochre stop codon to a glutamine 

codon as found in related strains expressing surface-anchored SIsD. The AB 

and CD fragments were gel-purified and used for SOE PCR using primers A 

and D. The resulting 1 kb fragment was gel-purified, cleaved at endonuclease 

cleavage sites (introduced in primers A and D) and cloned into pIMAY treated 

with the same endonucleases. The success of the cloning was confirmed by 

restriction digests and DNA sequencing.
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2.5.4 Construction of the plMAY:tet integration cassette

Two 500 bp fragments, one upstream and one downstream of the 

chosen insertion site were PCR-amplified using the primer combinations tet- 

int.A / tet-int.B and tet-int.C / tet-int.D, respectively (Table 2.2). The two 

fragments were fused together using SOE PCR resulting in a single 1 kb 

fragment. A novel Hindlll restriction site (inserted in primers B and C) was 

thereby introduced between the fragments AB and CD. The recombinant 

fragment was cloned into the Sad / Kpnl sites of the multiple cloning site (MCS) 

of pBluescript. The 2.3 kb tet fragment of pT181 was PCR-amplified (primers 

tet-F. / tet-R.) harbouring a Hindlll site at both ends. The fragment was 

subsequently cloned into Hindlll cleaved pBluscript:AB/CD. The resulting 

integration cassette AB-tef-CD was excised from pBluescript using the 

restriction endonucleases Notl and AatLI and cloned into pIMAY treated with 

the same endonucleases.

2.5.5 Construction of pRMC2:af//
The DMA fragment encoding atll was amplified from S. lugdunensis 

N920143 chromosomal DNA using the primers atll_pR-F and atll_pR-R (Table 

2.2). The PCR product was purified and SLIC-cloned into pRMC2. The vector 

was amplified as described in paragraph 2.3.6. The success of the cloning was 

confirmed by restriction digestion and DNA sequencing.

2.6 Allelic exchange in S. lugdunensis
The protocol described by Monk et. al. (Monk et al., 2012) was used 

successfully in S. lugdunensis. S. lugdunensis was transformed with 

recombinant plasmids, plated on TSA containing 10 pg/ml chloramphenicol 

(TSAcmio) and incubated at 28°C. Clones with integrated plasmids were 

selected by growth on TSAcmio at 37°C and loss of replicating plasmid and was 

confirmed by PCR as described (Monk et al., 2012). Although the secY genes 

of S. aureus and S. lugdunensis are similar (the 561 nucleotide secY antisense 

fragment derived from S. aureus RN4220 in pIMAY shares 81.3% identity with 

the S. lugdunensis N920143 secY), anhydrotetracycline-induction of secY 

antisense RNA did not result in selection of colonies lacking the plasmid. In 

order to detect plasmid loss, clones with an integrated plasmid were grown for
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18 h in TSB at 28°C, sub-cultured (1 : 1000) in fresh TSB and grown at 28°C for 

18 h. The culture was plated out on TSA and incubated at 37°C. Colonies were 

patched on TSA and TSAcmio and Cm^ clones were screened by colony PCR 

for the presence of the mutant allele.

The plasmid pIMAYZ carries a constitutively expressed lacZ gene 

(encoding p-galactosidase) and allows a more efficient way to screen for the 

loss of plasmid (Monk et a!., unpublished). Several mutants created in this 

thesis were created using this novel plasmid. The transformation procedure and 

integration of plasmid into chromosome did not differ between pIMAY and 

pIMAYZ. However, using pIMAYZ, clones with an integrated plasmid were 

grown for 18 h in TSB at 28°C and subsequently dilutions were plated on TSA 

containing 100 pg/ml 5-Brom-4-chlor-3-indoxyl-3-D-galactopyranosid (X-GAL) 

(Melford Laboratories Ltd). Blue and white colonies could be identified after 24 h 

of incubation at 37°C. White colonies (indicating loss of pIMAYZ) were screened 

for the mutant allele and plasmid loss was confirmed by verifying 

chloramphenicol sensitivity.

Allelic change allows the exchange of plasmid- and chromosome-based 

genetic elements. This technique was used for all genetic manipulations 

described within this thesis. The protocol was used for the creation of the all 

deletion mutations, for the chromosomal reversion of deletion mutations, for the 

integration of tet into the duplicated region of HKU09-01 and for the reversion of 

the nonsense mutation in s/sD of N920143. The strains are summarized in 

Table 2.3.

2.7 The phage integrase vector pIPIOS

2.7.1 Construction of plPI03

The integrase gene ccrB of phage cJjSLOI (see Chapter 3) together with 

the corresponding attachment site could only be amplified from the circular 

phage genome and not from the linearized genome of the lysogenic phage. For 

amplification of ccrB and the corresponding attachment site {attB) 

S. lugdunensis N920143 was grown to exponential phase and induced for 1 h 

with 1 pg/ml mitomycin C. Cells were harvested, chromosomal DNA was 

extracted and used as template for the PCR using the primers ccrB-F / attP-R
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(Table 2.2). The primers maintained overlapping ends to the pIMAY sequence 

downstream from the cat gene. The pIMAY backbone was amplified using the 

primers pIMAY - SLICcat-F and pIMAY - SLICcat-R, allowing the insertion of 

ccrB downstream of the cat gene. The two fragments were assembled in vitro 

using the SLIC cloning method described above.

lsopropyl-(3-D-thiogalactopyranosid (IPTG)-inducible kanamycin and 

erythromycin resistance cassettes (Monk et al., 2008) were excised from 

plMCkan and plMCery using the restriction endonucleases Kpnl and Sad. The 

fragments were gel-purified and cloned into the MCS of plPI03 treated with the 

same endonucleases.

2.7.2 Integration of plPI03

pIPIOS was used to transform S. lugdunensis HKU09-01 strains as 

described above. Due to the thermosensitive character of the plasmid (pIMAY 

repA) transformants were selected at 28°C on TSAcmio- To select clones with an 

integrated plasmid, one colony grown at 28°C (replicating plasmid) was 

resuspended in TSB, dilutions were plated out on TSAcmio and incubated at 

37°C. Colonies were screened by PCR to confirm site-specific integration.

To determine the frequency of plPI03 integration, a HKU09-01 (plPI03) 

colony was resuspended in TSB, dilutions were plated on TSAcmio and 

incubated at 28°C to determine the total number of CPUs or at 37°C to 

determine the number of CPUs carrying the integrated plasmid.

To test the stability of the integration, HKU09-01 ::plPI03 was grown for 

four consecutive cultures at 37°C or 28°C without antibiotic selection. Dilutions 

were plated out and 50 colonies were screened for chloramphenicol resistance.

2.8 Recombinant proteins

2.8.1 Expression and purification of recombinant proteins

For purification and subsequent antibody production, recombinant 

proteins were expressed with N-terminal histidine-tag in E. coli using the IPTG- 

inducible expression vector pQE30. Molecular cloning was carried out using the 

E. coli strain XL1-blue. The plasmids constructed for the expression of the 

S. lugdunensis LPXTG proteins SIsD, SIsE, SIsF, SIsG and vWbl are 

summarised in Table 2.3. To facilitate protein purification, the protease-deficient
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E. coli strain Topp3 was used. Cultures were grown at 37°C to an 00578 = 0.5- 

0.6 and induced for 3 h with 1 mM IPTG. The cells were harvested and 

resuspended in 30 ml Buffer A (4 mM Tris-HCI, 100 mM NaCI, pH 7.9) with one 

EDTA-free protease inhibitor tablet (Roche) added. Cells were lysed using a 

French Press and the lysate was centrifuged for 20 min (17000 x g). 150 pi of 

DNase (1 mg/ml) was added to the supernatant. After 20 min incubation on ice, 

the supernatant was filtered through a 0.45 pm Seratorius filter and applied to a 
HiTrap™ Chelating HP column (5 ml, Amersham Pharmacia) charged with 

nickel. The column was washed with 50 ml of Buffer A and the protein was 

subsequently eluted by applying increasing concentrations 

(5-100% v/v) of Buffer B (4 mM Tris, 100 mM NaCI, 200 mM imadizole pH 7.9) 

in Buffer A to the column. 10 ml fractions of each Buffer B concentration were 

collected and screened by SDS-PAGE and Coomassie staining for the 

presence of the recombinant protein. Positive fractions were pooled and 

dialysed against PBS for 16 h at 4°C. If needed, the protein was concentrated 

using appropriately sized filters (Amicon Ultra, Millipore) and the concentration 

was measured using the BCA assay kit (Pierce).

2.8.2 Antibody production

Antibodies against the recombinant proteins SIsD, SIsE, SIsF, SIsG and 

vWbl were raised in mice by P. Speziale, University of Pavia, Italy. Pooled 

serum of immunized mice was used for immunoblotting.

2.8.3 Solid phase binding assays using recombinant protein

Wells of a 96 well plate were coated in triplicates with 100 pi fibrinogen 

(Calbichem) (10 pg/ml), human serum albumin (40 pg/ml) or bovine serum 

albumin (40 pg/ml) at 4°C overnight. Wells were washed 3 times with 200 pi 

PBS, blocked for 2 h at 37°C with 5% (w/v) milk powder (Marvel) in PBS and 

washed again 3 times with PBS. Subsequently 100 pi of different concentrations 

of recombinant protein (8/4/2/1/0.5/0.25/0.125 pM) in sodium carbonate buffer 

were added to the wells and incubated at 37°C for 2 h. Wells were washed 3 

times with PBS, 100 pi of anti-His6-HRP antibody (Roche) (1 : 500) in 1% (w/v) 

milk powder in PBS were added to the wells and the plates were incubated for 1 

h at 37°C. Binding was detected using the tetramethylbenzidine reaction. One 

tetramethylbenzidine tablet and 2 pi of 30% (w/v) hydrogen peroxide were
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added to 10 ml of phosphate citrate buffer (1 tablet dissolved in 100 ml ddH20). 

100 pi of this solution were added to each well. The reaction was stopped after 

10 min by the addition of 50 pi 2 M sulphuric acid and the absorbance at 450 

nm was measured using an ELISA plate reader.

2.9 Immunoblotting

2.9.1 Whole cell immunoblotting

Cells were either grown to stationary or to early exponential phase 

(OD578 = 0.8). For exponential growth, cultures were inoculated to an OD578 = 

0.075 with overnight cultures washed once with TSB. For growth under iron 

limited conditions, the strains were grown in RPMI with 1% casamino acids (CA, 

Difco). Cells were harvested, washed once with PBS and adjusted to 00578= 1. 

5 pi of the cell suspension was applied to a nitrocellulose membrane (Roche) 

and allowed to air dry. The membrane was subsequently blocked for 1 h with 

10% (w/v) milk powder (Marvel) in TS buffer (10 mM Tris-HCI, 150 mM NaCI, 

pH 7.4). Membranes were washed 3 times for 10 min with TS buffer, and 

stained with primary antibodies for 1 h in 10% (w/v) milk powder in TS buffer. 

The antibodies and the dilutions used are summarized in Table 2.4. The 

antibodies a-SIsD, a-SIsE, a-SIsF, a-SIsG and a-vWbl were shown to bind their 

ligands with high specificity and titres were comparable (data not shown). 

Membranes were washed 3 times with TS buffer and stained with polyclonal 

HRP-conjugated rabbit a-mouse or goat a-rabbit antibodies (Roche). The 

secondary antibodies were applied in 10% (w/v) milk powder in TS buffer. 

Finally the membranes were washed 3 times with TS buffer and the 

chemiluminesent substrate LumiGlo (Cell Signaling Technology) was used 

according to the manufacturers recommendation. The blots were exposed to 

X-Omat autoradiographic film (Kodak) for 1-5 min and developed manually. 

Alternatively, the blots were analysed using the the “ImageQuant Las 4000” 

system and the corresponding “ImageQuant TL” software.

2.9.2 Western immunoblotting

Western immunoblotting was carried out using standard procedures. 

Protein samples were diluted 1 : 2 in protein sample buffer containing 

(3-mercaptoethanol and separated by sodium dodecyl sulphate-polyacrylamide
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gelelectrophoresis (SDS-PAGE). The acrylamide gels used for the separation 

contained a 4.5% stacking gel and a 7.5% separating gel. Prestained molecular 

weight markers were supplied by Fermentas. The proteins were separated at 

130 V and visualized on the gel using Coomassie blue strain. Alternatively the 

proteins were .electroblotted onto PVDF membranes (Roche) for 1.5 h at 100 V 

using a wet transfer cell (BioRad). Nonspecific binding to the membrane was 

blocked using 10% milk powder (Marvel) in TS buffer (10 mM Tris-HCI, 0.9% 

NaCI, pFI 7.4) for 2-18 h. Primary antibodies were applied to membrane in 10% 

milk powder (Marvel) in TS buffer and incubated for 2 h with gentle agitation 

(dilutions used for the antibodies are summarized in Table 2.4). The membrane 

was washed three times with 20 ml TS buffer and the secondary antibody 

(conjugated to horse radish peroxidase) was applied in 10% milk powder and 

incubated for 2 h. The membrane was washed three times with TS buffer. 

LumiGLO reagent (Cell Signaling Technology) was added to the membrane for 

the detection of immune reactive bands. The blots were exposed to X-Omat 

autoradiographic film (Kodak) for 1-5 min and developed manually or bands 

were detected with the “ImageQuant Las 4000” system and the corresponding 

“ImageQuant TL” software.

2.9.3 Southern immunoblotting

Digoxigenin (Dig) labelled molecular weight markers were supplied by 

Roche. 3 pg genomic DNA was cleaved for 18 h using ApaLI (Fermentas) and 

separated by electrophoresis through an 0.8% agarose gel (40 V for 22 h). The 

DNA was denatured by submerging the gel for 45 min in DN buffer (1.5 M NaCI, 

0.5 M NaOH). The gel was rinsed with ddH20, and neutralized for 45 min in 

NE buffer (1.5 M NaCI, 1 M Tris-FICI pFI 7.4). The DNA fragments were 

transferred to a nylon membrane (Roche) using overnight capillary transfer with 

20 X see buffer (3 M NaCI, 0.3 M NasCitrate). After transfer the DNA was heat- 

fixed (80°C for 2 h) to the membrane. Nonspecific binding was blocked for 4 h 

at 70°C using 30 ml of BL buffer (5 x SCC buffer, 0.1% N-lauroylsarcosine, 

0.02% SDS, 1 X blocking reagent (Roche).

The 600 bp DNA probe was amplified by PCR using primers Prb-F / Prb- 

R and labelled with Digoxygenin (Roche) according to the supplier’s 

recommendation. The probe was denatured by boiling for 10 min. Hybridization
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was carried out overnight at 70°C using 30 ml BL buffer containing 15 ng/ml 

probe.

The membrane was washed twice for 10 min with 50 ml W1 (5 x SSC, 

0.1% SCC) at room temperature and twice for 20 min with 50 ml W2 (0.5 x 

see, 0.1% SDS) at 68°e, Additional washing was performed at room 

temperature with Buffer-1 (0.1 M maleic acid, 0.15 M Naei, pH 7.5). The 

membrane was washed for 5 min with 50 ml Buffer-1 (with 0.3% Tween 20) and 

30 min with 50 ml Buffer-1 (containing 1 x blocking reagent). Anti-Dig-AP-Fab 

fragments (Roche) were diluted 1 : 10000 in Buffer-1 (containing 1 x blocking 

Reagent) and 40 ml were added to the membrane and incubated 30 min at 

room temperature. The membrane was washed twice with 50 ml Buffer-1 (with 

0.3% Tween 20). The membrane was equilibrated for 5 min in 30 ml EB (100 

mM Tris-HCI, 100 mM NaCI, pH 9.5), CSPD substrate solution (Roche) was 

diluted 1 : 100 in EB and 5 ml were added to the membrane and incubated for 

5 min. The solution was poured off the membrane and the membrane was 

sealed in a hybridization bag (Roche). Immunoreactive bands were detected 

with the “ImageQuant Las 4000” system and the corresponding “ImageQuant 

TL” software.

2.10 S. lugdunensis cell fractionation
Fractionation was carried out as described earlier (Monk et al., 2004)

with minor modifications. Cells were grown in TSB or RPMI to stationary phase 

and washed once with buffer WB (10 mM Tris-HCI pH 7, 10 mM MgCI). A 1 ml 

aliquot 00578= 5 was centrifuged (18000 x g) and resuspended in 100 pi buffer 

DB (10 mM Tris-HCI pH 7, 10 mM MgCI, 500 mM sucrose, 0.3 mg/ml 

lysostaphin (Ambi Products LLC), 250 U/ml mutanolysin, 30 pi protease inhibitor 

cocktail (Roche - 1 complete mini tablet dissolved in 200 pi H2O), 1 mM phenyl- 

methanesulfonylfluoride (PSMF)). The digestion of the cell wall was carried out 

at 37°C for 1.5 h followed by centrifugation (18,000 x g, 10 min and 4°C). The 

supernatant was designated the cell wall fraction. The pellet containing the 

protoplasts was washed with 1 ml WB (with 500 mM sucrose) and centrifuged 

again as above. The protoplasts were resuspended in 200 pi buffer LB (100 mM 

Tris-HCI pH 7, 10 mM MgCI, 100 mM NaCI, 10 pg/ml DNasel, 100 pg/ml 

RNaseA). The suspension was frozen and thawed three times to ensure
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protoplast lysis and centrifuged for 30 min (4°C, 18,000 x g). The pellet 

(designated the membrane fraction) was washed with 1 ml of buffer LB and 

resuspended in 100 pi TE buffer (100 mM Tris-HCI pH 8, 1 mM EDTA).

5-15 pi of the fractions were used for analysis by protein electrophoresis 

and Western immunoblotting.

2.11 Determination of the minimal inhibitory concentration to 
tetracycline (MIC)

Bacterial strains carrying various copies of the tet gene were grown 

overnight in TSB containing 2 pg/ml tetracycline. 10'® dilutions were prepared in 

PBS and 10 pi were dotted on TSA plates containing increasing concentrations 

of tetracycline. The lowest concentration of tetracycline inhibiting the growth of 

single colonies was designated as the MIC of the respective strain.

2.12 Quantitative PCR to determine the /sc/copy number
Quantitative PCR (qPCR) experiments are used for the accurate

quantification of the relative amount of template within a PCR reaction. The 

method uses the fact that under optimal conditions (after the first cycles of the 

PCR with sufficient dNTP and polymerase) the PCR product doubles with every 

additional cycle. Thus, the relative amount of template within the reaction can 

be determined by measuring DMA synthesis and comparison to a standard 

curve.

Primers used for the experiments are summarized in Table 2.2. Primers 

OriF/R amplified a 100 bp fragment at the origin of the chromosome. The 

amplification of on served as a standard for these experiments since there is 

only one copy per chromosome. Primers IsdJ F/R amplified a 100 bp internal 

fragment of isdJ. Thus relative template amount of isdJ compared to on can be 

determined, allowing an estimation of the isdJ copy number.

Chromosomal DMA of N920143 was isolated and 10-fold dilutions (10‘^ 

to 10'®) were used to generate the standard curves for on and isdJ. 

Chromosomal DMA of the sample strains was isolated and the 10 '’ dilution was 

used as template. Each reaction was carried out in a 20 pi volume containing 

2 pi template, 150 nM of primer F and R and 10 pi Power SYBR Green PCR 

Master Mix (Applied Biosystems). Each reaction was performed in duplicates.
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The RT-PCR Cycler “StepOnePlus” with the appropriate equipment (96 

well plates, adhesive covers) was used for the experiments (Applied 

Biosystems). Cycling was performed as follows: 2 min at 50°C followed by 10 

min at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C.

A melt curve analysis was performed, confirming that only a specific 

product was generated by the primers used. StepOne software Version 2.1 was 

used for data analysis.

2.13 PCR colony screen to determine the stability of the 
duplication in HKU09-01

Single colonies of HKU09-01 wild-type or the isogenic ArecA mutant 

were used to inoculate TSB cultures. The cultures were grown at 37°C with 

agitation to stationary phase and dilutions were plated on TSA and incubated 

overnight at 37°C. 22 colonies were screened by colony PCR (paragraph 2.3.3) 

for the presence of the duplication using the primers lsd_dupl-F and lsd_dupl-R 

(Table 2.2). All clones that did not allow the amplification of a PCR product were 

screened a second time to ensure loss of the duplication. Only clones that did 

not allow the amplification of a product in both PCR screens were regarded as 

strains without the duplication.

2.14 Growth curves
The growth of different strains was assessed using the SynergyHI 

Hybrid reader (BioTek) in 96 well plates (NUNC). Triplicate wells were filled with 

200 pi TSB inoculated to an OD578 = 0.05 with a fresh overnight culture. The 

optical density at 578 nm was measured every 45 min with 10 min of shaking 

prior to each read. The mean of the triplicate wells at each time point was used 

to represent a single growth curve. The temperature was set as indicated to 

28°C or 37°C. Each growth curve was performed three times using independent 

overnight starter cultures.

2.15 Bacterial adhesion assay
Ligands were diluted to appropriate concentrations in sodium carbonate

buffer (0.1 M NaHCOa, 33 mM Na2C03, pH 9.6) and 100 pi were applied in 

triplicates to wells of a 96 well plate. Human fibrinogen (Calbiochem) - 5 pg/ml, 

fibronectin (kindly supplied by P. Speziale University of Pavia, Italy) - 5 pg/ml,
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human / bovine serum albumin -40 |jg/ml, cytokeratin 10 (kindly supplied by H. 

Miajlovic (Walsh et al., 2004)) - 5 pg/ml, human loricrin subdomain 2 (kindly 

supplied by M. Mulcahy (Mulcahy et al., 2012) - 30 pg/ml. The plates were 

incubated for 12 h at 4°C. Plates were washed three times with 200 pi PBS, 

blocked with 100 pi 10% (w/v) milk powder (Marvel) in PBS for 2 h at 37°C and 

washed three times with 200 pi PBS. S. lugdunensis cultures were either grown 

to stationary or to early exponential phase (00578= 0.9). For exponential growth 

cultures were inoculated to an OD578 = 0.075 with overnight cultures washed 

once with TSB. Cells were harvested, washed with PBS and adjusted to OD578 

= 1. 100 pi of the cells were added to the wells and incubated for 2 h at 37°C. 

Wells were washed (3 times with 200 pi PBS) and adherent cells were fixed by 

the addition of 100 pi 25% formaldehyde and incubated for 20 min at room 

temperature. Subsequently the wells were washed three times with 200 pi PBS, 

stained for 1 min with crystal violet and washed again 4-5 times with 200 pi 

PBS. 100 pi 5% acetic acid was added to the wells and absorbance 570 nm 

was measured using a plate reader.

2.16 UV sensitivity
Colonies were picked from a fresh plate and streaked in a sinuous line 

on a new TSA plate. Plates were exposed for indicated times to short wave UV 

light using the “Mineralight Lamp” Model CC10 (UVP) and the Chomato-VUE 

Cabinet. Plates were incubated for 24 h at 37°C and growth was evaluated 

qualitatively.

2.17 Single culture growth with haemoglobin as the sole source 
of nutrient iron

The experiment was carried out as describe previously (Pishchany et al., 

2010; Zapotoczna et al., 2012a), with minor modifications. Completely iron- 

deficient medium was obtained by treating RPMI + 1% casamino acids with 

ChelexlOO according to the supplier’s instructions. The resulting medium was 

filter sterilized and designated D-RPMI. For growth analysis the medium was 

supplemented with 25 pM ZnCb, 25 pM MnCb, 100 pM CaCl2, 1 pM MgCb and 

25 pM ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDHA, LGC 

Standards GmbH). The medium was designated DD-RPMI.
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Bacterial overnight cultures were grown in RPMI to represent iron-limited 

growth. The bacteria were sedimented (10 min at 9000 x g), washed once with 

D-RPMI and adjusted to OD578 = 3. 50 pi of the suspensions were used to 

inoculate 5 ml of DD-RPMI supplemented with 10 pg/ml human haemoglobin 

(Pointe Scientific Inc.). The experiment was carried out in 50 ml conical tubes 

incubated at 37°C with shaking at 150 rpm. Bacterial growth was measured by 

reading the OD578 over a 48 h period.

2.18 Competitive growth experiments

2.18.1 Competitive growth in TSB

For the comparison of the HKU09-01 wild type and the isogenic ArecA 

mutant, the two strains (labelled with plPIOOkan or plPI03ery) were grown 

overnight in TSBcmio- Cells were harvested (10 min at 9000 x g), washed with 

TSB and adjusted to an OD578 = 3. 50 pi of each strain was used to inoculate 10 

ml TSBcmio- Dilutions were plated out on TSAipic/kan (1 rnM IPTG + 50 pg/ml 

kanamycin) and TSAipio/ery (1 nnM IPTG + 10 pg/ml erythromycin) to determine 

the ratio of cells at the start of the experiment (CO). The culture was incubated 

for 24 h with shaking (200 rpm) at 37°C. The OD578 of the overnight culture was 

read to determine the number of generations, and dilutions were plated on 

TSAiPTG/kan and TSAipic/ery to determine the ratio of the strains after 24 h growth 

(Cl). A new TSB culture was inoculated to an OD578 = 0.01 with the previous 

culture and incubated at 37°C for another 24 h. The process was repeated four 

times and the ratio of strains in the consecutive cultures was determined for 

every overnight culture.

2.18.2 Competitive growth in iron deficient medium

For the comparison of the HKU(R) strains with different isd copy 

numbers, two strains (labelled with plPIOO/car? or plPI03ery) were grown 

overnight in TSBcmio- Cells were harvested (10 min at 9000 x g), washed with 

D-RPMI and adjusted to an OD578 = 3. 50 pi of each strain were used to 

inoculate 5 ml DD-RPMIcmio, containing 4 pg/ml haemoglobin or 0.5 mM FeCIs. 

Dilutions were plated out on TSAipjo/kan and TSAipic/eryto determine the ratio of 

cells at the start of the experiment (CO). The culture was incubated for 24 h with 

shaking (150 rpm.) at 37°C. The OD578 of the overnight culture was read to
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determine the number of generations, and dilutions were plated on TSAipiG/kan 

and TSAiPTG/ery to determine the ratio of the strains after 24 h growth (C1). Fresh 

DD-RPMI cultures were inoculated to an OD578 = 0.01 with the previous cultures 

and incubated at 37°C for 24 h. The process was repeated four times and the 

ratio of strains in the consecutive cultures was determined for every overnight 

culture.

2.19 Autolysin activity

2.19.1 Zymogram analysis

S. lugdunensis cell wall fractions were separated using an SDS-PAGE 

containing 0.2% lyophilized Micrococcus lysodeikticus cells. After 

electrophoresis the gel was washed 3 times for 30 min with 50 ml renaturation 

buffer (10 mM Tris-HCI, 1 mM DTT, pH 7.6) to allow the proteins to refold. The 

gel was sealed in plastic foil together with renaturation buffer and incubated 

overnight at 37°C. Zones of hydrolysis were assed using the “ImageQuant Las 

4000” system and the corresponding “ImageQuant TL” software.

2.19.2 Autoiysis assay
Autolysis assays were carried out as described earlier (Schlag et al., 

2010) with minor modifications. Bacterial cultures were grown to exponential 

phase in TSB (iron-rich) or RPMI 1% CA (iron-limited). HKU09-01 strains 

expressing atll from pRI\/IC2 were grown in TSB and induced in early 

exponential phase for 1.5 h with 1.2 pg/ml anhydrotetracycline.

The cells were harvested (10 min 9000 x g), washed twice with PBS and 

adjusted to OD578 = 0.7 in PBS containing 0.05% Triton-XIOO. The decrease of 

the optical density over time was measured in triplicate wells using the 

SynergyHI Hybrid reader (BioTek).

2.20 Catheter induced-rat endocarditis model
Animal experiments were performed by F. Hanses, Department of 

Internal Medicine I, University Hospital Regensburg, Germany

Experiments were approved by the local animal protection committee at 

the University of Regensburg and the responsible state authorities. Male 

Sprague-Dawley rats (~200 g) were obtained from Charles River Laboratories,
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Sulzfeld, Germany. Rats were maintained under standard housing conditions 

and given food and water ad libitum. A model of catheter-induced 

staphylococcal endocarditis was described previously (Lee et al., 1997). Rats 

were anesthetized with a mixture of ketamine and xylazine, and a polyethylene 

catheter (Becton Dickinson, Heidelberg, Germany) was passed through the 

right carotid artery and the aortic valve into the left ventricle. Vigorous pulsation 

of blood within the catheter indicated correct positioning of the device. The 

catheter was sealed and tied in place with sterile suturing material, and the 
incision was closed. The rats were challenged intravenously with 3x10“^ to 1x10^ 

S. lugdunensis or S. aureus as indicated 48 h after surgery. Heparinized blood 

was collected from each animal by tail vein puncture 24, 48, 72 h and 96 h (for 

S. lugdunensis infections) after inoculation and plated on agar. Surviving rats 

were euthanized 72-96 h after challenge, and their hearts and kidneys were 

removed. The position of the catheter within the heart and the presence or 

absence of vegetations was noted. The kidneys and aortic valve vegetations 

were weighed and homogenized in PBS or TSB, respectively. Quantitative plate 

counts were performed on serial dilutions of the homogenates, and the CPU per 

g of tissue was calculated.
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Chapter 3
The S. lugdunensis genome
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Introduction
The rapidly increasing amount of genomic sequence information that is 

publicly available has enabled comparative genomic analysis to become an 

important tool in understanding complex diseases, pathogenicity, evolution and 

individuality (Bentley, 2006). The recent development of sequencing 

technologies and the associated bioinformatic analysis tools allow the de novo 

sequencing and annotation of a bacterial chromosome within moderate time 

(weeks-months) with constantly decreasing costs (Loman eta!., 2012; Metzker, 

2010). Due to their haploid genome and the absence of introns the identification 

of open reading frames (ORFs) is especially efficient for prokaryotes and 

strongly facilitated by bioinformatic software (Delcher et a!., 1999; Frishman et 
a/., 1998). The database “GenBank®” facilitates the process of annotation. 

“GenBank®” is a multinational project which comprises the DNA DataBank of 

Japan (DDBJ), the European Molecular Biology Laboratory (EMBL), and 

GenBank at NCBI (Benson et al., 2013). The database merges publicly 

available DNA sequence data of almiost 260.000 species along with 

corresponding amino acid sequences of the encoded proteins (Benson et at., 

2013).

The amount of wet-biology based experimental evidence on protein 

structure and function increases steadily and is included in the database. This 

allows a prediction of structures and functions for unknown proteins identified 

from novel sequence data. Additional databases such as PFAM (Finn et at., 

2010; Sammut et al., 2008) are available to facilitate the identification of 

conserved domain structures in predicted proteins and help to suggest protein 

functions.

The vast amount of sequence information available allows an efficient 

investigation of the distribution of genes among individuals of the same species, 

genus or family. Taking this into account, investigation of novel genome 

sequences can help to identify special genomic regions, mobile genetic 

elements or mutations that might account for a certain phenotype of an 

individual or a bacterial strain. Additionally, it can give insight into the niche 

adaption of a species.
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Next generation sequencing (NGS) technology has greatly improved the 

amount of sequence data gathered in recent years (Liu et ai, 2012; Mardis, 

2008). The first generation of sequencing technology used the chain termination 

technique (Sanger sequencing). This method is time consuming, but allows long 

reads of up to 900 nucleotides in length (Liu et al., 2012). Current NGS 

platforms such as 454 or lllumina technology produce shorter, random reads of 

30 - 150 nucleotides. However, they produce up to 6 billion reads in a single 

run thereby greatly reducing the costs of full genome sequencing (Liu et al., 

2012). NGS is especially powerful if a reference genome is already available. 

Single nucleotide exchanges (SNPs) and the insertion / deletion of nucleotides 

or of genetic elements can be identified by mapping the short reads to the 

reference. NGS technology can also be used for the de novo sequencing of 

genomes without a reference. In this case a combination of different techniques 

is necessary to generate reads of different lengths which allows the assembly to 

longer alignments (Aury et al., 2008). The biggest problem of de novo genome 

sequencing is caused by repetitive DNA sequences (Treangen & Salzberg,

2012) . Repetitive sequences are present in all genomes, from bacteria to 

mammals and cause problems in alignments as the short reads match to 

different regions equally well (Treangen & Salzberg, 2012). In bacterial 

genomes repetitive sequences are found especially in regions encoding 

ribosomal RNAs (Klappenbach et al., 2001) or the stalk regions of cell wall- 

anchored proteins (Speziale et al., 2009). Even if state of the art technology is 

used, it remains difficult to determine the exact number of repeats in these 

areas and the gap closing process is time consuming and costly.

The first S. aureus genome sequences were published in 2001 (Kuroda 

et al., 2001). Due to the availability of NGS technology the amount of sequence 

information increased rapidly within the last decade. Seven complete S. aureus 

sequences were available in 2004 (Lindsay & Holden, 2004) and there are 

currently 44 complete genome sequences available in the public domain (NCBI,

2013) . The collection contains strains of different regional and temporal isolation 

and represents MSSA, community and hospital-acquired MRSA as well as both, 

human and bovine isolates. However, the given number does only include 

genome sequences that have been sequenced to completion and are lacking 

gaps in the sequence alignment. Recent studies regarding S. aureus used the
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enormous potential of NGS technology to sequence hundreds of closely related 

S. aureus isolates. The studies used one reference genome which was 

sequenced to completion, whereas all the others were sequenced without gap 

closing. The reference genome enables the arrangement of the contigs in the 

correct order and allows an estimation of gap size and the features encoded 

within the gap. Full genome comparison of this kind allows a high quality insight 

into the transfer of mobile genetic elements and phages and enables the 

mapping of single nucleotide exchanges (SNPs) between closely related 

strains. This allows the creation of phylogenetic trees of strains that are too 

closely related to be distinguished by conventional methods such as MLST or 

PFGE. One of these studies provided insight into the global geographic 

structure of MRSA (ST239) and traced its global spread and transmission within 

a hospital (Harris et at., 2010). Another study identified MRSA transmission 

events in a special care baby unit (Harris et al., 2013). Similarly, the 

transmission of CC30 strains between hospitals within the UK (McAdam et al., 

2012) and the emergence and global spread of the EMRSA15 strains was 

assessed (Holden et al., 2013) using full genome sequencing.

The classical approach to comparative genomics uses full genome 

sequences to explain differences between strains with interesting phenotypic 

characteristics rather than focusing on an evolutionary aspect. S. aureus is 

known be an important pathogen in modern medicine and experimental 

research {in vitro and in vivo) has identified a multitude of toxins, virulence and 

immune evasion factors that contribute to its fitness and pathogenesis. In sllico 

analysis of genome sequences can therefore help to understand clinically 

important phenotypic differences between strains. The genomic comparison of 

two S. aureus strains (MRSA252 and MSSA476) identified interesting 

differences mainly in the accessory genome of the strains including different 

patterns of inserted genomic islands, lysogenic phages, transposons, SCC- 

elements and plasmids. The different mobile genetic elements encoded 

different virulence factors and resistance determinants responsible for the 

observed phenotypic differences (Holden et al., 2004). Including additional 

genome sequences into the evaluation identified that the core genome of 

S. aureus is conserved between all lineages (Lindsay & Holden, 2004). In 

contrast the accessory genome is highly variable between the strains. Different
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virulence factors are encoded in the accessory genome indicating differences in 

the virulence potential of the strains (Lindsay & Holden, 2004).

However, comparative genomic analysis is not limited to strains of the 

same species. Knowledge gained about S. aureus virulence factors and 

genomics can give important insights into the biology and niche adaption of 

other staphylococcal species. Thus genome sequencing of many 

staphylococcal species has been performed and their genomic characteristics 

have been investigated. The comparison of S. aureus to S. epidermidis 

confirmed many previously known phenotypic differences. Most factors of 

S. aureus involved in pathogenesis including superantigens, leukocidins and 

staphylokinase are absent in S. epidermidis underlining that the species can in 

general be regarded as less virulent (Gill et ai., 2005; Lindsay & Holden, 2004; 

Zhang et ai, 2003) The genome sequence of S. haemolyticus revealed an 

apparent high frequency of recombination events and a lower number of 

putative virulence factors compared to S. aureus (Takeuchi et ai, 2005). 

Analysis of the S. carnosus genome (a staphylococcal species used in food 

processing and known to be avirulent) showed a remarkable lack of mobile 

genetic elements and an accumulation of mutations with the potential to 

inactivate regulatory systems such as agr and sae (Rosenstein et ai, 2009; 

Rosenstein & Gotz, 2010). Additionally, genome sequencing has been 

performed for the S. intermedius group (Ben Zakour et ai, 2012), S. simiae 

(Suzuki et ai, 2012) and S. suis (Holden et ai, 2009) all representing animal 

pathogens.

S. saprophyticus is a staphylococcal pathogen known to be associated 

with uncomplicated urinary tract infections of young females (Schito et ai, 

2009). Unlike most of the other staphylococcal species, S. saprophyticus is not 

a commensal of the human skin. Comparative genomic analysis gave 

remarkable insight into the specific niche adaption of this pathogen. The 

sequence revealed the absence of most S. aureus specific toxins and secreted 

proteases. Interestingly, the genome encodes only a single cell wall-anchored 

protein (Kuroda et ai, 2005) which was shown to be involved in the initiation of 

adherence to the human bladder cells and to promote haemagglutination 

(Kuroda et ai, 2005; Sakinc et al., 2006). This protein is not present in any 

other staphylococcal species. Furthermore, the species shows a paralogous
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expansion of ion transport systems which is thought to be associated with the 

variable ion content in the urinary tract environment (Kuroda et al., 2005). Thus 

the genome sequence allowed an in-depth understanding of the adaption of 

S, saprophyticus to the specific environment within the human bladder.

In clinical microbiology it is more and more recognized that the pathogen 

S. lugdunensis represents an unusually virulent coagulase negative species 

that is especially associated with invasive diseases such as infective 

endocarditis. Prior to this study a completed genome sequence was not 

available and the virulence potential of the species had not been assessed.

This chapter reports the analysis of the genome sequence of the breast 

abscess isolate N920143 (National Reference Centre of Staphylococci. Lyon, 

France), a strain that has been investigated previously due to his strong 

fibrinogen binding properties (Geoghegan et al., 2010b; Mitchell et al., 2004). 

Comparative genomic analysis was performed, comparing S. lugdunensis to 

S. aureus and all the CoNS genome sequences within the public domain at the 

time. The recently announced sequence of the S, lugdunensis clinical isolate 

HKU09-01 (Tse et al., 2010) was included in the evaluation.

Results

3.1 The genome sequence of S. lugdunensis N920143

Genome sequencing was performed by collaborators of the Welcome 

Trust Sanger Institute. The final sequence gained consisted of 6 contigs and 

accordingly 6 gaps of approximately 1,5 kb to 4 kb which occurred in repetitive 

DNA stretches like ribosomal RNA and the repeat region of a surface-anchored 

protein. The contigs were aligned according to their order in HKU09-01. Gap 

closing was not completed since no important features are encoded within 

these regions in HKU09-01. The genome of S. lugdunensis N920143 comprises 

an approximately 2.6 Mbp chromosome with a GC-content of 33.8 %. In total 

there are 2452 protein-encoding sequences (CDS) present, of which 27 appear 

to be pseudogenes. The genome contains a single prophage named 4)SL01 

and 14 insertion sequences. It does not carry any integrated or replicating 

plasmids. Furthermore there were no pathogenicity islands, transposons or
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staphylococcal chromosomal cassettes detectable within the N920143 

chromosome.

3.2 Comparison of the S. lugdunensis genome to the genomes 

of other staphylococci

Phylogenetic analysis of 16S rDNA (Takahashi et ai, 1999) and dnaJ 

(Shah et ai, 2007) gene sequences places S, lugdunensis in a clade that 

includes S. epidermidis, S. aureus and S. haemolyticus. Comparative genomic 

analysis revealed that a large proportion of the S. lugdunensis N920143 

genome is shared with these related pathogenic staphylococci. Of the 2447 

CDSs in the N920143 genome, 77.8% have reciprocal PASTA matches to 

S. aureus MRSA252, 74.7% to S. epidermidis RP62a, and 78.3% to 

S. haemolyticus. In comparison to the more distantly related staphylococci, 

71.4% of all CDSs have matches to S. saprophyticus, 71.3% to S. carnosus and 

54.4% to M. caseolyticus (Figure 3.1).

Compared to all other staphylococci there is an inversion of 60,375 bp 

located between nucleotide 1,457,500 and nucleotide 1,518,000 in a conserved 

region of the S. lugdunensis chromosome. Analysis of the boundaries of the 

inversion in N920143 has failed to identify flanking repeat sequences that could 

account for the inversion via recombination.

3.3 Comparison to the S. lugdunensis HKU09-01 genome

A pairwise comparison between N920143 and HKU09-01 identified that 

95.4% of the chromosome is conserved (including the inversion), and that there 

are 125 unique CDSs in N920143. The major differences between 

S. lugdunensis N920143 and HKU09-01 are the following. Firstly, two identical 

putative transposons are present in HKU09-01 encoding a p-lactamase (bla) 

and

3-lactamase regulatory proteins. Secondly, HKU09-01 possesses a putative 

genomic island encoding resistance to cadmium but lacking identifiable 

virulence factors. Thirdly, the SLUSFI locus of HKU09-01 underwent 

recombination between two of the peptide coding sequences. Only two peptides 

are encoded, SLUSH-A and SLUSH-B2 (this recombination is discussed in
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Figure 3.1 Schematic circular diagram of the S. lugdunensis N920143 
chromosome
Key for the circular diagram (outer to inner): annotated CDSs colored 
according to predicted function are shown on a pair of concentric circles, 
representing both coding strands; blue circles show S. lugdunensis 
N920143 reciprocal Fasta matches shared with S. lugdunensis HKU09- 
01; MRSA252; MSSA476; S. epidermidis, S. haemolyticus] 
S. saprophyticus, S. carnosus] M. caseolyticus. Colour coding for 
S. lugdunensis CDS functions: neon green - pathogenicity/adaptation; 
dark gray - energy metabolism; red - information transfer; dark green - 
surface associated; sky blue - degradation of large molecules; dark pink - 
degradation of small molecules; yellow - central/intermediary metabolism; 
pale green - unknown; pale blue - regulators; orange - conserved 
hypothetical; brown - pseudogenes; pink - phage and IS elements; gray - 
miscellaneous. Arrows indicate regions of interest: C - CRISPR region; 
E - ESAT 6 toxin and secretion; I - Isd operon; N1 - Nonribosomal 

peptide synthetase 1; N2 - Nonribosomal peptide synthetase 2; N3 - 
Nonribosomal peptide synthetase 3; 4)SL1 - prophage; S - Streptolysin 
S-like toxin; U - Gene cluster for sugar uptake and degradation.



detail in Chapter 4). Fourthly, there is a 32 kb tandem repeat duplication 

comprising the region encoding the iron responsive surface determinant locus 

(isd) and the siderophore uptake system sir in HKU09-01 (this duplication is 

discussed in detail in Chapter 6).

3.4 Important features conserved among staphylococci

Several genes and loci were identified in the S. lugdunensis genome 

which might be of relevance to skin survival and virulence. A summary of these 

features and their presence in different staphylococcal species is shown in 

(Table 3.1). All staphylococci carry genes that encode a single iron-regulated 

ferric siderophore uptake system (ssf) (Morrissey et ai, 2000) which is 

duplicated in both S. lugdunensis strains. All species encode an accessory 

gene regulator (Agr) system (Otto, 2001) and systems for neutralizing the 

negatively charged cell envelope by adding D-alanine to teichoic acid (DIt) 

(Peschel et ai, 1999) and L-lysine to phosphatidyl glycerol (MrpF) (Peschel et 

ai, 2001). M. caseolyticus and all sequenced staphylococci except 

S. haemolyticus and S. carnosus have the capacity to express poly-N-acetyl 

glucosamine encoded by the lea operon, important for biofilm formation (Gotz, 

2002).

Along with S. haemolyticus and S. saprophyticus, S. lugdunensis has the 

potential to express a polysaccharide (O'Riordan & Lee, 2004) and a 

polyglutamic acid capsule (Kocianova et ai, 2005). All other staphylococci 

encode only one of the two capsule types. Only S. epidermidls and 

S. lugdunensis share a 12.5 kb CRISPR region, which is known to limit 

horizontal gene transfer (Marraffini & Sontheimer, 2008). Only S. lugdunensis 

and S. aureus encode the siderophore uptake system sir responsible for iron 

acquisition (Dale et ai, 2004b). The system is located directly upstream of the 

S. lugdunensis isd locus and is therefore duplicated in FIKU09-01.

3.5 Putative virulence factors

Because S. lugdunensis displays a S. aureus-Wke phenotype in its ability 

to cause skin and soft tissue infections (SSTIs) and infectious endocarditis (IE) 

it is worthwhile to examine the differences in the repertoires of virulence factors.
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The S. aureus sphingomyelinase p-toxin (hlb) is conserved in S. lugdunensis 

and a putative haemolysin III is encoded as well. Furthermore, S. lugdunensis 

possesses a gene cluster encoding a streptolysin S-like toxin. The locus 

maintains genes encoding the toxin precursor, putative toxin modifying 

enzymes and the secretion system. Similar gene clusters are described for 

many Gram-positive pathogens but among the staphylococci only the bovine 

S. aureus isolate RF122 possesses a similar system (Lee et al., 2008). Only 

S. lugdunensis and S. aureus encode ESAT-6 like toxin and secretion systems 

(ess) with homology to ESAT-6 proteins of Mycobacterium tuberculosis (Burts 

et al., 2005). The ess loci of S. aureus MRSA252 and S. lugdunensis lack the 

genes encoding the cytoplasmic protein EsaC and the effector EsxB but only 

S. lugdunensis N920143 contains a frameshift in the gene encoding the 

membrane-associated protein EssC. Finally, the already described SLUSH- 

toxin locus (Donvito et al., 1997) is present in S. lugdunensis, encoding short 

haemolytic peptides.

However, S. lugdunensis does not have genes encoding any other 

virulence factors known from S. aureus. There are no genes encoding 

coagulase, protein A, staphylokinase, superantigens, exfoliatins, P-barrel pore 

forming toxins {hly, luk, hig), or small secreted proteins involved in immune 

evasion viz map, efb, chp, sen, sak, ssl.

S. aureus is known to produce two different iron chelating siderophores 

to allow the efficient uptake of iron during infection. The proteins encoded by the 

genes sfnABCD and sbnABCDEFGHI produce staphyloferrin A and 

staphyloferrin B, respectively. The reuptake of staphyloferrin A is mediated by 

HtsABC while the import of staphyloferrin B is mediated by the SirABC 

transporter. Both uptake systems were shown to be driven by the ATPase 

FhuC. S. lugdunensis encodes neither the sfn nor the sbn locus. In addition 

neither the hstABC nor fhuCBGD1D2 genes are present in the S. lugdunensis 

genome. However, the SirABC transporter is conserved in S. lugdunensis.

3.6 Putative colonization factors

S. lugdunensis encodes several genes linking it to the lifestyle of a skin 

commensal. Most strikingly, it possesses three non-ribosomal peptide synthesis
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systems (NRPS). One of the systems (NRPS1) consists of only one enzyme 

(273.4 kDa) and is conserved in S. aureus and S. epidermidis (Wyatt et al., 

2010). The second system (NRPS2) is encoded on a 20 kb genomic region and 

consists of four genes encoding proteins that are predicted to be 277.2, 14.8, 

143.3 and 341.4 kDa in size. Whether these proteins produce one nonribosomal 

peptide each, or whether they catalyze different modifications of the same 

peptide is not possible to decide without experimental evidence. The third 

synthetase system (NRPS3) stretches over a 16.3 kb genomic region and 

encodes nine proteins with sizes ranging from 21 to 232 kDa. One of these 

shows homology to pchD of Pseudomonas fluorescence. The PchD synthetase 

is involved in siderophore biosynthesis, thus it might be speculated that the 

S. lugdunensis synthetase also produces a siderophore.

S. lugdunensis carries a locus of four genes encoding Lantibiotic 

resistance proteins similar to GdmG/E/F/H of S. gallinarum (Siezen et al., 

1996). Interestingly, no lantibiotic biosynthesis proteins are encoded within the 

locus.

3.7 The S. lugdunensis isd locus

S. lugdunensis is unique among CoNS in having a locus encoding iron 

regulated surface determinant (Isd) proteins. S. aureus Isd proteins can extract 

haem from haemoglobin and transport it across the cell wall using a series of 

wall-anchored proteins bearing NEAT motifs and into the cytoplasm using an 

ABC transporter. There, beam monooxygenases cleave the porphyrin ring to 

release the Fe^"" (Hammer & Skaar, 2011). S. aureus specifies three surface- 

exposed proteins that are anchored to peptidoglycan by processing at the 

C-terminal LPXTG-motif by sortase A. The IsdH, IsdB and IsdA proteins have 

three, two and one NEAT domains, respectively. S. lugdunensis has two 

putative LPXTG-anchored proteins, both with two NEAT motifs. One is an 

orthologue of IsdB with the sequence similarity to IsdB NEAT motifs being 

particularly high (50 and 55% identities). The second LPXTG-anchored protein 

named IsdJ has two NEAT motifs with 50 and 54 % identity to the single NEAT 

motif of IsdA whereas the IsdJ NEAT2 and C-terminal residues 457 to 646 have 

39% identities to IsdA 63-350. Thus, S. lugdunensis IsdJ apperes to be an
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enlarged version of the S. aureus IsdA having the NEAT domain duplicated 

while the N-terminal end is conserved. (Figure 3.2 shows the isd loci of 

S. aureus and S. lugdunensis in comparison, Figure 3.3 shows schematic 

diagrams of the surface-anchored proteins). The S. aureus isd locus includes a 

sortase B (SrtB) that recognizes the C-terminal NPQTN motif in IsdC when 

anchoring the protein to the peptidoglycan. S. lugdunensis has SrtB and IsdC 

orthologues and encodes a second putative SrtB substrate (IsdK) carrying a 

NKQPN motif in a gene located between isdC and isdE that replaces IsdD in the 

S. aureus locus. In contrast to IsdD the S. lugdunensis IsdK protein has a NEAT 

motif. Another major difference between S. aureus and S. lugdunensis Isd is the 

absence of the Isdl haem oxygenase and the cell wall-anchored protein IsdH. 

Finally, a putative autolysin (atll) is encoded downstream of IsdG in the 

S. lugdunensis operon. No orthologous gene is present in S. aureus. Otherwise 

the overall gene organization is very similar apart from the presence of an 

insertion of genes encoding a membrane transporter located between the isdA- 

like gene and the isdB orthologue. Also a gene encoding an ABC transporter 

subunit is located between isdF and srtB.

Due to the high redox potential of haem, haem mediated toxicity is a 

problem for bacteria that acquire haem as a source of nutrient iron (Anzaldi & 

Skaar, 2010). S. aureus encodes the haem sensing two component system 

HssRS and the haem efflux ABC transporter HrtAB to allow the export of 

excess haem (Torres et al., 2007). Interestingly this system is not conserved in 

S. lugdunensis.

Of special interest is the location of the isd locus with respect to the 

replication origin of the chromosome. The S. aureus l\/lRSA252 locus is located 

in the middle of the chromosome (nucleotide 1146876-1155059). In contrast, 

the S. lugdunensis locus (nucleotide 96442-111616) is located in a different 

genomic context, close to the origin of replication.

3.8 Cell wall-anchored proteins

Proteins that are covalently anchored to the cell wall by sortase 

A-mediated processing of LPXTG are of particular interest because of their 

possible roles in adhesion to skin and host tissue, immune evasion and biofilm
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NKQPN

IsdK
53 kDa

IsdC 
25 kDa

IsdJ
72 kDa

IsdB 
77 kDa

SIsA 
207 kDa

SIsB 
31 kDa

SIsC 
21 kDa

SIsD 
176 kDa

SIsE
364 kDa

SIsF
73 kDa

SIsG
> 220 kDa

vWbl 
209 kDa

Fbl
94 kDa

Figure 3.3 Schematic diagrams of the S. lugdunensis surface 
proteins
Predicted domains are indicated as grey boxes. NEAT - NEAT domain; 
GA - GA module; Ig - IgG-like fold; N1 domain of unknown function; 
N2/N3 - fibrinogen binding IgG-like folds of MSCRAMMs; CnaB - B-repeat 
found in the Collagen binding protein (CNA) of S. aureus, RGD - 
Argenine-Glycine-Asparagine; Col - Collagen triple helix repeat; G5 - G5 
domain; MucBP - mucin binding domain; Rib - Rib-like repeat; SD - 
Serine-Aspartate; FS - frame shift; See text for predicted functions of the 
various domains, S-labelled boxes indicate the putative signal sequences.



formation. Apart from the two Isd proteins described above, the previously 

described fibrinogen binding protein Fbl that is related to ClfA of S. aureus 

(Geoghegan et al., 2010b) and the von Willebrand factor binding protein vWbl 

(Nilsson et al., 2004b), S. lugdunensis has seven genes with potential to 

encode wall-anchored proteins ranging in size from 20.8 kDa to 380 kDa. These 

proteins have been named S. lugdunensis surface proteins (Sis). Figure 3.3 

shows schematic diagrams of these proteins. Analysis using the Pfam database 

(Sammut et al., 2008) has revealed several interesting features, (i) The 1930 

residue SIsA protein has twelve non-identical repeats of an IgG-like fold located 

between the LPXTG sequence and the 734 residue N-terminal domain, (ii) SIsE 

(3459 residues) has an 1240 residue N-terminal domain containing a 78 residue 

G5 motif (Ruggiero et al., 2009) followed by a collagen-like sequence (24 

residues), 46 repeats of a 31 residue motif and a C-terminal collagen-like 

sequence (50 residues). SIsE contains two RGD motifs at the N-terminal end of 

the repeat region. The sIsE gene of N920143 has a frameshift between the 

region encoding the collagen-like domain and the LPXTG sequence while that 

of FIKU09-01 is intact, (iii) SIsG has a 874 residue N-terminal domain with a 125 

residue MucBP domain which is described for a mucin binding protein of 

Streptococcus pneumonia (Du et al., 2011). The domain is followed by repeats 

of a Rib-like domain (Wastfelt et al., 1996) seen in group B streptococci surface- 

anchored proteins. There are 18 Rib repeats in the HKU09-01 protein whereas 

in the N920143 protein the number of repeats is uncertain since the gene is 

located on two contigs in our sequence, (iv) The SIsD protein has a 575 residue 

N-terminal domain that has sequence and putative structural similarity to the 

fibrinogen-binding domain of SdrG of S. epidermidis (Ponnuraj et al., 2003). 

Located C-terminally to this are two repeats with similarity to the B repeats of 

the collagen binding protein Cna of S. aureus and a 45 residue collagen-like 

domain. The sIsD gene contains a nonsense codon located just 5’ to the region 

encoding LPXTG so it is unlikely that the protein would remain anchored to the 

cell wall, (v) The 659 residue SIsF protein has a 41 residue GA domain 

described for an albumin binding protein of Peptostreptococcus magnus 

(Johansson etal., 1997).

All putative surface proteins are conserved in the strain FIKU09-01 with 

only minor differences in the number of repeats within the stalk regions. The
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only major difference is that sIsE does not contain a frameshift in HKU09-01. 

Although both strains represent isolates form distant geographical origins, the 

nonsense mutation in sIsD is present in both strains.

Discussion
The first in depth analysis of a S. lugdunensis genome sequence and the 

comparison with several other staphylococci revealed a multitude of interesting 

characteristics, making S. lugdunensis an outstanding member of the 

staphylococci. The core genome of all species included in the evaluation is 

highly conserved and encodes housekeeping functions like DNA replication, 

RNA synthesis, sugar and amino acid degradation/biosynthesis and metabolite 

transport. However, several features are apparent in S. lugdunensis that make it 

unique and place it in between S. aureus and the other CoNS. The presence of 

three non-ribosomal peptide synthetases is remarkable, knowing that most 

staphylococci do not encode a single one. One can only speculate about the 

products but they might support S. lugdunensis while colonizing the human skin 

by inhibiting other skin commensals or by facilitating the uptake of rare ions or 

other substrates. Interestingly, S. lugdunensis does not encoded genes for the 

production of the iron chelating siderophores staphyloferrin A and B (Cheung et 

al., 2009; Cotton et al., 2009). In addition the staphyloferrin A transporter 

HstABC is not encoded by S. lugdunensis and the required ATPase FhuC is 

absent. These systems are known to be important for S. aureus pathogenicity 

(Dale et al., 2004a). One might speculate that S. lugdunensis uses the putative 

siderophores produced by the NRPS to compete for free iron during infection. 

This seems a likely possibility since NRPSs are well known to produce iron 

chelating siderophores like enterobactin or vibriobactin (Crosa & Walsh, 2002). 

The staphyloferrin B transporter SirABC is encoded by S. lugdunensis and is 

duplicated in HKU09-01. This should allow the theft of this molecule produced 

by other bacteria in the microbiome or during mixed infection.

S. lugdunensis is known to be an important pathogen although it causes 

invasive infections only infrequently. Paradoxically, once S. lugdunensis gets 

established in a thrombus on a heart valve or is encased in an abscess it 

appears to be as virulent as S. aureus (Frank et al., 2008). The genome 

sequence revealed only very few putative virulence factors, verifying earlier
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reports about the absence of many typical S. aureus toxins in S. lugdunensis 

(Fleurette et al., 1989). This might explain the low infectivity of the organism. 

However, S. lugdunensis has the potential to encode a streptolysin S-like toxin 

and secretion system, which is well described for different bacterial species but 

amongst the staphylococci it is only found in the bovine S. aureus isolate RF122 

(Lee et al., 2008). Further, S. lugdunensis is the only CoNS carrying an ESAT- 

6-like secretion system similar to that encoded by S. aureus. A striking 

difference between S. lugdunensis and S, aureus is the absence of any obvious 

immune evasion molecules. In S. aureus, immune evasion molecules and 

virulence factors are frequently located on mobile genetic elements, 

pathogenicity islands or prophages. The lack of these elements seems to be a 

characteristic of S. lugdunensis and might in part explain its low infectivity.

The most interesting linkage between S. aureus and S, lugdunensis is 

the presence of an isd locus. In S. aureus the locus has been shown to be 

important for pathogenicity. Isd proteins of S. aureus are not only involved in the 

acquisition of iron. In particular, IsdA is an important virulence factor because its 

C-terminal part confers resistance to antimicrobial fatty acids and lantibiotics 

(Clarke et al., 2007). Furthermore IsdA binds to fibronectin, fibrinogen, 

lactoferrin, transferrin, feutin, involucrin, loricrin and cytokeratin 10 and is 

important for nasal colonization (Clarke et al., 2004; Clarke & Foster, 2008; 

Clarke et al., 2009). IsdB promotes binding to and activation of platelets 

(Miajlovic et al., 2010). In addition it allows the invasion of epithelia cells by the 

interaction with 113-integrins (Zapotoczna et al., 2012b). Interestingly, IsdB and 

the N-terminal domain of IsdA are conserved in S. lugdunensis, perhaps 

suggesting similar functions of the proteins. In addition, the duplication of the 

locus in HKU09-01 strengthens the hypothesis of an important function of the 

locus. The ability of the bacterium to adhere to certain ligands or to resist 

antimicrobial agents might be enhanced by a gene dosage effect.

In S. lugdunensis and S. aureus the isd loci are located in different 

chromosomal contexts, suggesting that they were acquired independently from 

different sources. This explains the apparent differences between the loci 

including the absence of isdl and isdH in S. lugdunensis. In S. aureus these 

genes are located outside the isd operon and must have been acquired 

independently of the other genes to support the function of the operon. The
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functions of these proteins are probably dispensable in S, lugdunensis. 

However, the presence of an independently acquired isd operon in 

S. lugdunensis and S. aureus suggests convergent evolution towards invasive 

behaviour that has not been described for any other CoNS. In conclusion, the 

genome analysis gives a picture showing S. lugdunensis to be an extraordinary 

skin commensal that is well equipped for the survival and competition on human 

skin. Nevertheless, provided with capsules, different toxins, putative 

haemolysins and a plethora of surface anchored proteins, the aggressive, 

S. at/retvs-like behaviour of S. lugdunensis that distinguishes it from the other 

CoNS might be explained. The properly annotated sequence provides the 

starting point for projects to investigate the mechanistic basis of skin 

colonization and pathogenesis by facilitating cloning and expression of genes.
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Chapter 4
Genetic manipulation of S. lugdunensis
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Introduction
S. lugdunensis is an opportunistic pathogen that is particularly 

associated with infectious endocarditis (IE). Although infections frequently show 

a devastating outcome and the organism appears to be exceptionally virulent 

for a coagulase negative staphylococcus (CoNS), hypothesis-driven research to 

identify virulence factors has not previously been conducted. Prior to this study 

a convenient genetic system for S. lugdunensis was not available. Mutations in 

the fbl gene of S. lugdunensis have been reported (Marlinghaus et al., 2012). 

However, the methodology used for the creation of the mutations involved 

protoplast transformation and the insertion of an antibiotic resistance 

determinant into the fbl gene. This made the method time-consuming and 

infeasible for the creation of multiple mutations in the same genetic background. 

Furthermore, polar effects might make it difficult to interpret experimental 

results. For a comprehensive investigation of putative virulence factors of 

S, lugdunensis, a more convenient genetic system is required. Generally, the 

transformation of Gram-positive bacteria is often difficult. This is likely to be 

caused by two independent factors. Firstly, the Gram-positive bacterial cell 

envelope consists of a single membrane and a thick layer of peptidoglycan (PG) 

that acts as a physical barrier. Compared to the transformation of Gram­

negative bacteria it is more difficult to force DMA across the envelope into the 

cytoplasm (Lofblom et al., 2007). Thus, the precise protocol used for the 

preparation of electrocompetent cells is known to have a great impact on the 

level of bacterial competence and has to be optimized for each bacterial 

species or even strain (Lofblom et al., 2007; Monk et al., 2012). Secondly, 

bacteria express different restriction-modification systems (RM). As a result, 

foreign DMA is degraded in heterologous hosts. RM systems function as a 

barrier against the uptake of foreign DMA, thereby conferring resistance to 

infection with bacteriophages, preventing the transfer of conjugative plasmids 

and the uptake of extracellular DNA through natural competence (Tock & 

Dryden, 2005).

All RM systems recognize methylation of specific target patterns in the 

DNA thereby allowing the cleavage of foreign DNA molecules while cellular 

DNA remains unharmed. Depending on the methylation status of the DNA
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different reactions are carried out by the RM enzyme complex. Unmethylated 

DNA is target of restriction, hemimethylated DNA is a substrate for methylation 

and fully methylated DNA is immune to cleavage (Vovis et al., 1974). Four 

different types of RM restriction systems (Types l-IV) are distinguished (lock & 

Dryden, 2005). Type I systems are named “host specificity for DNA (hsd)" and 

comprise three genes encoding the restriction subunit (R), the methylation 

subunit (M) and the specificity subunit (S). The S subunit of the enzyme 

complex is of special interest. The protein possesses two target recognition 

domains (TRD). Each of the TRDs binds to one part of the recognition 

sequence. Thus, identical sequences in the TRDs of S subunits occurring in 

different lineages indicate that the RM systems recognize the same target 

sequences (Corvaglia et al., 2010; Roberts et al., 2013). The functional Type I 

enzyme complex consists of two R, two M and one S subunit. Cleavage of 

unmethyleted DNA occurs at a site distant from the recognition site (Janscak et 

al., 1999). Type II RM systems are a diverse, expanding collection. The enzyme 

complex typically consists of two subunits (M and R) and the enzyme is 

functional in a R2M1 complex. Several conserved amino acids in the M subunit 

allow the classification of Type II enzymes. The R subunits are not conserved 

and the enzymes show different recognition and restriction characteristics, yet 

they all cleave the DNA directly at their recognition site and typically recognize 

palindromic sequences (Tock & Dryden, 2005). Type III systems are similar to 

Type I RM systems but substrate recognition and modification are mediated by 

a single subunit (named mod). The restriction subunit of Type III is named res. 

The restriction complex is a heterooligomer and is functional in a mod2res2 

complex (Janscak et al., 2001). Type IV systems normally consist of two 

subunits forming an enzyme complex. In contrast to those systems described 

above, the Type IV complex recognizes and degrades DNA with foreign 

methylation patterns rather than unmethylated DNA and the cleavage site is 

unspecific. Importantly, a Type IV system does not confer methylation but 

cleaves methylated DNA with a foreign profile (Tock & Dryden, 2005).

S. aureus possesses a strong restriction barrier that prevents the uptake 

of foreign DNA. This barrier confronted research using genetic manipulation of 

S. aureus with significant problems. Two steps were required in order to 

transform wild-type S. aureus strains with plasmids isolated from E. coll. Firstly,
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plasmid DNA was isolated from E. coli and used to transform the restriction 

deficient / methylation proficient S. aureus mutant RN4220 which was isolated 

following heavy chemical mutagenesis (Kreiswirth et al., 1983). This strain 

readily accepts E. co//-derived DNA. Secondly, the plasmid was isolated from 

RN4220 and used to transform S. aureus wild-type strains. Not all S. aureus 

strains can be transformed using this method due to lineage-specific differences 

between the RM systems (Monk et al., 2012; Roberts et al., 2013).

Recently, new knowledge was gained about the RM systems of 

S. aureus. It was found that S. aureus possesses two distinct systems 

conserved between the different clonal complexes (CCs) (Corvaglia et al., 2010; 

Veiga & Pinho, 2009). It possesses a Type I restriction system (Saul) conferring 

and recognizing S. aureus-specific methylation (Veiga & Pinho, 2009; Waldron 

& Lindsay, 2006). Most strains possess a single hsdR gene but two operons 

encoding distinct HsdS and HsdM subunits (Corvaglia et al., 2010; Roberts et 

al., 2013). Although Type I systems are conserved among S. aureus lineages, 

the nucleotide sequences of the hsdS genes differ significantly between the 

lineages, especially within their TRDs (Roberts et al., 2013). This indicates 

different sequence specificities and explains the observation that DNA isolated 

from S. aureus is only accepted by closely related isolates (Corvaglia et al., 

2010; Roberts et al., 2013; Waldron & Lindsay, 2006).

In addition to the Type I system, a Type IV modification-dependent 

restriction endonuclease named SauUSI is encoded by S. aureus (Corvaglia et 

al., 2010). The endonuclease is encoded by a single gene and recognizes 

cytosine methylation of DNA (5mC methylation), thereby preventing the uptake 

of DNA from wild-type E. coli K12 (dcm*) where Dcm confers this methylation 

(Xu et al., 2011). The system is conserved in ail S. aureus lineages and 

homologues are found in other staphylococci such as S. epidermidis and 

S. carnosus. This system is the major factor preventing uptake of E. co//-derived 

plasmid DNA (Corvaglia et al., 2010; Monk et al., 2012).

The restriction-deficient S. aureus host RN4220 contains premature stop 

codons in both, the gene encoding the restriction subunit of Saul {hsdR) and in 

the gene encoding SauUSI (Corvaglia et al., 2010; Waldron & Lindsay, 2006). 

This allows a high frequency of transformation of DNA from dcm'' E. coli strains. 

However, the genes encoding the specificity and methylation subunits of Hsd
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are intact. Therefore S. aureus lineage-specific methylation will occur in 

RN4220 and subsequent transformation of wild-type S. aureus strains (from the 

same lineage) is possible (Corvaglia etal., 2010; Monk et al., 2012).

E. coli K12 strains that are widely used for cloning purposes such as 

XLI-blue or DH10B produce 5mC methylated DNA. A high efficiency E. coli 

cloning strain (named DC10B) was constructed recently in the DH10B 

background. This strain is deficient in dcm and produces unmethylated DNA 

(Monk et al., 2012). This prevents recognition of DCIOB-derived plasmid DNA 

by SauUSI and allows direct transformation of many S. aureus strains from 

different DCs (Monk et al., 2012). The Type IV system is conserved in 

S. epidermidis RP62a and DNA isolated from E. coli DC10B was also able to 

transform this strain (Monk et al., 2012). This indicates that the S. epidermidis 

system also recognizes the cystosine methylation conferred by Dcm of E. coli.

To improve the transformation frequency the DC10B strain was 

manipulated genetically so that plasmid DNA could circumvent Type I restriction 

systems in different S. aureus lineages. The method used was firstly applied to 

Bifidobacterium breve (O'Connell Motherway et al., 2009) and Bifidobacterium 

adolescentis (Yasui et al., 2009) and is called plasmid artificial modification 

(PAM). Monk et. al. (unpublished) described the construction of DC10B strains 

that expressed different hsdMS genes of several S. aureus CCs and from 

S. epidermidis RP62a. The genes were expressed from a constitutive promoter 

and were integrated into the E. coli DC10B chromosome. Plasmid isolated from 

the PAM strains improved the transformation frequency of the target strains 

~100 fold allowing direct high frequency transformation of S. aureus / 

S. epidermidis \N\ih E. co//-derived plasmid (Monk etal. unpublished).

Prior to this study plasmid transformation by electroporation had not 

been described for S. lugdunensis. The establishment of an efficient 

electroporation protocol and its application to various CCs of S. lugdunensis is 

described within this chapter. Further, the restriction barrier of S. lugdunensis 

was identified and methods for efficient transformation were developed. The 

isolation of markerless deletion mutations has not been described for 

S. lugdunensis. Thus, a protocol for allelic exchange using pIMAY was 

established and is also reported within this chapter. The new protocol was used
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for the construction of various deletion mutants to enable collaborators all over 

the world to study specific areas of S. lugdunensis biology and pathogenicity.

Results

4.1 Establishment of a genetic system for S. lugdunensis

4.1.1 Transformation of S. lugdunensis

Several different protocols to render the strain N920143 

electrocompetent were attempted using the shuttle plasmid pRMC2 (Corrigan & 

Foster, 2009) isolated from E. co//XLI-blue. The protocol of Augustin and Gdtz 

(Augustin & Gdtz, 1990) did not yield any transformants. However, a modified 

procedure based on the protocol originally optimized for S. carnosus (Ldfblom 

et al., 2007) did allow the transformation of S. lugdunensis N920143 with a low 

frequency of ca 0.6 x 10^ (Figure 4,1 B). A detailed description of the optimized 

protocol for the preparation of electrocompetent S. lugdunensis cells is given in 

Chapter 2.

Although the frequency of transformation of S, lugdunensis was low, it 

was sufficient to establish genetic manipulation procedures using the 

thermosensitive plasmids pIMAY (Monk et al., 2012) or pIMAYZ (Monk et al., 

unpublished) and allelic exchange (the optimized protocol is described in 

Chapter 2). The secY genes of S. aureus and S. lugdunensis are similar. The 

561 nucleotide secY antisense fragment in pIMAY is derived from S. aureus 

RN4220 (Bae & Schneewind, 2006) and shares 81.3% identity with 

S. lugdunensis N920143 secY. However, anhydrotetracycline induction of secY 

antisense RNA did not result in selection of colonies lacking the plasmid in 

S, lugdunensis (data not shown). pIMAYZ allowed the detection of plasmid loss 

during allelic exchange by the colour of colonies. Colonies that had lost pIMAYZ 

failed to cleave the chromogenic (3-galactosidase substrate X-Gal and displayed 

white instead of blue colour on agar plates containing X-Gal. Thus pIMAYZ 

allowed monitoring of the presence or absence of the plasmid during the allelic 

exchange procedure. This method proved to be efficient in S. lugdunensis 

which is naturally non-lactose fermenting.
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Figure 4.1 Transformation frequency of S. lugdunensis
(A) Schematic diagram of the Slul operon in N920143. The deletion in the 
AhsdR strain is indicated.
(B) Recipient strains N920143 and the isogenic AhsdR mutant were 
transformed with plasmid from various sources. XL1-blue - dcrrT\ DC10B - 
dcm -, SL01B - dcrrr, hsdMS^: S. lugdunensis N920143. The absolute 
number of transformants achieved per pg plasmid is shown. The mean 
and SEM of three independent experiments is shown.
(C) S. lugdunensis N920143 wild-type was transformed with plasmid DNA 
isolated from the wild-type itself or from the isogenic AhsdR mutant. The 
absolute number of transformants achieved per pg plasmid is shown. The 
mean and SEM of three independent experiments is shown.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *.
** indicate P-values <0.005.



4.1.2 Bypassing the restriction barrier in S. lugdunensis N920143
As described above S. lugdunensis could be transformed at a low 

frequency with plasmid DNA (pRMC2) isolated from E. coli XLI-blue. The 

frequency of transformation increased ~90 fold when plasmid DNA that was 

isolated from the transformed S. lugdunensis (N920143) was used (Figure 4.1 

B). This suggests that the protocol for the induction of electrocompetence was 

quite efficient. However, a restriction system appeared to prevent the efficient 

uptake of DNA from E. coli, and reduced the frequency of transformation.

The S. lugdunensis (N920143) genome sequence was searched for the 

presence of genes similar to RM systems of S. aureus and other Gram-positive 

bacteria. Interestingly, S. lugdunensis does not harbour a gene with the 

potential to encode a Type IV restriction system similar to SauUSI of S. aureus. 

(Corvaglia et al., 2010; Monk et al., 2012) that recognizes and cleaves cytosine 

methylated DNA (Xu et al., 2011). DNA isolated from Dcm'" (XLI-blue) or Dcm' 

(DC10B) strains of E. coll transformed S. lugdunensis N920143 at the same 

frequency (Figure 4.1 B) confirming that the strain failed to recognise the 

pattern of cytosine methylation expressed by E. coll K12.

However, S. lugdunensis was found to possess three genes with the 

potential to encode a Type I restriction system. The system was dedicated Slul. 

The hsdS, hsdM and hsdR genes are closely linked and are likely to represent a 

single operon (Figure 4.1 A). Only a single set of hsdM and hsdS genes is 

present in S. lugdunensis N920143 and HKU09-01. Most likely, this system 

represents the major barrier to transfer of DNA from other bacterial species. In 

order to investigate this hypothesis, a mutant deficient in hsdR (encoding the 

restriction subunit) was constructed using pIMAY. Deletion of hsdR increased 

the transformation with E. coli K12-derived DNA (XLI-blue and DC10B) ~90 

fold (Figure 4.1 B). In fact, the transformation frequency of the AhsdR strain was 

the same with plasmid from E. coli K12 or S. lugdunensis, suggesting that Slul 

is the only restriction system recognizing foreign DNA in S. lugdunensis. 

Plasmid isolated from the AhsdR strain transformed the wild-type strain with the 

same efficiency as DNA isolated from the wild-type strain itself (Figure 4.1 C), 

confirming that DNA modification occurs in the mutant strain. Thus, AhsdR can 

be used as an intermediate host for the efficient transfer of DNA from E. coli into 

S. lugdunensis N920143.
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E. coli PAM strains that modify plasmid DNA with methylation patterns 

specified by Type I RM systems allow highly efficient transfer of plasmid from 

E. coli into the target strain. A S, lugdunensis N920143-specific PAM strain of 

E. coli DC10B (SL01B) was constructed by I. Monk (the construction of the 

strain is not described within this thesis). The strain constitutively expressed the 

hsdMS genes from S. lugdunensis N920143 to create a Slul-specific pattern of 

methylation. Plasmid DNA isolated from SL01B improved the transformation 

frequency of S. lugdunensis N920143 ~90 fold compared to the level achieved 

with XL1-blue or DC10B-derived DNA to the same level achieved with 

S. lugdunensis N920143-derived DNA (Figure 4.1 B). Furthermore SL01B- 

derived plasmid DNA did not improve the transformation frequency of the 

AhsdR strain. These results indicate that Slul represents the single barrier to the 

uptake of DNA in S. lugdunensis N920143 and is efficiently bypassed with the 

appropriately methylated DNA produced by the PAM strain SL01B.

4.1.3 Transformation of S. lugdunensis strains from different CCs

In S. aureus, strains from different lineages exhibit differences in 

transformation frequency depending on the source of the transforming plasmid. 

This is determined by variations in the specificity of HsdS (Monk et al., 2012; 

Roberts et al., 2013). It was investigated whether the same is true for 

S. lugdunensis. Recently, multilocus sequence typing (MLST) was established 

for S. lugdunensis (Chassain et al., 2012). The 87 isolates investigated 

clustered in five CCs with 20 different sequence types (ST). CC1 formed the 

biggest complex with 33% of all isolates. CC2, CC3, CC4 and CCS contained 

20%, 21%, 4.5% and 5.8% of the isolates, respectively. The two sequenced 

strains HKU09-01 and N920143 belong to CC1. In addition to N920143 and 

HKU09-01 two isolates from each CC were chosen as recipients for 

comparative transformation experiments using pRMC2 plasmid DNA derived 

from XLI-blue and SL01B (Figure 4.2). Each strain from CC1 and CC2 

exhibited increased (10-90 fold) transformation efficiency with pRMC2 plasmid 

DNA isolated from the PAM strain SL01B compared to XLI-blue. These data 

suggest that CC1 and CC2 strains express the same RM system which allows 

SLOIB-derived plasmid to be readily accepted. Compared to the transformation 

frequency of N920143, strain SL13 from CC1 was transformed with ca 30-fold
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Figure 4.2 Transformation frequency of S. lugdunensis strains from 
various clonal complexes
S. lugdunensis strains were transformed with 5 pg plasmid isolated from 
different E. coli strains. XL1-blue - dcnn*\ SL01B - dcnr, hsdMS*. CC - 
clonal complex.
The number of transformants achieved using N920143 and pRMC2 
isolated form XL1-blue in each experiment is set to 1. The number of 
transformants achieved with different strains and DNA is expressed in 
relation to this value. The mean and SEM of four independent experiments 
is shown.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *.
** indicate P-values <0.005.



higher frequency with XL1-blue-derived DNA and the frequency did not increase 

when SL01B-derived plasmid was used (Figure 4.2).These data suggest that no 

Type I RM system is functional in SL13. However, sequencing of the hsdR and 

hsdS genes of SL13 did not identify the presence of a deleterious mutation 

within these genes (data not shown).

Interestingly isolation of plasmid DNA from SL01B did not improve the 

transformation frequency of CC3, CC4 and CCS isolates above the level 

achieved with XL1-blue-derived DNA suggesting that different methylation 

patterns are recognized. In general strains from CC3 and CC4 were more 

difficult to transform than the other strains. Compared to the transformation of 

N920143 (CC1) with XL1-blue-derived DNA, 5- to 50-fold fewer transformants 

were obtained with strains from CC3 and CC4.

4.2 Genetically manipulated strains of S. lugdunensis

The availability of two complete genome sequences of S. lugdunensis 

(Heilbronner et al., 2011; Tse et al., 2010) allowed the identification of several 

loci that might influence virulence. In order to provide experimental evidence for 

any putative virulence factor, Koch’s Postulates need to be fulfilled at the 

molecular level. Specific mutants created by allelic exchange are a prerequisite 

for testing phenotypes in vitro and in vivo.

Several collaborations were established where mutations in a multitude 

of potentially important loci were created. The mutants were sent to our 

collaborators for detailed phenotypic analysis. The construction of these 

mutations and the preliminary characterization of mutants and corresponding 

revertants are reported in the following section of this Chapter.

4.2.1 The slush locus in HKU09-01

S. lugdunensis encodes three haemolytic peptides (Donvito et al., 1997). 

These peptides display synergistic properties similar to the S. aureus 6-toxin 

and were therefore named Staphylococcus lugdunensis synergistic haemolysin 

(SLUSH). Analysis of the S. lugdunensis genome sequences identified only 

three loci with the potential to encode putative toxins (SLUSH, streptolysin 

S-like toxin, haemolysin Ill-domain protein). However, only the SLUSH peptides 

are known to be expressed and the haemolytic properties were confirmed. The
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SLUSH peptides belong to the PSM class of toxins. As described in Chapter 1, 

the recognition of PSMs plays an important role in the host immune response 

against staphylococcal pathogens and a plethora of further functions has been 

described. This makes the SLUSH peptides interesting targets for further 

examination. Collaborations were established with E. Smeds (Texas A & M 

University, Houston, Texas, USA) and A. Peschel (Institut fur Medizinische 

Mikrobiologie, Eberhard Karls Universitat Tubingen, Germany) aiming for a 

closer characterization of the S. lugdunensis SLUSH peptides.

In order to identify SLUSH peptide secreting strains, eleven 

S. lugdunensis isolates were screened for their haemolytic activity. Eight out of 

eleven strains (72%) produced distinct zones of haemolysis after 48h on 

Columbia agar with 5% sheep blood (data not shown). The complete genome 

sequences were available for the haemolytic HKU09-01 strain and the non- 

haemolytic N920143 strain. Consequently, HKU09-01 was chosen for further 

investigation. Analysis of the slush locus of HKU09-01 revealed that it had 

undergone genetic rearrangement. Figure 4.3 A shows a diagram of the slush 

locus of N920143 which is 99.3% identical to that previously described (Donvito 

et al., 1997). The locus comprises orfX and the SLUSH peptide-encoding genes 

slush-A, slush-B and slush-C. A stretch of 29 nucleotides is shared between 

slush-B and slush-C. At this short stretch of homology, recombination has taken 

place in HKU09-01, deleting 193 nucleotides comprising the 3’ end of slush-B 

and the 5' end of slush-C. A new gene was created by this rearrangement 

consisting of the 5’ end of slush-B and the 3’ end of slush-C. Here the new gene 

and the encoded peptide are called slush-B2 and SLUSH-B2, respectively. 

Thus, the slush locus of HKU09-01 encodes only three peptides: OrfX, SLUSH- 

A and SLUSH-B2. The difference in the loci was investigated by PCR using 

primers binding upstream and downstream of the slush locus (Figure 4.3 B). 

The fragment amplified from N920143 was ~200 bp larger than that amplified 

from HKU09-01 chromosomal DMA which is consistent with the observed 

deletion.

In order to investigate the importance of the SLUSH peptides, a deletion 

mutation removing orfX, slush-A and slush-B2 in HKU09-01 was isolated using 

pIMAY and allelic exchange (Monk et al., 2012). Allelic exchange was also used 

to revert the mutation in the Aslush strain. The wild-type slush locus from
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deleted sequence in HKU09-01

2 kb 

1.5 kb

Figure 4.3 Comparison of the slush loci of N920143 and HKU09-01
(A) Schematic diagram of the slush loci of S. lugdunensis N920143 (top) 
and HKU09-01 (bottom). Recombination leading to the expression of 
only two peptides in HKU09-01 is indicated. Binding sites for primers are 
indicated by small horizontal arrows.
(B) PCR using the primers indicated in (A).



HKU09-01 was reinserted at its original site in the chromosome. The created 

strain was designated slush-R. PCR was used to integrate a nucleotide 

exchange between slush-A and slush-B2 creating a novel BamHI site to 

distinguish between wild-type and revertant. A schematic diagram of deletion 

and reversion constructs is shown in Figure 4.4 A. PCR experiments using 

SLUSH screening primers (Figure 4.4 B) resulted in the amplification of a ~1.7 

kb fragment from the wild-type and the slush-R strains confirming the presence 

of the slush locus. The amplification of a ~1 kb fragment confirmed the deletion 

of the slush locus in the Aslush strain. Only the fragment amplified from the 

slush-R strain was cleaved by BamHI confirming the introduction of the 

restriction site during the reversion procedure.

As reported earlier, the slush locus could not be cloned in E. coll, most 

likely due to toxicity of the peptides (Donvito et al., 1997). To overcome this 

problem, the Gram-positive bacterium Lactococcus lactis was used as the host 

for cloning of the slush locus. Positive clones could be identified when L. lactis 

was used, indicating that the SLUSH peptides expressed from the reversion 

cassette did not have toxic effects on this Gram-positive bacterium.

As shown in Figure 4.5, deletion of the slush locus abrogated the 

haemolytic phenotype displayed by S. lugdunensis HKU09-01, indicating that 

the SLUSH peptides are the only haemolysins secreted by this strain under the 

growth conditions used. Reversion of the deletion restored the haemolytic 

phenotype. The virulence of the strains is currently being tested in a mouse 

sepsis model and their ability to stimulate human immune cells is under current 

investigation by collaborators.

4.2.2 Mutations of /sdgenes

S. lugdunensis is unique among the CoNS in that it is the only species 

identified up to date that carries an iron responsive surface determinant locus 

(Isd). In S. aureus the locus represents a haem uptake system and studies have 

been begun by E. Skaar and his group (Vanderbilt University Medical Center, 

Nashville, Tennessee, USA). In order to gain insight into S. lugdunensis haem 

utilization, a mutant deficient in the haem degrading monooxygenase IsdG was 

constructed in N920143. The studies showed that IsdG functions as a haem 

degrading monoxygenase to liberate iron from haem (Haley et al., 2011).
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Figure 4.4 Deletion and reversion of the slush locus
(A) Schematic diagrams of the constructed deletion and reversion cassettes in 
pIMAY. Coding sequences for OrfX, SLUSH-A and SLUSH-B2 are indicated as 
white arrows. Integration and subsequent excision of the thermosensitive plasmid 
over the homologous sites AB and CD, respectively, allows the exchange of the 
chromosomal and plasmid based elements. Arrows indicate the location of 
screening primers to confirm the successful exchange of cassettes after excision. 
The novel restriction site in the reversion constructs allows discrimination of wild- 
type and reversion strains when the locus was deleted and subsequently restored.
(B) Confirmation of SLUSH wild-type, deletion mutant and reversion strains. PCR 
products of wild-type, Aslush and s/usf)-reversion (slush-R) strains using screening 
primers as indicated in (A) were digested with BamHI as indicated on the lanes.



WT

Aslush slush-R

Figure 4.5 Haemolytic activity of S. lugdunensis
HKU09-01 wild-type, Aslush and the chromosomal reversion 
slush-R were streaked on Columbia agar with 5% sheep 
erythrocytes and incubated for 48 h at 37°C.



Furthermore, the presence of the atll gene (encoding a putative autolysin) within 

the locus is of special interest. The enzyme is suspected to influence the SrtB- 

dependent sorting of IsdC. To investigate this hypothesis, deletion mutants of 

atll and srtB were constructed.

Here in TCD studies regarding localization and function of Isd proteins 

were performed by M. Zapotoczna. In order to investigate expression and cell 

surface-localization of S. lugdunensis Isd proteins, isogenic mutants of /sc/S, 

isdJ and isdC in N920143 were isolated. Studies by M. Zapotoczna confirmed 

that the isd locus of S. lugdunensis functions in a similar fashion to that of 

S. aureus. The Isd proteins were only expressed under iron-limited conditions. 

IsdB represents the single haemoglobin receptor of S. lugdunensis and 

transfers haem to IsdC. IsdB and IsdC were shown to be cell wall-anchored, 

while IsdJ and IsdK were located in the cytoplasmic membrane. The locus 

allowed growth of S. lugdunensis with haemoglobin as the sole source of 

nutrient iron. Furthermore the proteins were found to be specific for human 

haemoglobin and did not bind to the murine protein (Zapotoczna et al., 2012a).

Experiments conducted by P. Speziale (University of Pavia, Italy) 

indicated a role for Isd proteins in S. lugdunensis biofilm formation, in particular 

IsdC. An isdC mutant of N920143 showed a significant reduction in biofilm 

formation. To verify this observation, a chromosomal reversion of isdC in the 

AisdC strain was constructed. S. lugdunensis strains N940113 and N940025 

form high levels of biofilm. Deletion mutants were isolated to investigate the role 

of the different cell wall-anchored proteins in this process. The hypothesis that 

IsdC is of particular importance for biofilm formation will be tested using 

isogenic AisdC mutants of these two strains. Furthermore, strains deficient in all 

Isd proteins {Aisd) or AsrtA were constructed to investigate the role Isd proteins 

and other cell wall-anchored molecules in biofilm formation.

All strains with mutations within isd genes created for collaborations are 

shown in Figure 4.6.

4.2.3 Mutants with defects within the wall teichoic acid glycosilation

A. Peschel (Tubingen, Germany) identified several unusual genes 

clustered with genes encoding the wall teichoic acid (WTA) biosynthesis 

enzymes. The genes encode putative glycosyltransferases that are presumably
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involved in the glycosylation of WTA. WTA is known to be important for the 

nasal colonization of S. aureus (Weidenmaier et al., 2004), for the coordination 

of autolysins during cell division (Biswas et al., 2012), the resistance against 

antibacterial host defences (Kohler et al., 2009; Peschel, 2002) and ft-lactam 

antibiotics (Brown et al., 2012). Furthermore, WTA and its glycosilation are 

important for the recognition of S. aureus by bacteriophages (Xia et al., 2011). 

In order to investigate phenotypes that are associated with the glycosylation of 

the S. lugdunensis WTA, deletion mutants were constructed in tagO, tagN, 

tagEI or dItA of N920143. Furthermore a AtagN AtagEI double mutant and a 

AtagN AtagEI AdItA triple mutant were constructed.

Discussion
Although S. lugdunensis is recognized as an important pathogen, 

hypothesis-driven research to identify virulence factors has been neglected and 

an efficient system for the transformation and genetic manipulation of this 

bacterium has not been available prior to this study. The comparison of different 

methods for the transformation of S. lugdunensis revealed that classical 

protocols used for the transformation of S. aureus (Augustin & Gbtz, 1990) did 

not allow the transformation of strain N920143. However, the method developed 

in this study which is based on the protocol established for S. carnosus did 

allow transformation. It has to be mentioned that a similar protocol used for the 

transformation of S. aureus and S. epidermidis, also allowed an improved 

transformation frequency (Monk et al., 2012). Another advantage is that the 

preparation of cells is less time consuming and work intensive.

It was possible to transform S. lugdunensis strains from CC1, CC2 and 

CCS with DMA derived from commonly used E. coll strains. CC3 and CC4 

isolates were found to be more difficult to transform. Nevertheless sporadic 

transformants could be isolated even from these strains. The only restriction 

barrier in S. lugdunensis N920143 appears to be the Type I RM system Slul 

that was identified in this study. Deletion of the gene encoding the restriction 

endonuclease HsdR improved the efficiency of transformation with DNA derived 

from XLI-blue ~90-fold to the same frequency achieved with DNA derived from 

S. lugdunensis. This suggests that Slul is the only RM system in N920143.
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I. Monk constructed the E. coli PAM strain SL01B which expresses the 

hsdM/S genes of N920143. The plasmid DNA isolated from this strain improved 

the transformation frequency of N920143 to the same level achieved with 

S. lugdunensis derived plasmid, confirming that Slul-mediated restriction was 

avoided.

Plasmid DNA isolated from SL01B allowed 10-90 fold higher 

transformation efficiency with CC1 and CC2 strains. This indicates that Slul is 

conserved among these isolates and represents the single restriction barrier. 

However, the investigation of additional strains would be needed to confirm that 

this is a general characteristic of all CC1 and CC2 isolates. For the CC1 and 

CC2 strains tested SL01B allowed streamlining of the transformation process by 

making the passage through the restriction-deficient AhsdR mutant obsolete. 

This will simplify future manipulation of these CCs.

Strain SL13 represented the only CC1 strain that could not be 

transformed with a higher frequency with SLOIB-derived DNA compared to 

XL1-blue-derived DNA. The frequency of transformation with DNA isolated from 

XLI-blue was found to be 30-50 higher for SL13 than for the other strains of 

CC1, CC2. This suggests that no functional Type I RM is present in this 

isolates. Slul genes could be detected in SL13 and deleterious mutations could 

not be identified, suggesting that the genes are not expressed under the 

conditions used. However additional experiments are needed to verify this 

hypothesis.

Compared to the transformation frequency with XL1-blue-derived 

plasmid DNA, S. lugdunensis isolates from CC3. CC4 and CCS could not be 

transformed with a higher frequency when SLOIB-derived plasmid was used. 

This suggests that the specificity determinant of CC3, CC4 and CC5 recognizes 

a different sequence to that of CC1. The nature of the recognized pattern has 

yet to be determined. Differences in the specificity subunit of the Type I RM 

system appear to be the most likely explanation since such variations occur in 

different lineages of S. aureus (Corvaglia et al., 2010; Roberts et ai, 2013; 

Waldron & Lindsay, 2006). Furthermore most S. aureus strains carry two 

different Type I RM systems (Corvaglia et al., 2010; Holden et al., 2004; 

Roberts et al., 2013). Neither N920143 nor HKU09-01 encode two distinct Type 

I alleles but this possibility has to be considered for the CCS, CC3 and CC4
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strains. Also, additional restriction systems of Type ll-IV might be present in 

these CCs. Interestingly, plasmid DNA isolated from the E. coli cloning strain 

DC10B (dcm ) did not improve transformation efficiency of any strain tested, 

indicating that the cytosine methylation pattern recognised by SauUSI is not 

relevant to this species. This distinguishes S. lugdunensis from S. aureus and 

S. epidermidis (Monk et al., 2012).

Strains from CCS and CC4 have proven to be difficult to transform. On 

average 10-100 times fewer transformants were obtained with CCS and CC4 

strains compared to CC1, CC2 and CCS strains, suggesting the existence of a 

problem with the induction of competence. Strain-specific differences in the cell 

wall characteristics and in the expression of capsules (S. lugdunensis has the 

potential to produce polyglutamic acid and polysaccharide capsules) might 

impede the transfer of DNA by electroporation. In combination with a RM 

system this might reduce the transformation frequency.

The thermosensitive plasmid pIMAY (Monk et al., 2012) has been 

constructed to create deletion mutations in S. aureus using allelic exchange. 

The protocol has now been optimized for use in S. lugdunensis. A particular 

advantage of pIMAY is the possibility to select plasmid integration at the optimal 

growth temperature of 37°C rather than the stress-inducing 42°C - 44°C needed 

for earlier vectors (Bae & Schneewind, 2006), This decreases the risk of 

selecting secondary mutations. The inducible counter selection (mediated by 

induction of anti-secY RNA) has been developed for S. aureus to simplify the 

selection of clones without plasmid (Bae & Schneewind, 2006; Monk et al., 

2012). It was found that the induction of S. aureus anti-secY did not result in 

selection of plasmid loss in S. lugdunensis, which is probably caused by the 

divergence within the secY genes. Therefore plasmid loss had to be screened 

manually when pIMAY was used. This process was simplified by use of the 

/acZ-encoding plasmid pIMAYZ. Observation of white colonies on X-Gal-agar 

was a reliable method for identifying plasmid-free colonies during the allelic 

exchange procedure.

The deletion constructs used in for the creation of mutations consisted of 

a 500 bp fragment upstream of the target gene and a 500 bp fragment 

downstream of the target gene. This size of homology was found to be sufficient 

for high frequency integration/excision of the plasmid into/from the bacterial
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chromosome. In the deletion construct the start codon was fused to stop codon 

of the target gene. This approach promises minimal polar side effects after 

mutagenesis since the mutation does not interfere with promoter activity or 

translation of polycistronic transcripts, making the method favorable over the 

creation of mutations by insertion of genetic elements. The reinsertion of the 

target gene into the chromosome of a deletion mutant (reversion) represents a 

novel approach for the complementation of mutations. This method allows the 

expression of the target gene from its native promoter, thereby allowing a wild- 

type gene expression profile.

. Standard methods to complement mutations frequently involve plasmid-based 

gene expression. However, multicopy plasmids place a high physiological 

burden on the bacterial cells and antibiotic selection is necessary to maintain 

the plasmid over the course of an experiment. This entails problems in animal 

models where antibiotic selection is difficult. Furthermore, the presence of 

multiple plasmids within one cell creates a high dosage of the gene to be 

complemented, making the expression level difficult to control. Reversion of a 

chromosomal mutation overcomes these problems by the stable integration of 

the gene into the original chromosomal context. This allows wild-type level of 

expression and makes antibiotic selection redundant.

S. lugdunensis is increasingly recognized to be an important pathogen 

with interesting characteristics. The new genetic system described here has 

allowed genetic manipulation of several strains. Several mutations as well as 

reversal of mutations have been constructed for collaborators to facilitate 

projects investigating several S. lugdunensis potential virulence factors.

The slush locus of S. lugdunensis is of special interest. The deletion 

mutation showed that these peptides represent the only haemolytic toxins 

secreted by HKU09-01 under standard laboratory conditions. The locus has 

undergone genetic rearrangement in HKU09-01 resulting in the production of 

only two instead of three SLUSH peptides. Nonetheless, the locus in HKU09-01 

has proven to be sufficient to create a haemolytic phenotype. It is suspected 

that these peptides fulfil important functions during infection and the Aslush 

mutation and its reversion will allow a detailed characterization of the 

importance of the peptides in vitro and in vivo.
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Chapter 5
S. lugdunensis cell wall-anchored proteins and 

their role in infective endocarditis
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Introduction
Cell wall-anchored proteins (CWPs) of S. aureus are known to be 

important molecules in staphylococcal colonization and disease (Foster et ai, 

2013). This has been demonstrated for several CWPs of S. aureus using 

various animal models of colonization and infection. The general approach of in 

vivo studies is the use of mutants deficient in a single protein. The comparison 

of mutant and wild-type allows determination of the importance of a single factor 

during infection. If possible the experiment should include the appropriate 

complementation. Such experiments identified the S. aureus MSCRAMM ClfA 

to be an important virulence factor in the development of endocarditis in a rat 

model (Moreillon et ai, 1995). Furthermore, a mouse systemic infection model 

showed that mutants deficient in SdrD, IsdB, ClfB, IsdA, IsdC, ClfA, Spa or 

SasG caused a tenfold reduced bacterial burden within the kidneys and mutants 

deficient in SdrD, IsdB, IsdA and Spa caused a smaller number of abscesses in 

this model (Cheng et ai., 2009). These experiments underline the importance of 

CWPs during infection. However, due to the functional redundancy the use of 

single mutants is not always applicable when S, aureus CWPs are studied. As 

an example, S. aureus encodes four fibrinogen (Fg) binding proteins (ClfA / ClfB 

/ FnBPA / FnBPB). Consequently a single deletion of one of the genes does not 

result in the abrogation of Fg binding by S. aureus. To bypass this problem, 

CWPs were expressed on the surrogate non-virulent host Lactococcus lactis. 

The change in the phenotypic characteristics of L. lactis can subsequently be 

attributed to the single factor. This experimental setup identified the importance 

of FnBPA in experimental endocarditis (Que et ai, 2001; Que et ai, 2005) and 

highlighted the role of ClfB and its interaction with loricrin in nasal colonization 

(Mulcahy et ai, 2012).

In order to establish if CWPs are involved in infection, a mutant defective 

in sortase A can be used before attempts are undertaken to discover individual 

factors. The transpeptidase Sortase A catalyses the anchoring of CWPs to the 

bacterial cell wall. It recognizes the conserved LPXTG motif at the C-terminal 

end of the CWPs and attaches the proteins covalently to the peptidoglycan 

(PG). Accordingly, a deletion of srtA results in the abrogation of cell wall-sorting 

of all expressed CWPs (harbouring a LPXTG motif) simultaneously. Murine
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infection models showed a strong decrease in virulence when S. aureus 

Newman (wild-type) was compared to the srtA deletion mutant. This included 

strongly decreased mortality in a systemic infection model and less severe 

disease in an experimental arthritis model (Jonsson et at., 2002; Weiss et al., 

2004). Furthermore, srtA mutants were less virulent in experimental models of 

murine kidney infection and in an experimental, catheter-induced rat 

endocarditis model (Weiss et al., 2004). These findings highlight the importance 

of correctly displayed CWPs for the establishment of infections. CWPs possess 

multiple functions ranging from adherence to host tissue (e.g. ClfA/B, FnBPA/B) 

to iron acquisition (IsdA/B/H) to immune evasion (e.g. Spa, ClfA). A mutation in 

sortase A impairs the combined functions of the CWPs, explaining the strong 

effect on virulence.

A mutation of srtB had little effect in the S. aureus infection models 

described above (Weiss et al., 2004). This might be not surprising, since SrtB is 

only responsible for the cell wall-sorting of IsdC. Therefore the deletion of srtB is 

expected only to interfere with haem acquisition. Recent studies showed that 

the S. aureus Isd proteins specifically recognize human haemoglobin and bind 

poorly to the murine version (Pishchany et al., 2010). This might explain why a 

srtB mutant did not display a defect in virulence in the murine models.

Earlier studies identified surface-anchored proteins of S. lugdunensis. 

Phage display experiments resulted in the identification of the fibrinogen binding 

protein of S. lugdunensis (Fbl - 94,7 kDa) (Nilsson et al., 2004a). Fbl possesses 

just like ClfA of S. aureus and SdrG of S. epidermidis an N-terminal A region 

consisting of three independently folded subdomains (N1/N2/N3). The N2/N3 

subdomains are predicted to comprise IgG-like folds. The A domain is followed 

by a stalk region. In ClfA and SdrG this consists of serine-aspartate (SD) 

repeats whereas in Fbl the repeats contain an alanine (SDSDSA) (Nilsson et 

al., 2004a). Fbl promotes adherence to immobilized fibrinogen (Fg) and the 

N2/N3 domains were shown to be sufficient for Fg binding (Geoghegan et al., 

2010b). ClfA and Fbl show similar binding affinities to Fg and bind the ligand by 

the “dock, lock and latch” mechanism. Furthermore both MSCRAMMs bind to 

the C-terminal end of the fibrinogen y-chain (Geoghegan et al., 2010b). A 

schematic diagram of Fbl is shown in Figure 5.1.
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A yon Willebrand factor-binding protein of S, [ugdunensis (vWbl) has also 

been described (Nilsson et al., 2004b). This 226 kDa LPXTG-anchored protein 

possesses a 1300 aa N-terminal A domain with an Arg-Gly-Asp (RGD) motif, 

followed by 10 highly similar repeats of 67 residues (Figure 5.1). The binding of 

vWbl to yon Willebrand Factor (vWF) occurs at the C-terminal repeat region 

(Nilsson et al., 2004b) although no detailed molecular model for the interaction 

is available. Furthermore only phage particles displaying parts of the vWbl on 

the surface bound to vWF. S. lugdunensis adherence to immobilized vWF was 

not tested and solid phase binding assays using recombinant vWbl were not 

carried out. A ligand for the A domain of vWbl has not been described but the 

presence of an RGD motive, which is found in several integrin-binding proteins 

such as fibronectin laminin or vWF (Ruoslahti & Pierschbacher, 1986), suggests 

the possibility that the A domain might promote adherence to eukaryotic cells 

(Nilsson et al., 2004b). A schematic diagram of vWbl is shown in Figure 5.1.

Very little is known about the ability of S. lugdunensis to bind to human 

extra cellular matrix (ECM) proteins. Using iodine labelled protein binding 

assays, it was shown that most S. lugdunensis stains bound strongly to 

collagens type I and IV, with a lower affinity to laminin and vibronectin and 

weakly to fibronectin, thrombospondin, plasminogen and IgG (Paulsson et al., 

1993). The evaluation of the genome sequences of S. lugdunensis N920143 

and FIKU09-01 identified several putative cell surface-anchored proteins, 

possessing domain organizations that are unusual for staphylococci (Chapter 

3). These proteins might promote adhesion to several ECM molecules.

Very little is known about the behaviour of S. lugdunensis in in vivo 

models. A mouse foreign-body abscess model (Ferguson et al., 1991; Lambe et 

al., 1990) and an implant associated foreign-body peritoneal infection model 

(Rozalska & Ljungh, 1995) have been used to investigate the pathogenicity of 

S, lugdunensis. Both models confirmed the virulence potential of the species. 

However, S. lugdunensis mutants have not been investigated and little is known 

about virulence factors and the molecular mechanisms of pathogenicity.

This chapter describes the characteristics of S. lugdunensis N920143 

and of three isogenic mutants deficient in Fbl, vWbl or SrtA in a catheter- 

induced rat endocarditis model. Furthermore, the expression of various cell
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surface-anchored proteins by different clinical S. lugdunensis isolates is 

described.

Results

5.1 Virulence of S. lugdunensis N920143 in a rat endocarditis 

model

Clinical reports suggest that S, lugdunensis is a virulent pathogen 

causing both native and prosthetic valve endocarditis (Frank et al., 2008; Liu et 

al., 2010). An animal model of S. lugdunensis endocarditis has not been 

reported previously. Therefore a rat model of catheter-induced endocarditis that 

is well established for S. aureus was used to compare the virulence of S. 

lugdunensis strain N920143 to S. aureus strains Newman (MSSA) and COL 

(MRSA). These experiments were carried out in collaboration with F. Hanses 

(Department of Internal Medicine I, University Hospital Regensburg, Germany). 

S. lugdunensis N920143 was chosen because the complete genome sequence 

is available (Heilbronner et al., 2011) and it expresses Fbl (Mitchell et al., 2004, 

Geoghegan et al., 2010b). Fbl is related to ClfA of S. aureus, a known virulence 

factor in rat endocarditis caused by this organism (Moreillon et al., 1995).

S. lugdunensis N920143 was capable of causing invective endocarditis 

in the rat model and all infected rats developed infected vegetations on the 

heart valves (Figure 5.2). Infection caused by S. lugdunensis N920143 seemed 

to be less severe than that caused by both S. aureus strains. Rats infected with 

N920143 displayed weaker symptoms than S. aureus-infected rats and most 

S. lugdunensisAntected animals were still alive at day 4 post infection. 

S. aureus-infected rats were either dead or had to be euthanized at day 3 post 

infection. Animals infected with N920143 consistently showed lower levels of 

bactereamia compared to both S. aureus strains (Figure 5.2 A). This might 

explain the milder course of disease and could be due to a more effective 

clearance of S. lugdunensis from the bloodstream as well as to less severe 

endocarditis.

Rats infected with S. lugdunensis N920143 had significantly fewer viable 

bacteria in their kidneys than animals infected with S. aureus strain Newman
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Figure 5.2 Virulence of S. lugdunensis compared to S. aureus in the 
catheter-induced rat endocarditis model
After placement of the catheter, rats were challenged with S. aureus or 
S. lugdunensis. The level of bactereamia was monitored every day. Rats 
were sacrificed after 3 days (S. aureus) or 4 days (S. lugdunensis) and the 
CFU in endocardial vegetations and kidneys were determined.
(A) CFU per ml blood up to day 4 after infection.
(B) CFU in kidneys at the end of the experiment (S. aureus - 3 days after 
infection; S. lugdunensis 4 days after infection)
(C) CFU in endocardial vegetations (S. aureus - 3 days after infection; 
S. lugdunensis 4 days after infection) Bacterial densities (CFU/g) and size 
of vegetations (mg) were compared to S. aureus Newman and to S. 
aureus COL.
The experiments were conducted by F. Hanses.

Number of infected animals were 10 for S. aureus Newman, 12 for 
S. aureus COL and 10 for S. lugdunensis N920143.
Statistical evaluation was performed using the Mann-Whitney U-test. 
P-values <0.05 were regarded as significant and are indicated.



(Figure 5.2 B). Furthermore, the endocardial vegetations were smaller and 

bacterial densities in vegetations were lower (Figure 5.2 C). Interestingly, 

vegetations caused by S. lugdunensis N920143 and S. aureus strain COL were 

similar in size and bacterial density. Furthermore spreading of the bacteria to 

the kidneys was comparable between N920143 and S. aureus COL. In 

summary, S. lugdunensis N920143 was less virulent than either S. aureus 

strain with regard to the levels of bactereamia but formed comparable 

endocardial vegetations to S. aureus strain COL.

5.2 Importance of cell wall-anchored proteins during infective 

endocarditis

5.2.1 Deletion mutations in fbl, vWbI and srtA

In order to investigate the role of S. lugdunensis CWPs in the 

development of infective endocarditis (IE), pIMAY was used for the creation of 

deletion mutations in the genes encoding Fbl, vWbl and sortase A. In order to 

revert the mutation in srtA to wild-type, the allele exchange procedure was 

employed a second time. Using pIMAY, the srtA gene was reinserted at its 

original location in the chromosome (see the diagram in Chapter 4, Figure 4.4 

for the reversion of the slush locus). A novel Smal restriction site was 

introduced in srtA to distinguish between wild-type and revertant (srtA-R). 

Figure 5.3 shows Smal-treated PCR products amplified from chromosomal DNA 

of the wild-type, the AsiiA and the srtA-R strains. A 1.7 kb fragment was 

amplified from the wild-type strain containing the srtA coding sequence (0.7 kb) 

plus 0.5 kb flanking sequence on either side of the gene. A Smal site was not 

present in the wild-type fragment. A 1 kb fragment (containing the flanking 

sequences only) without a Smal site was amplified from the AsrtA mutant, 

confirming the successful deletion of the gene. A 1.7 kb fragment {srtA-R plus 

flanking sequences) was amplified from the revertant, confirming the 

introduction srtA-R. The introduction of the silent mutation allowed Smal 

digestion of this fragment.
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5.2.2 Effects of the srtA deletion on CWP sorting

In order to test the veracity of the AsrtA mutant, cell fractionation was 

performed. This method used lysostaphin and mutanolysin to degrade the cell 

wall in order to release CWPs into the supernatant. The resulting protoplasts 

were lysed to gain membrane and cytoplasmic fractions. The collected cell wall 

and membrane fractions were probed with antibodies to IsdB, a protein that is 

known to harbour an LPXTG motif and which is known be detectable in the cell 

wall fraction of iron-starved bacteria (Zapotoczna et al., 2012a). Furthermore 

the fractions were probed for SrtA. In the wild-type sample an immunoreactive 

band of 70 kDa corresponding to IsdB was found exclusively in the wall fraction 

consistent with proper sorting and a protein of 27 kDa corresponding to SrtA 

was detected in the membrane fraction (Figure 5.4). This band was missing in 

the AsrtA mutant and the IsdB protein was mis-localised in the membrane 

fraction. The IsdB protein in the AsrtA mutant was slightly larger, most likely due 

to retention of residues C-terminal to the LPXTG sorting signal. In the reverted 

srtA-R strain IsdB and SrtA expression was the same as wild-type (Figure 5.4).

5.2.3 Validation of the fbl mutation

In order to validate the fbl deletion mutation, the expression of Fbl on the 

surface of the wild-type and mutant bacteria was assessed by whole cell 

immunoblotting using anti-Fbl serum (Mitchell et al., 2004) (Figure 5.5 A). Fbl 

was detected on the surface of wild-type S. lugdunensis N920143 but was 

absent from the Afbl mutant. Fbl is known to promote adherence to Fg 

(Geoghegan et al., 2010b; Mitchell et al., 2004). Therefore whole cell adherence 

assays were carried out, using immobilized Fg (Figure 5.5 B). While the wild- 

type showed strong adherence to the immobilized ligand, the Afbl mutant was 

unable to adhere to Fg. This result validated the mutation in fbl and indicated 

that Fbl is the only CWP of S. lugdunensis N920143 that recognizes Fg under 

the conditions used.

However, all attempts to detect Fbl in membrane or cell wall fractions 

generated by the formation of protoplasts were unsuccessful, most likely due to 

proteolytic degradation (unpublished results and J. Geoghegan, personal 

communication).
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Figure 5.3 Confirmation of 
srtA wiid-type, AsrtA mutant 
and srtA-R strains
PCR products of the srtA 
coding region using the wild- 
type, AsrtA and srt/A-reversion 
(srtA-R) strains. PCR products 
were Smal-digested as 
indicated in the lanes.
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Figure 5.4 Western immunobiotting to confirm the SrtA mutation
Strains were grown to stationary phase, adjusted to 00573= 5 and the cell 
wall was digested with lysostaphin in the presence of 0.5 M sucrose to 
stabilize the protoplasts. Cell wall and membrane fractions were formed, 
separated by SDS-PAGE and blotted onto a PVDF membrane. CW - cell 
wall fraction, mem - membrane fraction.
(A) Detection of IsdB using rabbit anti-lsdB IgG in cell fractions of S. 
lugdunensis N920143 grown in RPMI.
(B) Detection of SrtA using rabbit anti-SrtA in cell fractions of S. 
lugdunensis grown in TSB. Binding of primary antibodies was detected 
using goat anti-rabbit IgG-HRP.
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Figure 5.5 Validation of the fbl mutation
(A) Whole cell immunoblot, S. lugdunensis stationary phase cells were 
adjusted to OD578 = 1 and 5 pi of the suspension was dotted on a 
nitrocellulose membrane. Fbl was detected with rabbit anti-Fbl serum 
followed by goat anti-rabbit-IgG conjugated to HRP.
(B) Adherence of S. lugdunensis to immobilized fibrinogen. 
S. lugdunensis ceils (100 pi of OD578 = 1) were added to wells of 
microtiter plates coated with human fibrinogen. Adhering cells were 
stained with crystal violet and the absorbance was measured in an 
ELISA plate reader at 570 nm. Values represent the mean and SEM of 
triplicate wells. The experiment was carried out three times with similar 
results.



5.2.4 vWbl expression

Antibodies were raised against the A domain of the vWbl (amino acids 

(aa) 46-1200, see Figure 5.1) and were used to probe S. lugdunensis for 

expression of the protein on the bacterial cell surface. Expression of the protein 

by strain N920143 could not be detected by whole cell immunoblotting or cell 

fractionation and Western immunoblotting. Neither a change in growth phase 

(stationary or exponential) nor culture medium (TSB or RPMI) led to detectable 

vWbl expression in vitro (data not shown). To investigate whether this is a 

common feature among S. lugdunensis strains, or whether it is a characteristic 

of strain N920143, eleven S. lugdunensis clinical isolates were chosen for 

examination of vWbl expression using whole cell immunoblotting. Only two of 

the strains displayed detectable protein on the cell surface (Figure 5.6). 

However, none of the strains adhered to immobilized human vWF (data not 

shown). This leaves the N920143 AvWbl mutant without a detectable phenotype 

in in vitro experiments and raises the question whether vWbl is indeed a vWF 

binding protein when displayed on the cell surface of S. lugdunensis.

5.3 S. lugdunensis mutants in the rat endocarditis model

To assess the relative contribution of Fbl, vWbl and SrtA in 

S. lugdunensis endocarditis, the isogenic mutants were tested in the rat 

endocarditis model. A trend towards a reduced virulence was observed for each 

of the mutants compared to the parental strain. However, differences reached 

the level of significance only for the AsrtA strain (Figure 5.7 and Figure 5.8).

The srtA mutant of S. lugdunensis showed significant defects in virulence 

including reduced bactereamia (Figure 5.7 A), reduced bacterial spreading to 

the kidneys (Figure 5.7 B) and reduced size / density of endocardial vegetations 

(Figure 5.7 C). This highlights the importance of LPXTG-anchored proteins in 

pathogenesis.

Mutants defective in individual surface proteins Fbl and vWbl were not 

significantly different from the wild-type (Figure 5.8). However there were trends 

towards reduced virulence observed for both mutants. An interesting 

observation is that the development of endocardial vegetations appears to be 

an all-or-nothing phenomenon. Either the infected rats developed vegetations of
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Figure 5.7 Virulence of S. lugdunensis AsrtA in the catheter-induced 
rat endocarditis model
After placement of the catheter, rats were challenged with S. lugdunensis. 
The level of bactereamia was monitored every day. Rats were sacrificed 
after 4 days and the CFU in endocardial vegetations and kidneys were 
determined.
(A) CFU per ml blood up to day 4 after infection.
(B) CFU in kidneys.
(C) CFU in endocardial vegetations. Bacterial densities (CFU/g) and size 
of vegetations (mg) formed by N920143 wild-type and AsrtA mutant.
The experiments were conducted by F. Hanses.

Nine animals were infected with each S. lugdunensis strain. 
Statistical evaluation was performed using the Mann-Whitney U-test. 
P-values <0.05 were regarded as significant and are indicated.
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Figure 5.8 Virulence of S. lugdunensis AvWbl and Afbl mutants in 
the catheter-induced rat endocarditis model
After placement of the catheter, rats were challenged with 
S. lugdunensis. The level of bactereamia was monitored every day. Rats 
were sacrificed after 4 days and the CFU in endocardial vegetations and 
kidneys were determined.
(A) CFU per ml blood up to day 4 after infection.
(B) CFU in kidneys.
(C) CFU in endocardial vegetations. Bacterial densities (CFU/g) and size 
of vegetations (mg) formed by N920143 wild-type, AvWbl and Afbl.
The experiments were conducted by F. Hanses.

Nine animals were infected with each S. lugdunensis strain. 
Statistical evaluation was performed using the Mann-Whitney U-test. 
P-values <0.05 were regarded as significant.



similar size and density to the wild-type, or they did not infect heart valve 

detectably. This was particularly noticeable with the AsrtA mutant where 66% of 

rats did not develop detectable endocardial vegetations. In comparison 33% of 

rats infected with AvWbl and Afbl failed to establish a thrombus on the heart 

valve while not a single rat maintained sterile vegetations (<10‘^ CFU) when 

infected with the wild-type strain.

5.4 Expression of S. lugdunensis cell wall-anchored proteins 

and adherence to various ligands

5.4.1 Expression of S. lugdunensis cell wail-anchored proteins

As described in Chapter 3, S. lugdunensis N920143 and HKU09-01 

harbour eleven genes with the potential to encode SrtA-anchored, cell surface- 

exposed proteins. The A regions (Figure 5.9) of the proteins SIsD (aa 230-610), 

SIsE (aa 46-800), SIsF (aa 42-778) and SIsG (aa 48-920) were expressed using 

the expression plasmid pQE30. The vector added an N-terminal hexa-histidine 

tag to the recombinant protein to aid purification. The recombinant proteins 

rSlsD23o-6io> rSlsE46-8oo, |■SlsF42-778 and rSlsG48-92o were purified and used for 

antibody production.

Eleven S. lugdunensis clinical isolates from the TCD collection were 

investigated for the expression of the CWPs. The strains were grown to either 

stationary or exponential phase and the expression of CWPs was investigated 

using whole cell immunoblotting. The levels of expression of SIsE, SIsF and 

SIsG differed strongly between the strains (Figure 5.10), suggesting a strain- 

dependent regulation of expression. The general expression level seemed to be 

higher in exponential phase. However, quantification of the expression levels 

was not performed. N940164 was the only strain that expressed SIsF on the cell 

surface in these experiments.

5.4.2 Adherence of S. lugdunensis strains to various ECM molecules

In order to Identify ECM molecules that might serve as ligands for 

S. lugdunensis, a range of different molecules (cytokeratin 10, fibronectin, 

fibrinogen, loricrin, vWF, human/bovine albumin) were used in bacterial 

adherence assays. Surprisingly, with the exception of fibrinogen, none of the
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SIsE

N910_31_9_

N910_320__

N9201_43_

N930432__

N940q25_

N940084__

N9401_1_3_

N9401_35__

N9401_6_4__

N950646

HKU09-01

tj <2/

SIsF SIsG

J

Figure 5.10 Whole cell immunoblot to detect CWP expression of 
various S. lugdunensis strains
S. lugdunensis cells were adjusted to ODgyg = 1 and 5 pi of the 
suspension was dotted on a nitrocellulose membrane. SIsE, SIsF and 
SIsD were detected with specific mouse serum followed by rabbit anti- 
mouse-IgG conjugated to HRP.
stat. - stationary phase cells; expo. - exponential phase cells.



S. lugdunensis strains displayed adherence to any of the ligands used in these 

experiments (data not shown). Effective immobilization was confirmed by the 

use of the S. aureus strain SH1000 which adhered to all ligands except for 

albumin (data not shown).

The GA domain of SIsF was suggested to be an albumin binding domain, 

yet none of the strains used adhered to albumin (either human or bovine). The 

strain N940164 which displayed SIsF on the cell surface (Figure 5.10) did not 

adhere to albumin in these experiments. Furthermore, recombinant SIsF protein 

(rSlsF42.778) did not bind to albumin in solid phase binding assays (data not 

shown) suggesting that SIsF is not an albumin binding protein. Importantly, 

successful immobilisation of albumin could not be confirmed in these 

experiments since a positive control was not available.

S. lugdunensis encodes the fibrinogen binding protein Fbl. However, 

apart from strain N920143 only three strains (27,2 %) adhered detectably to 

fibrinogen in solid phase adherence assays (Figure 5.11 A). No difference in 

adherence to fibrinogen was observed when stationary phase cells were 

compared to exponential phase cells (data not shown). To investigate this 

phenomenon, Fbl surface expression was assessed by whole cell 

immunoblotting. Interestingly Fbl was detectable on the cell surface of all strains 

tested and in general the expression levels seemed higher in exponential phase 

(Figure 5.11 B). This suggested that the failure to adhere to fibrinogen is rather 

caused by properties of the encoded Fbl than by strain-specific differences in 

expression. The nucleotide sequences of two fbl alleles are available. N920143, 

a strain which displays strong Fbl-dependent adherence to fibrinogen (see 

Figure 5.5) and HKU09-01, a strain which expresses Fbl but does not display 

detectable fibrinogen binding (Figure 5.10). A comparison of Fbl of the two 

strains revealed that the entire N-terminal regions encompassing the fibrinogen 

binding N2/N3 domains (Geoghegan et al., 2010b) are 100% identical. This 

suggests that both encoded proteins could bind to fibrinogen by the same 

mechanism. However, a major difference was observed in the putative stalk 

regions of the proteins. Fbl of N920143 possesses 14 perfect 

DSDSDADSDSDADSDS repeats (224 residues) while Fbl of HKU09-01 

possesses only 5 imperfect repeats (74 residues) which would result in a 

significantly smaller protein. The size of the stalk region is known to be
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important for the functional surface display of cell wall-anchored proteins 

(Hartford et al., 1997; Strauss & Gdtz, 1996). Thus it can be proposed that the 

short stalk region of Fbl is in part a reason for the failure of HKU09-01 to adhere 

to fibrinogen. However, experiments with different strains expressing various 

length Fbl proteins are needed to verify this hypothesis.

5.4.3 Investigation of SIsD

As described in Chapter 3, sIsD of S. lugdunensis encodes a second 

putative fibrinogen binding protein. The amino acid sequence of the N-terminal 

A domain (aa 50 - 612) shares homology with Fbl (23 % identity / 40% similar) 

and analysis of the putative three dimensional structure predicted N2/N3 

domain organization. The sIsD coding sequence possesses a conserved 

nonsense mutation upstream of the region encoding the LPXTG anchoring motif 

in both N920143 and HKU09-01. This should prevent the anchoring of the 

protein to the peptidoglycan.

In order to investigate whether SIsD is indeed a fibrinogen binding 

protein, Surface expression of SIsD was investigated using whole cell 

immunoblotting (Figure 5.12). Two out of eleven strains (N930432 and 

N940164) expressed SIsD detectably on the cell surface. Sequencing of the 

location where the nonsense mutation is present in N920143 and HKU09-01 

revealed that the mutation was conserved in all isolates except for the two 

strains showing SIsD surface-expression (N930432 and N940164) along with 

N950646 (Figure 5.13). The latter strain did not express SIsD although the 

nonsense mutation was not present. This might be explained by a different 

regulation of SIsD expression or by the presence of nonsense / frame-shift 

mutation at a different location, but was not further investigated.

As described above, most S. lugdunensis strains expressed Fbl on the 

cell surface but only a few were able to adhere to solid phase Fg. Strain 

N930432 was the only strain of the TCD collection which displayed adherence 

to fibrinogen and expressed both Fbl and SIsD on the cell surface. To examine 

whether the adherence of this strain was dependent on Fbl or SIsD, a Afbl 

mutant was constructed in N930432 using pIMAY. Fbl was not detectable on 

the cell surface of the mutant strain, while SIsD was still expressed (Figure 5.14 

A). However, deletion of Fbl abrogated adherence to fibrinogen, suggesting that
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N910319 N940113

N910320 N940135

N920143 ^ N940164

N930432 / N950646

N940025 HKU09-01

N940084

5.12 Whole cell immuno dot blotting for SIsD expression
S. lugdunensis stationary phase cells were adjusted to 
ODgyg = 1 and 5 pi of the suspension was dotted on a 
nitrocellulose membrane. SIsD was detected with mouse 
anti-SIsD serum, followed by rabbit anti-mouse-IgG 
conjugated to HRP.
Expression in exponential phase did not change and is not 
shown.
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5.14 Expression of SIsD by strain N930432
(A) Whole cell immunoblot for SIsD and Fbl expression. S. lugdunensis 

stationary phase cells were adjusted to OD573 = 1 and 5 pi of the 
suspension was dotted on a nitrocellulose membrane. SIsD was 
detected with mouse anti-SIsD serum, Fbl was detected with rabbit anti- 
Fbl serum. Primary antibodies were detected by rabbit anti-mouse-IgG 
conjugated to FIRP or goat anti-rabbit-IgG conjugated to FIRP, 
respectively.
(B) Adherence to immobilized fibrinogen. S. lugdunensis cells (100 pi of 
OD578 = 1) were added to wells of microtiter plates coated with 10 pg/ml 
human Fg. Adhering cells were stained with crystal violet and the 
absorbance was measured in an ELISA plate reader at 570 nm. Values 
represent the mean and SEM of triplicate wells. The experiment was 
carried out three times with similar results.



Fbl and not SIsD was responsible for the adherence to fibrinogen by N930432 

(Figure 5.14 B).

The sIsD gene of N920143 possesses a nonsense mutation that is likely 

to prevent cell wall-anchoring of the protein. However, the truncated protein 

could be detected in N920143 culture supernatants (Figure 5.15 A). To assess, 

whether SIsD of N920143 possesses the capacity to promote adherence to 

fibrinogen, the nonsense mutation was reverted to wild-type in the Afbl strain of 

N920143. Plasmid pIMAY was used to replace the single nucleotide (TAA-CAA) 

within the sIsD gene of N920143 Afbl by allelic exchange. The N920143 wild- 

type strain expressed Fbl but not SIsD on the cell surface. The Afbl strain 

expressed neither of the proteins while the Afbl sIsD'' strain expressed only 

SIsD on the cell surface (Figure 5.15 B). Furthermore the truncated SIsD protein 

disappeared from the culture supernatant in the Afbl sIsD'' strain (Figure 5.15 

A). However, expression of surface associated SIsD had no impact on 

adherence of bacteria to fibrinogen. The deletion of Fbl abolished adherence to 

Fg and this was not restored by surface expression of SIsD (Figure 5.15 C). The 

experiments suggest that SIsD does not possess the capacity to bind 

fibrinogen. These results were supported by solid phase fibrinogen binding 

assays using recombinant SIsD. The rSlsD23o-6io protein contained the N2/N3 

domain which corresponds to be the minimum Fg binding domain of SdrG. 

However, rSlsD23o-6io did not bind to fibrinogen in these assays (data not 

shown). The N2/N3 domains of Fbl bind strongly to Fg (Geoghegan et al., 

2010b). Recombinant Fbl (rFbbos-sss) was kindly provided by 

J. Geoghegan and served as a positive control to confirm the functionality of the 

assay.

Discussion
Several case studies described S. lugdunensis as an important opportunistic 

pathogen that is associated with severe cases of IE in humans (Carpenter et al., 

2012; Cevasco & Haime, 2012; Chung et al., 2012; Sibal et al., 2011; Stair et 

al., 2012). Although infections are infrequent, it is remarkable that 

S. lugdunensis is associated with native valve endocarditis showing fulminant 

and a highly destructive clinical course. This distinguishes S. lugdunensis from
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the other CoNS which are normally primarily associated with prosthetic valve 

endocarditis (Frank et al., 2008; Huebner& Goldmann, 1999).

For the first time, the virulence of a clinical isolate of S. lugdunensis was 

investigated in a rat endocarditis model and compared to two strains of 

S. aureus. Interestingly, S. lugdunensis strain N920143 did not display an 

elevated degree of virulence in this experimental model. In contrast, rats 

infected with N920143 survived longer and displayed lower levels of 

bactereamia than S. aureus-infected rats. In general, the level of bactereamia is 

regarded to be a good indication for the severity of endocarditis, since bacteria 

are constantly being released from the vegetation into the blood stream. 

Flowever, reduced bactereamia and mortality in S. /ugdunens/s-infected rats 

could reflect differences in the clearance of bacteria from the blood stream 

rather than differences in the endocardial infections. Regarding immune 

evasion, a more effective clearance of S. lugdunensis seems a likely possibility. 

The analysis of two genome sequences has given some insight into the 

virulence potential of this species and genes encoding orthologues of 

S. aureus toxins and immune evasion factors were not detected. Altogether the 

virulence potential of S. lugdunensis compared to S. aureus seems to be 

limited.

Regarding size and density of the vegetations formed, S. lugdunensis 

showed similar characteristics to S. aureus COL. However, S. aureus Newman 

caused significantly bigger vegetations. It would be interesting to compare 

several other clinical isolates of S. lugdunensis with S. aureus to draw 

conclusions about virulence of S. lugdunensis in this model. In addition, it has to 

be considered that the rat endocarditis model might not be ideally suited for this 

organism. S. lugdunensis is the only CoNS with an iron responsive surface 

determinant locus (Isd), encoding cell wall-anchored haem-binding proteins, 

membrane transporters and a haem degrading monoxygenase. In S. aureus, 

this locus permits the utilization of haemoglobin as a source of nutrient iron. 

Recent studies by Haley et. al. (Haley et al., 2011) and Zapotoczna et al. 

(Zapotoczna et al., 2012a) showed that the Isd system in S. lugdunensis is 

active and functions in a similar fashion to that of S. aureus. However, the 

S. lugdunensis IsdB protein specifically binds human haemoglobin and has a 

low affinity for the rodent version (Zapotoczna et al., 2012a). As a result,

96



S. lugdunensis cannot use mouse haemoglobin as a source of nutrient iron 

(Pishchany et ai, 2010; Zapotoczna et al., 2012a). This might also be true for 

rat haemoglobin, since the a- and |3-chains of mouse and rat haemoglobin show 

>84% sequence identity. In contrast the S. aureus Isd system is capable of 

using mouse haemoglobin, although not as efficiently as the human variant 

(Pishchany et al., 2010). This adaption to the human host might help to explain 

the rather low virulence of S. lugdunensis N920143 in the rat infection model. It 

is important to underline that a single S. lugdunensis strain (N920143) was used 

in the endocarditis experiments. This strain was chosen since it represents a 

clinical isolate that expresses Fbl. However, the observed characteristics in the 

rat endocarditis model might represent strain specific characteristics rather than 

characteristics of the entire species. Additional S. lugdunensis isolates should 

be tested in the rat endocarditis model to investigate whether the species 

S. lugdunensis can be regarded as less virulent than S. aureus.

The importance of LPXTG-anchored proteins as virulence factors has 

been recognized (Que et al., 2001; Que et al., 2005). The expression of the 

S. aureus surface protein ClfA by Lactococcus lactis leads to increased 

virulence in an experimental rat endocarditis model (Moreillon et al., 1995). 

Mutants of S. aureus deficient in sortase A displayed strongly reduced virulence 

in various infection models including experimental sepsis and infective 

endocarditis (Jonsson et al., 2003; Weiss et al., 2004). srtA mutants were 

recently discussed as vaccine candidates due to the attenuated but still 

immune-stimulating phenotype (Kim et al., 2011). Here the srtA mutant of 

S. lugdunensis showed significant defects in virulence including reduced 

bacteraemia, reduced bacterial spreading to the kidneys and reduced 

size/density of endocardial vegetations. This highlights the importance of 

LPXTG-anchored proteins in pathogenesis.

The S. lugdunensis CWPs Fbl and vWbl bind to fibrinogen and von 

Willebrand Factor, respectively. Both ligands are important effector molecules in 

the blood clotting cascade making an involvement of Fbl and vWbl in the 

adherence to damaged heart tissue and the subsequent development of IE 

likely. Mutants defective in individual surface proteins Fbl and vWbl were not 

significantly less virulent than the wild-type, although trends towards reduced 

virulence were observed. This suggests that several surface proteins act in
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concert to promote adhesion to the thrombus and possibly survival in the 

bloodstream. However, as soon as the thrombus on the heart valve is formed, 

surface proteins might only play a minor role and size and density develops 

independently.

Knowledge of the function of S. lugdunensis surface proteins is limited. 

Apart from fibrinogen for Fbl, von Willebrand Factor for vWbl and 

haem/haemoglobin for Isd proteins, no ligands have been identified for the 

remaining proteins. The experiments performed in this study failed to identify 

ECM molecules that serve as ligands for S. lugdunensis cell wall-anchored 

proteins. The potential ligands investigated in this study included ligands that 

are known to be important for S. aureus including fibronectin, cytokeratin 10 and 

loricrin. However, none of the S. lugdunensis strains in the TCD collection 

adhered to these molecules. The vWbl protein was reported to bind human vWF 

(Nilsson et ai, 2004b). The protein was not expressed detectably under in vitro 

conditions by most isolates tested, including N920143. Only two out of eleven 

strains expressed the protein on the cell surface in vitro. However, expression 

of the protein did not mediate adherence to immobilized human vWF. Earlier 

studies (Nilsson et ai, 2004b) reported that the C-terminal repeat region of 

vWbl binds to vWF, which is unusual. Normally the ligand binding domain is 

located within the N-terminal A domain of CWPs (Speziale et ai., 2009). 

C-terminal repeat regions are common in cell wall-anchored proteins. However, 

their function is usually to act as a stalk between the LPXTG cell wall anchor 

and the ligand binding domain. The stalk regions are needed so that proteins 

can bypass peptidoglycan and expose the ligand binding domain on the cell 

surface. The only exceptions known are the FnBPs of S. aureus where Fn 

binding is promoted by the repeat region (Schwarz-Linek et ai., 2003). 

Regarding vWbl it is conceivable that the repeat region is buried within the cell 

wall of S. lugdunensis and cannot promote adhesion to vWF. Perhaps vWbl 

binds to other ligands in vivo.

The adherence to fibrinogen promoted by Fbl might be influenced by the 

length of the stalk region. It is known that the presence of the fbl gene is a 

general characteristic of S. lugdunensis and PCR amplification of fbl has been 

proposed as an identification method for this species (Chatzigeorgiou et ai., 

2010; Pereira et ai., 2010). Marlinghaus et. ai. (Marlinghaus et ai., 2012) report
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the presence of fbl in all of the 104 isolates in their study. Although Fbl is known 

to bind Fg, Marlinghaus et. al. reported that only 28% of their strains adhered to 

the ligand. Similar results were obtained when the S. lugdunensis strains of the 

TCD collection were tested for their ability to adhere to solid phase fibrinogen. 

However the experiments performed in this study showed that Fbl is detectable 

on the cell surface of most S. lugdunensis strains investigated although 

quantification of Fbl expression has not been performed, limiting the 

conclusions that can be drawn. However, strain-specific differences in the 

amino acid sequences of Fbl might account for the failure of some strains to 

bind to Fg. Comparing the fbl alleles of N920143 (strong adherence to Fg) and 

HKU09-01 (no adherence to Fg) revealed the only difference to be in the length 

of the stalk region. It was shown for ClfA of S. aureus that 60-110 residues in 

the stalk region are necessary for the functional display of the protein on the cell 

surface (Hartford et al., 1997). The stalk of Fbl from N920143 possesses 224 

residues while HKU09-01 possesses merely 74 residues. It is conceivable that 

differences in the length of the Fbl stalk regions are responsible for the different 

abilities of the strains to adhere to fibrinogen. However, additional experiments 

are necessary to validate this hypothesis.
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Chapter 6
Duplication and amplification of the /sc/operon in

HKU09-01
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Introduction
Gene duplication and amplification (GDA) is a common genetic event 

that is known to occur in all three kingdoms of life (Romero & Palacios, 1997; 

Sandegren & Andersson, 2009) and is more and more recognised to be of 

fundamental evolutionary importance (Bergthorsson et ai, 2007; Nasvall et al., 

2012). GDA contributes to several human diseases, to phenotypic variation and 

to human susceptibility to infectious diseases (Beckmann et al., 2007; Conrad & 

Antonarakis, 2007).

GDA events have best been studied in Gram-negative model organisms 

such as Escherichia coli (Andersson et al., 1998) and Salmonella species 

(Anderson & Roth, 1981). Tandem repeat duplications are found in virtually all 

regions of the chromosome (Anderson & Roth, 1981) with the size of repeats 

ranging from a few kilobases up to several megabases (Sandegren & 

Andersson, 2009). The frequency of duplications seems to be high with an 

estimated 10% of cells in a bacterial culture carrying a duplication somewhere 

in the chromosome (Koch, 1987). The genetic mechanism for the creation of 

GDA is well described and involves non-equal homologous recombination 

mediated by RecA (Sandegren & Andersson, 2009). The repetitive sequences 

required for RecA-dependent recombination can be provided by short 

nucleotide repeats in different genes, ribosomal RNA operons (rrn) (Anderson & 

Roth, 1981), insertion sequences or transposable elements (Bertini et al., 2007; 

Chandler et al., 1979; Nicoloff et al., 2007). During the replication of the 

bacterial chromosome, the two sister chromatids remain in close proximity for a 

short period of time. The RecA protein recognises homologous sequences 

(normally 100 or more nucleotides in length) upstream and downstream of the 

target sequence and promotes recombination. Thereby the target sequence is 

duplicated (Figure 6.1 A). The frequency of this recombination is dependent on 

the length of the homologous flanking sequences and has to be determined for 

every duplication separately. In vitro, the frequency of duplications in a bacterial 

culture can be measured using phage transduction assays. In S. typhimurium 

the frequency was found to vary between 10'^ and 10'® per cell per generation 

(Pettersson et al., 2009). Duplications arising without repeated sequences at 

the junction points are observed as well and arise in a RecA-independent
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Figure 6.1 Mechanisms of gene duplication and amplification (GDA)
(A) Duplication occurs either through non-equal homologous 
recombination between directly orientated repeats or through RecA- 
independent mechanisms between short- or no-homology regions.
(B) GDA through roiling circle replication, A double-strand break allows 
single-strand invasion at a homologous or microhomologous site 
followed by replication.
Horizontal arrows denote regions of homology (long or short) involved in 
recombination (dashed lines) between sister chromatids that forms the 
initial duplication. Horizontal square brackets indicate the size of the 
region of homology. Vertical arrows denote the rate of formation of the 
initial duplication (k^uphcation). the rate of further amplification (kampHfication) 
and loss of amplification or duplication (ki^ss)- The thickness of vertical 
arrows indicates relative rates of formation and loss. The region in 
vertical brackets denotes the amplified unit.
Adapted from (Sandegren & Andersson, 2009)



manner (Sandegren & Andersson, 2009). However, after the primary duplication 

event, long perfect tandem repeats are available and allow RecA-dependent 

amplification and the corresponding loss of the duplication (segregation) with a 

much higher frequency. Loss rates can be as high as 0.01-0.15 per cell per 

generation (Koch, 1987; Pettersson etai, 2009).

Alternatively, higher level amplifications can arise without duplication 

intermediates by mechanisms based on rolling circle replication. This 

mechanism requires the RecA-dependent repair of double-strand breaks using 

the replication fork. Thereby it is possible to create long tandem arrays in a 

single generation (Figure 6.1 B) (Koch, 1987; Petit eta/., 1992).

A special function of GDAs is seen in the development of resistance to 

antibacterial agents (Sandegren & Andersson, 2009). Commonly encountered 

mechanisms of acquiring resistance against antibacterial drugs involve 

horizontal transfer of resistance determinants or spontaneous point mutations. 

However, GDAs confer resistance by increasing the gene dosage of antibiotic 

modifying enzymes (Clewell et al., 1975; Yagi & Clewell, 1976), of the target 

gene (Min et al., 2008; Yoon et al., 2008), of unrelated genes (Nilsson et al., 

2006) and of drug efflux pumps (Nicoloff et al., 2006; Nicoloff et al., 2007). 

Resistance is often acquired in two steps. Firstly, the resistance mechanism is 

acquired by horizontal gene transfer and confers resistance with concomitant 

loss of bacterial fitness. Secondly, additional genetic changes compensate the 

loss of fitness. Those changes can include GDAs of the resistance determinant 

or of unrelated genes (Nilsson et al., 2006).

In general GDAs have significant effects on protein expression due to 

increased gene dosage. A physiological burden is inherent in this. When the 

selective pressure that provides an advantage to cells with increased 

expression is absent, the GDA will rapidly be lost from the culture (Sandegren & 

Andersson, 2009). Because of their transient nature, some GDAs can be 

compared to regulatory responses rather than to permanent adaptive mutations 

(Sandegren & Andersson, 2009). One example is a study conducted in 

S. aureus (Morikawa et al., 2012). Although S. aureus possesses Sigma Factor 

H (SigH)-controlled competence genes, bacteria do not take up extracellular 

DNA due to the lack of SigH expression under laboratory conditions. A tandem 

repeat duplication at the location of sigH can place one copy of the gene in a

102



new genomic context. A new promoter region becomes available to allow 

expression of SigH and subsequently the expression of competence genes. 

This duplication can be regarded as a strategy to allow a small subset of cells in 

a bacterial culture to take up extracellular DNA and extend genomic diversity.

Very little is known about the natural occurrence of GDAs in the 

chromosome of bacterial pathogens and their effects on the ability to cause 

disease. In Vibrio cholera the ctxA and ctxB genes encoding the two cholera 

toxin subunits are duplicated in many clinical isolates. This correlates with 

increased toxin production by these strains. Furthermore, the toxin locus was 

amplified during passage in vivo, going along with higher toxin expression 

(Goldberg & Mekalanos, 1986; Mekalanos, 1983). This raises the possibility that 

the duplication and amplification of virulence factors might play an important 

role for pathogens to adapt to in vivo growth. The capB locus of Haemophilus 

influenzae is another example. Most invasive isolates carry an amplified capB 

locus and the increased copy number correlates with an increase in 

invasiveness (Cerquetti et al., 2006) and a decrease in complement mediated 

killing and opsonisation (Kroll et al., 1991; Noel et al., 1996). It was also noted 

that strains isolated from children who suffered vaccination failure possessed a 

higher copy number of the capsule locus (Cerquetti et al., 2005) than strains 

isolated from the control group. Therefore duplication and amplification of the 

capB locus is regarded as a strategy to avoid host immune defences.

GDAs are also implicated in evolutionary processes. In 1988 Cairns et al. 

described an observation named “adaptive mutability” (Cairns et al., 1988). The 

model described the high frequency of reversion of a lac frameshift mutation 

when the bacteria were grown with lactose as the sole carbon source. It was 

proposed that bacteria alter the level of target-specific mutability as part of their 

response to stress. It was suggested that bacteria direct mutability to selectively 

valuable sites (Boe, 1990; Foster & Cairns, 1992; Hall, 1990). Alternatively it 

was proposed that stress might induce a general hypermutable state (Torkelson 

et al., 1997) but none of the proposed models explained all observations 

(Rosenberg et al., 1998). Andersson et al. introduced a model to explain 

“adaptive mutability” involving GDA (Andersson et al., 1998).

As discussed above, the duplication of chromosomal regions occurs 

randomly using repetitive sequences. However, only environmental pressure
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will provide a growth advantage for the cells displaying a higher level of protein 

expression and the duplication becomes established within the population. As a 

result coding sequences of helpful proteins are present in increased numbers 

and provide long template sequences for mutations to occur. This allows 

mutations to be acquired at a higher frequency, improving the functions of 

proteins and making the increased gene dosage unnecessary. Subsequently, 

the amplified structure will collapse and only the improved gene copy will 

remain. Additionally, any harmful effects of point mutations (frameshifts and 

nonsense mutations as well as mutations decreasing protein function) are 

absorbed by GDAs since multiple copies are available and inactivated copies 

can be removed by recombination. Thus, GDAs serve as an efficient genetic 

tool to improve rapidly the function of selected genes. This could be shown 

using a S. typhimurium model (Andersson et ai, 1998; Kugelberg eta/., 2006). 

A lac strain (harbouring a frameshift mutation within the lac locus) was grown 

with lactose as sole carbon source. It was shown that the lac frameshift allowed 

leaky expression of (S-galactosidase enabling slow growth. Cells with 

amplifications of the leaky gene displayed faster growth. Thereby intermediate 

colonies arose with a Lac'" phenotype carrying up to 100 copies of the leaky 

gene. However, these intermediates were unstable under non-selective 

conditions and reverted back to a Lac" phenotype due to a high frequency of 

segregation. Stable Lac'" revertants (reversion of the frameshift) were recovered 

at a frequency 10 to 100 fold higher than expected for random point mutations 

in a single copy gene. This can be explained by the increased amount of 

template making mutations restoring the full activity of the gene more frequent. 

Subsequently, the amplified gene array was deleted by recombination, with a 

single reverted gene remaining. Taken together, the results suggest that target- 

specific mutagenesis is the result of an amplified target sequence and is not 

caused by an increase in the general rate of mutation.

Recent research concentrated on the development of novel gene 

functions from gene templates that were acquired by duplication events. GDAs 

were long suspected to provide templates for new genes (Soukup, 1974). 

However, a convincing genetic mechanism for this theory could not be 

suggested. The weakness of this hypothesis is that duplications are only stable 

within a culture when selective pressure allows a growth advantage to bacteria
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with a higher gene dosage. Thus, the additional gene copies are not open for 

mutations to alter the gene function. Such mutations would interfere with the 

gene dosage effect maintaining the duplication and should thereby be 

eliminated from the culture. This problem has been referred to as “Ohno’s 

dilemma” and as a possible solution the model of “Innovation, Amplification and 

Divergence” was proposed (Bergthorsson et al., 2007). This model assumes 

that some enzymes possess weak side activities in addition to their main 

function. Under certain environmental conditions the side activity can become 

the main selective function and GDA increases the fitness. Accordingly, point 

mutations and recombination between genes that improve the side activity of 

the encoded protein can accumulate. This allows the stepwise creation of a new 

gene in one part of the gene array while the original function of the gene is 

maintained in additional copies. As a result, the original function is maintained 

on at least one copy of the gene while a new gene is created in which the 

original side function becomes dominant. Experimental proof of this hypothesis 

was gained recently by Nassvall et. al. (Nasvall et al., 2012). The authors 

showed that the gene hIsA encoding a histidine biosynthetic enzyme 

(possessing a weak tryptophan synthetic function) was amplified to allow slow 

growth under histidine/tryptophan limiting conditions. Subsequently, mutation 

and recombination created a new gene with the encoded enzyme possessing 

highly efficient tryptophan biosynthetic properties. However one copy of the 

original hisA gene remained intact. This study underlines the importance of 

GDAs in the evolution of new genes from already existing gene templates under 

continuous selection.

The genome sequence of S. lugdunensis HKU09-01 revealed the 

presence of a 32 kb tandem repeat duplication comprising the isd locus. The 

characteristics of this duplication and its effects on the physiology of 

S. lugdunensis are investigated within this chapter.
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Results

6.1 Duplication of the /sdoperon in HKU09-01
The comparative analysis of the S. lugdunensis N920143 and HKU09-01 

genome sequences revealed a 32 kb tandem repeat duplication in the latter 

strain. Analysis of the features affected by the duplication revealed that the 

complete isd operon is encoded within this region. Since the isd locus 

represents an outstanding characteristic of S. lugdunensis, the duplication was 

investigated in more detail.

Figure 6.2 B shows a schematic diagram of the duplication in HKU09-01. 

In N920143 (single copy of the region) three coding sequences (SLUG_00860, 

SLUG_00861, SLUG_00862) are present directly upstream of the isdB gene 

and encode a putative membrane-associated potassium transport system. 12.3 

kb downstream of the isd operon the coding sequence SLUG_01140 encodes a 

putative multi drug efflux pump (upper part of Figure 6.2 B). The genes 

SLUG_00860 and SLUG_01140 possess a short stretch of identity (19 

nucleotides in length with only one mismatch). Non-equal recombination must 

have occurred at this site in FIKU09-01 thereby duplicating the 32 kb region 

between the genes (lower part in Figure 6.2 B). The potassium transport system 

in HKU09-01 is encoded by the genes SLGD_00058, SLGD_00059 and 

SLGD_00060. The putative drug efflux pump is encoded by SLGD_00116. The 

recombination event created a unique in-frame hybrid gene in FIKU09-01 

(SLGD_00087). This gene consists of the 5’ end of SLGD_00058 and the 3’ end 

of SLGD_00116. Both genes encode putative membrane associated proteins. 

However, SLGD_00058 encodes a protein that is predicted to be inserted into 

the membrane using hydrophobic helixes. In contrast SLGD_00116 encodes a 

protein that is predicted to be associated with the membrane using the 

attachment to lipoproteins. Consequently it is questionable whether the fusion 

gene encodes a functional protein.

Besides the ~16kb isd operon, the duplication comprises the genes 

encoding the SirABC transporter, a MarR family transcriptional regulator, and 

ten genes encoding proteins that are putatively involved in general metabolism 

and substrate import/export.
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Figure 6.2 Schematic diagram of the duplication in HKU09-01
(A) Schematic diagram of the isd locus of S. lugdunensis. The open boxes 
denote individual genes and the arrowheads the direction of their transcription. 
Encoded NEAT motifs are shown as small black boxes. Putative cell wall­
anchoring motives are indicated by vertical arrows.
(B) Diagram of the duplicated region in HKU09-01. The upper part shows the 
gene organization of the single locus in N920143. Genes upstream and 
downstream of the isd locus show 19 nucleotide homology and are shown in 
black and white, respectively. The in-frame fusion gene created by the 
duplication is shown in black/white. The duplicated region encodes the 
complete isd operon and the sirABC transporter.



6.2 Detection of the duplication
Southern blot experiments were undertaken to confirm the absence of 

the duplication in N920143 and its presence in the chromosome of HKU09-01. 

The acquisition of additional DNA is an inherent characteristic of duplications. 

The additional DNA carries additional restriction sites which will result in a 

change within the fragmentation profile of genomic DNA after cleavage. The 

genome sequences of HKU09-01 and N920143 allowed the identification of 

restriction endonucleases that will cleave the region into detectable fragments 

and will create a distinct banding pattern. The restriction enzyme ApaLI 

possesses four recognition sites in the single locus of N920143. A DNA probe 

labelled with diqoxiqenin (DIG) was amplified and detected a single 19.7 kb 

fragment created by ApaLI. This fragment contains the putative drug exporter 

involved into the creation of the duplication in HKU09-01 (Figure 6.3 A).

In contrast, ApaLI possesses seven restriction sites in the duplicated 

region of HKU09-01. The two copies of the region are identical. Therefore a 

second binding site for the DIG-labelled probe exists. As shown in Figure 6.3 A 

the second binding site allows the detection of a 15.3 kb fragment (surrounding 

the fusion gene) in addition to the 19.7 kb fragment detected in N920143.

The results of the Southern blot are shown in Figure 6.3 B. The detection 

of a -15.3 kb and a -19.7 kb fragment confirmed the presence of the 

duplication in HKU09-01, while a single -19.7 kb fragment confirmed the 

absence of the duplication in N920143.

6.3 Stability of the duplication is RecA-dependent

6.3.1 Construction of a HKU09-01 ArecA mutant

It is recognized that duplications give rise to a high frequency of RecA- 

mediated recombination events due to the long stretches of homology. This 

leads either to amplification of the locus, or to loss of the duplication 

(segregation) (see Figure 6.1). In order to investigate whether these processes 

happen in FIKU09-01, a ArecA deletion mutant of HKU09-01 was isolated by 

allelic replacement using the thermosensitive plasmid pIMAYZ. RecA is known 

to be an important mediator of the bacterial SOS response and recA mutants 

have a reduced ability to repair damaged DNA using recombination. UV light
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Figure 6.3 Southern blot to detect the duplication in HKU09-01
(A) Schematic diagram of the ApaLI restriction sites of the single region in 
N920143 and the duplication in HKU09-01. Restriction sites are indicated 
by vertical arrows. The binding site of the DIG-labelled probe is indicated 
by the black dash. Predicted sizes of the fragments recognized by the 
probe are indicated.
(B) Results of the Southern blot. 3 pg of chromosomal DNA of 
S. lugdunensis strains N920143 and HKU09-01 were digested with ApaLI 
and separated by electrophoresis. The DNA fragments were subsequently 
denatured, blotted onto a nylon membrane and hybridized with the DIG- 
labelled probe. Hybridization was detected using anti-DIG-Fab fragments 
conjugated to alkaline phosphatase.



catalyses the formation of pyrimidine dimers in the DNA backbone, blocking 

DNA replication. RecA-dependent recombination is an important repair 

mechanism of this damage. Therefore the ability of the HKU09-01 wild-type and 

the isogenic ArecA mutant to tolerate UV exposure was assessed semi- 

quantitatively. The wild-type strain could tolerate UV light exposure for up to 20 

seconds without an effect on growth, while the ArecA mutant showed reduced 

viability already after 5 seconds of exposure (Figure 6.4 A). In addition, the 

ArecA mutant displayed a longer lag phase (3 h 10 min) and a reduced growth 

rate (163 min per generation) compared to the wild-type strain (lag phase 2 h 30 

min / 93 min per generation). Figure 6.4 B shows growth curves of the wild-type 

and the ArecA mutant.

6.3.2 Stability of the duplication is RecA-dependent

A colony PCR screening method was developed for the rapid 

discrimination of FIKU09-01 colonies harbouring or lacking the duplication. As 

shown in Figure 6.5 A, primers were designed facing the boundaries of the 

duplication. If a single copy of the locus is present in the chromosome, the 

primers face in opposite directions and thereby fail to produce a PCR product 

(upper part of Figure 6.5 A). If the locus is duplicated, a second binding site for 

each primer exists and the two primers face towards each other around the 

fusion point of the duplication, allowing the amplification of a 1.2 kb fragment. 

As shown in Figure 6.5 B chromosomal DNA of HKU09-01 WT (harbouring the 

duplication) allowed the amplification of the fragment while N920143 

chromosomal DNA (no duplication) failed to amplify a PCR product.

In order to investigate the frequency of loss of the duplication, single 

colonies of the HKU09-01 wild-type and the isogenic ArecA mutant were 

inoculated into broth to form independent cultures, grown overnight and 

dilutions were plated. Twenty two colonies were subsequently screened by PCR 

for the presence of the duplication. This sets the detection limit for the loss of 

the duplication to 4.5 %. Figure 6.5 B shows the result of one representative 

experiment. In the ArecA strain all colonies maintained the duplication (<4.5 % 

loss) while in the wild-type a significant number of colonies had lost the 

duplication. In the experiment shown 9 / 22 colonies (40.9 %) had lost the 

duplication. The experiment was repeated seven times with independent
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Figure 6.4 Phenotypes of the ArecA mutant
(A) Semi-quantitative determination of UV sensitivity displayed by HKU09- 
01 and the isogenic ArecA mutant. Exposure to short wave UV light is 
given in seconds. Growth was assessed after 24 hours of incubation. +++ 
- normal growth; ++ - weakly impaired growth; + - strongly impaired 
growth; - - no growth.
(B) Growth curves of HKU09-01 and the isogenic ArecA mutant at 37°C. 
Shown is the mean and SEM of the ODgyg at each time point of three 
independent growth curves.
(C) Generation times calculated for HKU09-01 wild-type and the isogenic 
ArecA mutant. Shown are three generation times calculated from 
independent growth curves together with the mean and SEM.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *.
*** indicate P-values <0.0005.



overnight cultures (Figure 6.6) showing that the rate of loss in the wild-type 

ranged from <4.5 % to 45 %. The wide range in the frequency of loss of the 

duplication was not unexpected. The overnight culture represents ~11 

generations of bacterial growth. Segregation leading to loss of the duplication 

can happen at each cell separation and is subsequently passed on to the 

daughter cells. A high frequency of loss of the duplication might therefore 

indicate that segregation had happened in the early stages of growth. 

Accordingly, cultures showing a low number of colonies without the duplication 

might represent cultures where segregation happened in the late stages of 

growth. In the ArecA strain, not a single colony was detected that had lost the 

duplication, suggesting that segregation did not happen in this background. 

These experiments show that the duplication in HKU09-01 is intrinsically 

unstable and can be stabilized by the introduction of a recA mutation.

The recA mutation was introduced in each strain in the following 

experiments, to stabilize the isd copy number. The mutation is indicated by (R) 

in the strain designations.

6.4 isolation of control strains
Two HKU09-01 strains were constructed with one and zero copies of the 

isd locus. One strain deficient in the duplication was chosen from the PCR- 

screen experiment described above. It possessed only one copy of the isd 

operon and was designated HKU-Adup. This strain was used as the parental 

strain for the construction of a deletion mutant which lacked the entire isd 

operon (~16 kb). The thermosensitive plasmid pIMAY was used to delete all of 

the isd genes from atll to isdB by allelic exchange using the technique 

described in Chapter 4 (see Figure 4.6). The resulting strain was designated 

HKU-Aisd. To construct strains that are genetically comparable to the strains 

described below, a tetracycline resistance determinant {tet) was integrated into 

the chromosome followed by a recA mutation. The resulting strains were 

designated HKU(R)-Adup and HKU(R)-Aisd, respectively.

Schematic diagrams of the loci in HKU(R)-Adup and HKU(R)-Aisd are 

included in the summary of the constructed strains shown later in this chapter 

(Figure 6.13).
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Figure 6.5 PCR screen to determine the stability of the duplication
(A) Schematic diagram of the single region and the duplication in HKU09- 
01. Primer binding sites and the direction of amplification are indicated by 
horizontal arrows. If the duplication is present, a 1.2 kb fragment will be 
amplified, containing the fusion point of the duplication.
(B) Result of one representative PCR screening experiment. HKU09-01 
(wild-type and recA mutant) overnight cultures were plated out and 22 
colonies were screened for the presence of the duplication.

Figure 6.6 Stability of 
the duplication is recA 
dependent
HKU09-01 (wild-type and 
ArecA mutant) cultures 
were plated out and 22 
colonies were screened 
for the presence of the 
duplication.
The frequency of 
duplication loss of seven 
independent experiments 
is shown.



6.5. Amplification of the of the /sd locus
The general model for gene duplication and amplification implies that as 

soon as a duplication is established, segregation and amplification occur hand 

in hand. During cell division, recombination can occur at a high frequency 

between the duplicated regions on the sister chromatids. Subsequent cell 

division results in two distinct daughter cells. One of them carries one copy of 

locus (segregation) while the other receives a further copy (amplification). The 

PCR screening experiments demonstrated that segregation occurred frequently 

during in vitro growth. This implicated that clones carrying multiple copies must 

also have been present. The PCR experiment is capable of distinguishing 

between one copy and two copies. However, it is not able to distinguish clones 

that carry either two or multiple copies. Therefore additional methods were 

needed to identify clones with multiple rather than two copies. A well-studied 

effect of GDAs is the increase in the level of antibiotic resistance when the gene 

dosage of the resistance determinant is increased. Therefore tetracycline 

resistance was employed to select for the higher copy number of amplimers.

6.5.1 Insertion of a tetracycline resistance determinant into the duplicated 

region

The tetracycline resistance determinant (tet) of the staphylococcal 

plasmid pT181 has been shown before to confer low tetracycline resistance in 

S. aureus, when a single copy was inserted into the chromosome (McDevitt et 

ai, 1993). The resistance level increased when the resistance cassette was 

amplified by GDA. Therefore, pIMAY was used to insert the tet gene of pT181 

into the duplicated locus of HKU09-01 using a procedure similar to the 

construction of chromosomal reversions (described in Chapter 4). A tet cassette 

was constructed which contained 500 bp fragments upstream and downstream 

of the site chosen for the insertion. The pT181 tet determinant was inserted 

between the two fragments, (a schematic diagram is shown in Figure 6.7). 

Integration and subsequent excision of the thermosensitive plasmid allowed the 

isolation of the strain HKU::tet which carried the tet determinant within the 

duplicated region. The intergenic region between the CDSs SLGD_00110 and 

SLGD_00111 was chosen as the insertion point. The site is located at the 

3’ end of the duplication (Figure 6.7) and the flanking open reading frames are
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Figure 6.7 Schematic diagram of tet insertion site
The tet cassette was inserted at the 3’ end of the duplicated region 
between the coding sequences SLGD_00110 and SLGD_00111. The tet 
integration cassette on the thermosensitive plasmid contained the tet gene 
flanked by regions upstream (AB) and downstream (CD) of the chosen 
insertion point. Insertion and excision of the thermosensitive plasmid 
allowed the exchange of plasmid and chromosomal segments and thereby 
the isolation of HKU::tet carrying the tet gene in the chromosome.



located on the reverse and on the forward strands of the chromosome, 

respectively. Therefore, integration of tet between the genes should avoid polar 

effects on the transcription of genes in the region. Furthermore, the site of 

integration is located on an ApaLI fragment recognized by the probe in the 

previously described Southern blot experiments (Figure 6.8). This allowed direct 

visualization of the success of the integration. The results of the Southern blot 

experiment and a schematic diagram are shown in Figure 6.8. Integration of the 

~ 2.5 kb tet cassette into the locus resulted in the alteration of the size of the 

larger fragment which increased from 19.7 kb in the HKU09-01 wild-type to 22.3 

kb in HKU::tet (Figure 6.8 B). The Southern blot also showed the presence of 

the smaller fragment (~15.3 kb) in both strains, confirming the presence of the 

duplication and indicating that tet was not integrated into the region upstream of 

the fusion gene. This possibility had to be considered since the sequences of 

the region upstream of the fusion gene and the region upstream of the last gene 

of the duplication are identical.

Growth of the strain in the presence of increasing concentrations of 

tetracycline revealed a minimal inhibitory concentration (MIC) of 8 pg/ml. Thus, 

one copy of tet allowed normal growth in the presence of 4 pg/ml tetracycline.

6.5.2 Isolation of clones with amplification of the isd locus

In a RecA"^ background any amplification of the isd locus was expected 

to be highly unstable. The introduction of a recA mutation using allelic exchange 

involves electroporation and several cycles of growth from single cell to colony 

for the integration and excision of the thermosensitive plasmid to be achieved. It 

was expected that maintenance of a higher copy number during this process 

would be difficult. Therefore the recA deletion plasmid (plMAYZ:ArecA) was 

introduced into HKU::tet and subsequently integrated into the chromosome 

before the process of selection of clones with increased isd copy number was 

started. The resulting strain FIKU::tet::plMAYZ:ArecA remained RecA'', since a 

functional copy of the wild-type recA gene was present in the chromosome. 

However, after the selection of amplifications, excision of plMAYZ:ArecA could 

be induced by a single temperature shift to 28°C and ArecA mutants could be 

isolated. This allowed rapid stabilization of amplifications.
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Figure 6.8 Southern blot to confirm the insertion of the tet in the 
duplicated region
(A) Schematic diagram of the ApaLI restriction profile of the duplication in 
HKU09-01 (top) and HKU::tet (bottom). Restriction sites are indicated by 
vertical arrows. The binding site of the DIG-labelled probe is indicated by 
the black dash. Predicted fragment sizes labelled by the probe are 
indicated.
(B) Results of the Southern blot. 3 pg of chromosomal DNA of strains 
HKU09-01 and HKU::tet were digested with ApaLI and separated by 
electrophoresis. The DNA fragments were subsequently denatured, 
blotted onto a nylon membrane and hybridized with the DIG-labelled 
probe. Hybridization was detected using anti-DIG-Fab fragments 
conjugated to alkaline phosphatase.



As described above the strain HKU::tet::plMAYZ:Arec>A which possessed 

a single copy of tet in the duplicated region was not able to form colonies on 

TSA containing 8 pg/ml tetracycline (upper plate in Figure 6.9). Amplification 

and segregation occurs during cell division. To allow amplification to occur an 

overnight culture of HKU::tet.;plMAYZ:ArecA was grown and subsequently 

plated on TSA containing 8 pg/ml tetracycline. Growth of single colonies could 

be detected after 24 hours of incubation (lower plate in Figure 6.9) and these 

colonies were assumed to carry multiple copies of tet. The colonies showed a 

high degree of variability in size ranging from ~0.1 mm to ~1.5 mm (Figure 6.9 

lower plate) suggesting that they harboured different copy numbers of tet which 

lead to different resistance levels. Several colonies of different sizes were 

picked, grown at 28°C to promote excision of plMAYZ:ArecA and a ArecA 

mutant of each strain was isolated. The increased UV sensitivity associated with 

the recA mutation was tested and confirmed for each strain. The strains were 

designated HKU(R)-K4, HKU(R)-K4-2, HKU(R)-X1, HKU(R)-Y1 and HKU(R)-Z1 

with minimal inhibitory concentrations of tetracycline of 40 pg/ml, 40 pg/ml, 28 

pg/ml, 24 pg/ml and 16 pg/ml, respectively. Besides the increase in UV 

sensitivity, the recA mutation is associated with a slower growth. Thus 

incubation for two days was needed to achieve reliable results in the MIC 

analysis. Therefore, measurement of the MIC of strain HKU(R)-WT which 

carries one copy of tet was repeated under the same conditions and an 

increased MIC of 12 pg/ml tetracycline was measured compared to the MIC of 8 

pg/ml tetracycline described above (Section 6.5.1).

6.5.3 Southern blot experiments to determine recombination events 

leading to the increased copy number of tet

The selection of clones with an increase in the MIC to tetracycline only 

reflects an increase in the copy number of tet. Since tet and isd are located on 

the same duplicated region, the amplification of tef also includes amplification of 

isd (Figure 6.10).

Initially recombination can occur anywhere along the duplicated region. 

However, recombination occurring upstream of tet will result in segregation and 

amplification of the isd locus but will not change the tet copy number in the two 

daughter cells (Figure 6.10 A). Only a specific recombination event (here
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Figure 6.9 Selection of colonies with increased tetracycline 
resistance
A single HKU::tet::plMAYZ:ArecA colony was either resuspended in 
PBS and dilutions were plated directly on TSA containing 8 pg/ml 
tetracycline (upper plate) or a single colony was used to inoculate a 
TSB overnight culture of which dilutions were subsequently plated 
on TSA containing 8 pg/ml tetracycline (lower plate). Growth was 
assessed after 24 h of incubation at 37°C.
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named recombination event 1 - RE1) occurring downstream of tet results in the 

duplication of tet in one daughter cell (Figure 6.10 B). The region allowing RE1 

is ~6.5 kb in size. RE1 results in the creation of one daughter cell carrying three 

isd loci and two tet genes and a second carrying a single isd locus and no tet 

(Figure 6.10 B). As mentioned above, the site of introduction of tet is located in 

the ApaLI fragment recognized by the probe. Therefore the amplification of tet 

resulted in the creation of third fragment of ~17.8 kb. This fragment carries a tet 

gene upstream of the second fusion gene in the middle of the amplified array 

(Figure 6.11 A). RE1 is the basis for further amplification of tet and the novel 

fragment was present in all subclones with increased tetracycline resistance 

(Figure 6.11 B). In subsequent generations, recombination (recombination 

event 2 - RE2) can occur at different sites and promote further amplification of 

tet (Figure 6.11 A). For example, recombination occurring between the middle 

region and the first region of the two sister chromatids, respectively (RE2-1), 

results in the duplication of the smallest (15.3 kb) fragment and maintains one 

intermediate fragment (17.8 kb) and one large fragment (22.2 kb). RE2-1 will 

therefore not change the number of tet determinants within the daughter cells. 

Recombination occurring between the third region and the first region of the two 

sister chromatids (RW2-T) will also result in the duplication of the smallest 

fragment. However two or three intermediate sized fragments (17.3 kb) will be 

created depending on whether recombination occurred upstream or 

downstream of the second tet gene. In contrast, recombination between the 

third and the second region of the two sister chromatids (RE2-2) will not 

duplicate the smallest fragment but will amplify the intermediate fragment to two 

or three copies depending on the exact site of recombination. Segregation 

occurring between the first and the second region of the two sister chromatids 

(RE2-3) will result in the deletion of the smallest fragment while the other two 

fragments are maintained at a single copy.

All RE2 events (RE2-1, RE2-T RE2-2 and RE2-3 in Figure 6. 11 A) have 

the common factor, that they create daughter cells that carry only one copy of 

the largest fragment (22.2 kb). However, the two smaller fragments (15.3 kb 

and 17.8 kb) are present in variable numbers depending on the site of 

recombination. This is also true for all recombination events that occur during 

subsequent cell divisons. The largest fragment is always present in a single
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Recombination in 
parental cell

Genotype of 
daughter cells

23.1 kb 22.2 kb 
17.8 kb
15.3 kb

Figure 6.11 Southern blot to determine the site of recombination 
leading to fet amplification
(A) Schematic diagram of RE2 events leading to the different numbers of 
fragments labelled in the Southern blot experiment (see text for 
explanation).
(B) Results of the Southern blot, 3 pg of chromosomal DNA of HKU(R) 
strains with different tetracycline resitance levels were digested with ApaLI 
and separated by electrophoresis. The DNA fragments were subsequently 
denatured, blotted onto a nylon membrane and hybridized with the DIG- 
labelled probe. Hybridization was detected using anti-DIG-Fab fragments 
conjugated to alkaline phosphatase. Comparison of the relative intensities 
of the bands allows an estimation of the copy number of fragments within 
the band.



copy, while the copy number of the other fragments can vary. The intensity of 

the bands detected in Southern blot experiments is dependent of the number of 

fragments present (one molecule of probe binds to one molecule of fragment). 

Therefore, comparing the intensity of bands allows an estimation of the copy 

number of the fragments. The intensity of the 22.3 kb fragment can serve as an 

internal standard since it occurs at one copy per chromosome.

Southern blot experiments were carried out with the five different clones 

displaying increased tetracycline resistance (Figure 6. 11 B). The 17.8 kb 

fragment in clone HKU(R)-K4 showed a high intensity compared to the 15.3 kb 

and 22.2 kb fragments, so amplification most likely occurred at site RE2-2, or a 

combination of RE2-1 and RE-2-2 over several generations (Figure 6.11 A and 

B). The 15.3 kb fragment in clone HKU(R)-Z1 showed a high intensity 

compared to the other fragments, indicating that recombination occurred at 

RE2-1. Interestingly, clone HKU(R)-K4-2 had lost the 15.3 kb fragment showing 

that recombination had occurred at RE2-3 to delete one copy of the isd locus 

but maintaining the increased tet copy number.

The two control strains HKU(R)-Adup (one copy of isd) and HKU(R)-Aisd 

(no isd) were included in the Southern blot analysis. The presence of a single 

22.2 kb fragment confirmed the absence of the duplication and the integration of 

tet in both strains. The deletion of the isd locus in HKU(R)-Aisd could not be 

confirmed by Southern blot since the probe was not directed against fragments 

carrying isd genes.

6.5.4 Determination of the isd copy number by qPCR

Quantitative PCR (qPCR) is the state of the art method to determine the 

amount of template within PCR reactions. This procedure was used to 

determine the isd copy number of the different strains. The origin of replication 

(or/) served as a standard for the experiment since there is only one copy of ori 

per chromosome. Three independent qPCR experiments were carried out using 

chromosomal DNA of each of the strains and the relative amount of template for 

ori and isdJ was determined. Figure 6.12 shows the relative template 

concentrations of one representative experiment. A shift in the ratio of ori: isdJ 

indicates a change in the copy number of isdJ. Genomic DNA of the strain 

HKU(R)-Adup showed an ori: isdJ ratio of 1 : 1. In contrast, HKU(R)-WT DNA
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Figure 6.12 qPCR experiment to determine the /sdcopy number
(A) Absolute values from one qPCR experiment. Numbers derive from 
the comparison with the standard curve using known concentrations of 
N920143 DNA (one copy of isd). Different relative amounts of template 
oh and isdJ within the sample indicate differences in the isd copy 
number.
(B) Combination of three qPCR experiments. The value for oh was set to 
1 and the template amount of isdJ was expressed in relation to this 
value, thereby giving the copy number of /sc/Jin the chromosome of each 
strain. The mean and SEM of three experiments is shown.



showed a ratio of 1 : 2 indicating two copies of isdJ. The subclones with 

increased tetracycline resistance showed a further increase in isdJ compared to 

ori, indicating increased isdJ copy numbers. The three independent 

experiments showed that HKU(R)-K4, HKU(R)-K4-2, HKU(R)-X1, HKU(R)-Y1 

and HKU(R)-Z1 carried 7, 4, 7, 5 and 5 copies of isdJ, respectively (Figure 6.12 

B). The control strains HK(R)-Adup and HK(R)-WT carried 2 and 1 copies of isd 

respectively (Figure 6.12 B).

The qPCR copy number data correlates well with the MIC analysis and 

the Southern blotting (Figure 6.11). Clones HKU(R)-K4 and HKU(R)-K4-2 had 

the highest tetracycline MIC suggesting the highest tet copy number. The 

Southern blot showed that K4 had maintained the 15.3 kb fragment, indicating 

that at least one isd copy was maintained although this did not carry a tet 

determinant. In contrast K4-2 had lost this fragment. This explains the identical 

MICs and the difference in the isd copy number calculated from the qPCR 

results.

The isd copy number was integrated into the strain designations and the 

strains HKU(R)-Aisd'°>, HKU(R)-Adup'^\ HKU(R)-WT<^> and HKU(R)-X1<^> were 

chosen for phenotypic characterization. Their genotypic and phenotypic 

characteristics are summarized in Table 6.1. Schematic diagrams of the 

organization of the single, duplicated and amplified regions present in the 

different strains are shown in Figure 6.13.

6.6 Chromosomal isd copy number correlates with Isd protein 
expression

6.6.1 Whole cell immunoblot

In order to quantify the expression of Isd proteins, strains were grown in 

the iron-restricted medium RPMI to induce the locus. Surface protein 

expression was assessed using whole cell immunoblotting. The concentration 

of cells was adjusted to OD578 = 5 and doubling dilutions were dotted onto a 

nitrocellulose membrane and stained for the presence of IsdB and IsdC. Both of 

these proteins have been reported previously to be exposed on the cell surface 

(Zapotoczna et ai, 2012a). The fibrinogen binding protein Fbl served as a 

loading control, since a single copy of the gene is present in each strain. As 

shown in Figure 6.14, all strains showed similar intensities when stained for Fbl.
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-I 3
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Figure 6.13 Organization of the isd loci of strains with different isd 
copy numbers
Schematic diagrams of the chromosomal /sd-encoding regions in the 
different strains are shown. Brackets indicate the amplified region in 
HKU(R)-X1d).
The strains HKU(R)-Aisd(o); HKU(R)-Adupd); HKU(R)-WT(2); HKU(R)-Xld) 
carry 0,1,2 and 7 copies of isd, respectively.
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However, the amount of IsdB and IsdC differed between the strains. Strain 

HKU(R)-Aisd^°^ did not express either of the two proteins which is consistent 

with the loss of the entire isd locus. With the increasing copy number of isd an 

increase in the level of IsdB and IsdC expression was observed which is 

consistent with a gene-dosage effect.

6.6.2 Cell fractionation analysis

Although the IsdK and IsdJ proteins are known not be exposed on the 

cell surface, they can be detected in the membrane and cell wall fractions of 

S. lugdunensis (Zapotoczna et al., 2012a). Therefore cell fractionation was 

performed followed by Western immunoblotting. The results confirmed that the 

increase in isd copy number led to an increase in the amount of protein 

expressed (Figure 6.15).

6.6.3 Effects of the isd copy number on growth with human haemoglobin
The isd operon was previously shown to support the growth of 

S. lugdunensis N920143 with haemoglobin as the sole source of nutrient iron 

(Zapotoczna et al., 2012a). This was shown by measuring the rate of growth of 

the wild-type and the isogenic A/sd mutant in iron-deficient medium 

supplemented with 10 pg/ml human haemoglobin. Therefore the possibility that 

an increase in Isd protein expression in HKU09-01 might provide a growth 

advantage under these conditions was investigated. The growth rate of isd copy 

number variants was determined in iron-deficient medium in the presence or 

absence of human haemoglobin (Figure 6.16). All strains failed to grow in the 

absence of haemoglobin which confirmed the effectiveness of removing iron 

from the growth medium. However, the comparison of the growth rates in the 

presence of haemoglobin proved to be difficult and no significant differences 

could be determined. Since all strains carried recA mutations growth in the iron- 

limited medium was very slow and the high level of variation between the 

experiments made an accurate determination of doubling times impossible. The 

strain HKU(R)-Aisd^°^ (no Isd proteins) showed a trend towards a decreased 

growth rate compared to the strains expressing Isd proteins (HKU(R)-Adup*^^, 

HKU(R)-WT*^\ HKU(R)-X1*^^). However, the observed differences were not 

significant at any time point (Figure 6.16 C shows data from 48 h time point). 

There was no difference in the outcome when lower concentrations of
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A ( IsdK-53 kOa
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D IsdB - 76 kDa

Figure 6.15 Western immunoblotting to investigate Isd 
protein expression
Strains were grown in RPMI, adjusted to 00573= 5 and the cell 
wall was digested with lysostaphin and mutanolysin in the 
presence of 500 mM sucrose to stabilize the protoplasts. Cell 
wall and membrane fractions were separated by SDS-PAGE 
and blotted onto a PVDF membrane. Isd proteins were 
detected using specific rabbit serum followed by goat anti­
rabbit IgG conjugated to HRP.
(A) IsdK in the membrane fraction.
(B) IsdJ in the cell wall fraction.
(C) IsdC in the cell wall fraction.
(D) IsdB in the cell wall fraction.
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Figure 6.16 Growth on human haemoglobin
Overnight cultures were grown in RPMI and used to inoculate completely 
iron-deficient medium DD-RPMI supplemented with human haemoglobin 
(HG) (10 pg/ml) or unsupplemented,
(A) Growth curves in DD-RPMI supplemented with haemoglobin for 48 h. 
The mean and SEM of four independent experiments is shown.
(B) Growth curves in DD-RPMI without supplementation for 48 h. The 
mean and SEM of four independent experiments is shown.
(C) End point of the experiments after 48 h of growth. The values of 
individual experiments are shown as well as the mean and SEM. None of 
the differences between the HG supplemented cultures reached statistical 
significance.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *,
** indicate P-values <0.005.



haemoglobin were used (5 iig/ml; 2.5 ng/ml) in single experiments (data not 

shown). Taken together these experiments suggested that there might have 

been differences in the growth rates of the isd copy number variants under the 

conditions used but the experimental setup was not appropriate. Therefore a 

more sensitive approach was needed for the comparison of the strains.

6.7 The phage integrase vector pIPIOS
Competitive growth of two different strains under identical conditions 

within the same culture is powerful method for comparing fitness. By growing a 

mixed culture to stationary phase, diluting it into fresh medium and repeating 

the process multiple times, small differences in fitness can be revealed over a 

large number of generations. In order to detect differences in growth between 

two strains they must be labelled in such a way that they can be differentiated in 

mixed cultures. This can be achieved by the integration of antibiotic resistance 

determinants into the chromosome. Labelling with antibiotic resistance 

cassettes represented a challenge since most methods for integration involve 

homologous recombination which was not available here since the isd copy 

number variants were deficient in RecA. Bacteriophage integrases recognize 

attachment sites (attB) in the bacterial chromosome and mediate site-specific, 

RecA-independent recombination with the attP site on the phage chromosome. 

The target site in the bacterial chromosome is disrupted when a single copy of 

the phage chromosome is inserted (Hirano et al., 2011). It has been previously 

demonstrated that phage integrases can be used to promote site-specific 

integration of plasmids harbouring the corresponding attP site into the bacterial 

chromosome at the attB site. Such integrative plasmids have been used 

successfully in various Gram-negative and Gram-positive bacteria including 

Lactococcus lactis (Petersen et al., 2013) and S. aureus (Lei et al., 2012). Since 

recombination using phage integrases is RecA-independent, this approach 

offered the prospect of labelling the recA mutants of S. lugdunensis.

6.7.1 Construction of the phage integrase vector pIPIOS
As mentioned in Chapter 3, S. lugdunensis N920143 carries the 

lysogenic phage 4)SL01. The phage genome is integrated within the gene 

SLUG_08250 which encodes a putative phosphosugar transport protein. This
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gene is conserved in the strain HKU09-01 and does not harbour a phage 

genome.

The attP site and the adjacent recombinase gene ccrB of ct)SL1 were 

amplified from a circularized template after the phage was induced to enter lytic 

cycle replication by mitomycin C. The PCR amplimer was cloned into the 

thermosensitive vector pIMAY. The phage integrase gene was inserted directly 

downstream of the cat gene thereby creating a transcriptional fusion and 

constitutive expression from the Phelp promoter (Figure 6.17 A).

IPTG-inducible kanamycin and erythromycin resistance cassettes for use 

in Gram-positive bacteria have been described previously (Monk et al., 2008). 

They harbour a Phelp promoter (containing a LacO repressor binding site) 

followed by the resistance determinant. In addition the Lad (repressor) coding 

sequence is present and its expression is driven by a second Phelp promoter. 

Thus the antibiotic resistance genes are repressed unless induced by IPTG. To 

create two versions of pIPIOS with different selectable markers, the two 

resistance cassettes were cloned into the multiple cloning site of pIPIOS (Figure 

6. 17 B). The plasmids were designated plPI03:e/y and p\P\03:kan.

6.7.2 Integration of pIPIOS

S. lugdunensis HKU09-01 was transformed with pIPIOS at 28°C, the 

permissive temperature for plasmid replication. Subsequent plating at 37°C 

allowed the selection of clones with an integrated plasmid. Determination of the 

number of CPUs growing at 28°C and at 37°C revealed that 0.09% to 0.13% of 

cells present within a colony carried the plasmid integrated in the chromosome.

PCR experiments using primer combinations recognizing sequences in 

the chromosome and the pIPIOS backbone showed that the plasmid had 

integrated at the same site as phage 4)SL01 in N920143. PCR1 using the 

chromosomal primers scr.F and scr.R yielded a 600 bp fragment with DNA 

isolated from HKU09-01 (pIPIOS) grown at 28°C showing that the phage 

attachment site was not occupied in this strain (Figure 6.18 B). PCR1 did not 

produce a product with DNA from HKU09-01::plPI03 grown at 37°C indicating 

that the site was occupied by the integrated plasmid. PCR2 using primers ccrB. 

F and attP. R confirmed the presence of replicating plasmid in HKU09-01 

(pIPIOS). PCR2 failed to detect autonomous plasmid DNA in HKU09-01::plPI03
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Figure 6.17 The phage integrase vector plPI03
(A) Schematic diagram of plPI03. The coding sequences on the 
thermosensitive plasmid pIMAY are shown in white. Coding sequences of 
the ct)SL01 integrase (ccrS) and the corresponding attachment site (attP) 
are shown in black. The restriction sites shown are unique. For sequencing 
purposes, T3 and T7 primer binding sites are present before the Kpnl and 
after the Sad restriction sites, respectively.
(B ) Schematic diagram of the IPTG-inducible antibiotic resistance 
cassettes.
The cassettes were cloned into the MCS of plPI03 using Sad, Kpnl. 
ermAM- erythromycin resistance; aphA3- kanamycin resistance.
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Figure 6.18 integration of plPI03
(A) Schematic diagram of the integration of plPI03. The plasmid-encoded 
genes are shown in white. The attP site on the plasmid is shown in blue. 
The gene SLUG_08250 harboring the attB site (red) in the HKU09-01 
chromosome is shown in tan. Arrows indicate the location of primers for 
the detection of integration by PCR. Integration of pIPIOS disrupts the 
attachment sites resulting in y2 attB and 72 attP on either side of the 
integrated plasmid.
(B) PCR to detect the integration of pIPIOS. Primer combination 1 (scr. F / 
scr. R) was used to determine if the chromosomal attB site was occupied 
or not. Primer combination 2 (ccrB. F / attP. R) was used to detect 
autonomous plasmid. Primer combination 3 (attP. R / scr. R) determined if 
plPI03 was integrated into the attB site on the chromosome.



(Figure 6.18 B). The primers used in PCR3 (scr. R and attP. R) bound to the 

chromosome and the plasmid, respectively, and yielded a 400 bp fragment with 

DNA from HKU09-01 ::plPI03. This confirmed the site-specific integration of the 

plasmid. Interestingly, this PCR experiment produced a faint product with 

HKU09-01 (piPI03) (Figure 6.18 B), showing that with growth at 28 °C a small 

subpopulation of cells carried the plasmid integrated into the chromosome.

The integration of plPI03 into the chromosome was found to be very 

stable at both 37°C and 28°C. Loss of Cm resistance (<2%) could not be 

detected when strains with integrated plasmid were grown for four consecutive 

cultures (ca. 40 generations) in TSB without antibiotic. To confirm that the 

integrated plasmid was maintained, 10 representative colonies grown after the 

incubation of broth cultures at 28°C or 37°C were screened by PCR using the 

primers described above. All clones tested carried an integrated copy of the 

plasmid and no autonomous plasmid was detected (data not shown). These 

results suggest that the phage integrase of 4)SL01 is only responsible for the 

insertion of the plasmid/phage into the chromosome and not for excision.

Recently, MLST typing revealed five clonal complexes (CCs) for 

S. lugdunensis (Chassain et ai, 2012). PCR1 experiments using primers scr.F 

and scr.R showed that none of the strains in the TCD collection carried a 

lysogenic phage at the chromosomal attB site of <t)SL01 (data not shown). 

Therefore the ability of plPI03 to integrate into the attB site of strains from 

different CCs was investigated. HKU09-01 is a member of CC1. Five isolates 

SL71 (CC2), SL27 (CC3), SL37 (CC3), SL62 (CC4) and SL81 (CCS) were 

chosen for the experiments. All strains could be transformed with plPI03 and 

the plasmid integrated specifically into the attB site as confirmed by PCR using 

the primer combination scr.R and attP.R (data not shown).

The integration of plPI03 was independent of RecA and plPI03 

integration could be achieved with the same experimental procedure and at the 

same frequency in the wild-type and the recA mutant strain. This supports the 

idea that CcrB does not need RecA-mediated processes to mediate integration 

into the chromosome and allowed recA deficient strains to be labelled with 

plPI03.
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6.7.3 Effects of pIPIOS integration on bacterial fitness
In pIPIOS the ccrB gene is expressed constitutively from the Phelp 

promoter. Growth curve analysis was performed to determine if this influences 

bacterial fitness. When incubated at 37°C the HKU09-01 wild-type and 

HKU09-01::plPI03 strains had identical lag times (ca. 2,5 h) and similar rates of 

exponential growth (generation times of 93 min and 98 min, respectively) 

(Figure 6.19 A). This shows that ccrB expression did not have any deleterious 

effects. However, when the strains were grown at a temperature that allowed 

the plasmid to initiate replication (28°C), the presence of plPI03 had a 

significant effect on the growth rate (Figure 6. 19 B). At 28°C, both strains had a 

lag time of ca. 4 h 20 min. However, the wild-type strain had a generation time 

of 181 min while the strain with integrated plasmid needed 246 min per cell 

division. This is most likely due to the thermosensitive replication machinery of 

plPI03 inducing replication at the permissive temperature which subsequently 

interfered with the chromosomal replication.

6.7.4 Competitive growth experiments using piPi03 labelled strains
In order to demonstrate that plPI03:e/y and plPI03:/can can be used in 

competitive growth experiments, both plasmids were integrated into the 

chromosome of the HKU09-01 wild-type strain, creating HKU(WT):ery and 

HKU(WT):kan. TSB was inoculated with the two strains in a ratio of 1:1. The 

culture was grown overnight, and used to inoculate fresh broth. The experiment 

continued for four consecutive subcultures. The ratio of erythromycin : 

kanamycin resistant cells was determined both for the starter culture and for 

each of the four subcultures by performing viable counts on agar plates 

containing antibiotics. Figure 6.20 (red line) shows that the ratio of erythromycin 

: kanamycin resistant bacteria remained constant over the course of the 

experiment. This indicates that the nature of the resistance cassette did not 

influence the strains in the competition experiment.

The ArecA mutant of HKU09-01 showed a growth defect when the 

growth rate was compared to the wild-type in the growth curve analysis 

(compare paragraph 6.3.1, Figure 6.4). Both plasmids were integrated into the 

RecA' strain creating HKU(R):ery and HKU(R):kan and competitive growth 

experiments were performed. No differences were observed in the outcome

120



B 2800

n.s. □ 37°C 
■ 28°C

Figure 6.19 Influence of plPI03 integration on bacterial growth
(A) Growth curves of HKU09-01 and HKU09-01::plPI03 (integrated 
plasmid) at 37°C. The mean and SEM of three independent growth 
curves at each time point are shown,
(B) Growth curves of HKU09-01 and HKU09-01;:plPI03 (integrated 
plasmid) at 28°C. The mean and SEM of three independent growth 
curves at each time point are shown.
(C) Generation times calculated for HKU09-01 wild-type and HKU09- 
0T.:plPI03 at different temperatures. Shown are three generation times 
calculated from independent growth curves together with the mean and 
SEM.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *.
*** indicate P-values <0.0005.
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Figure 6.20 Competitive growth experiments
TSB was inoculated with two strains (labelled with pIPIOS/can and 
plPI03e/y respectively) and passaged over four consecutive cultures. 
CPUs were determined for every culture and the ratio of erythromycin : 
kanamycin resistant cells was calculated. The mean and SEM of three 
independent experiments is shown.
The red line represents competitive growth of HKU09-01(WT);ery and 
HK(WT):kan. The number of erythromycin resistant CPUs was set to 1 and 
the number of kanamycin resistant CPUs was expressed in relation to this 
value.
The blue line represents competitive growth of HKU(WT) and the isogenic 
ArecA mutant PIKU(R). The number of HKU(R) CPUs was set to 1 and the 
number of PIKU(WT) CPUs was expressed in relation to this value.

* Indicates a significant change in the strain ratio compared to the previous 
culture.
Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by * * ***.
*** indicate P-values <0.0005.



when the competition between HKU(R):ery and HKU(WT);kan was compared to 

the competition of HKU(R):kan and HKU(WT):ery. Therefore the experimental 

data was combined into one curve to compare HKU(R) with HKU(WT) (blue line 

in Figure 6.20). The data showed the strong growth advantage of the wild-type 

strain over the RecA mutant. The experiment began with equal numbers of the 

two strains. However, the RecA mutant was rapidly outcompeted and was 

present at a 10^-fold lower number at the end of the experiment.

The experiments showed a strong statistical significance with only three 

replicates, due to the strong growth advantage of the wild-type strain and the 

small variation between the individual experiments.

6.8 Competitive growth of strains with different isd copy 
numbers

The isd genes of S. aureus and of S. lugdunensis have been reported to 

support the growth of these bacteria under iron-limited conditions in the 

presence of haemoglobin (Hammer & Skaar, 2011; Zapotoczna et ai, 2012a). 

Thus it was investigated whether the increase in the isd copy number provides 
a further growth advantage under these conditions. The strains HKU(R)-Aisd*°\ 

HKU(R)-Adup^^>, HKU(R)-\/VT‘2) and HKU(R)-X1<^’ have 0. 1, 2 and 7 copies of 

the isd operon, respectively. Each strain was labelled with both plPI03:ery and 

p\P\03:kan conferring an erythromycin resistant phenotype and a kanamycin 

resistant phenotype. This allowed a direct comparison of all copy number 

variants in any pairwise combination. The competitive growth experiments were 

carried out in iron-deficient medium (DD-RPMI). This medium has been 

described previously (Pishchany et ai, 2010; Zapotoczna et ai, 2012a) and 

consisted of RPMI treated with the iron-chelator Chelex 100 (Sigma) and 

contained 25 pM of the iron-chelator EDDHA (see Chapter 2). Without the 

addition of any source of iron S. lugdunensis grew poorly in this medium (see 

paragraph 6.6.3 Figure 6.16B). To allow bacterial growth, the medium was 

supplemented with either 4 pg/ml haemoglobin or 0.5 mM FeCla.

These conditions were chosen since preliminary experiments showed 

that 4 pg/ml haemoglobin was sufficient to allow growth to ca. 00573= 4 after 24 

hours of incubation. Lower concentrations failed to allow reliable growth (data 

not shown). Zapotoczna et. ai (Zapotoczna et ai, 2012a) showed that
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S. lugdunensis expresses Isd proteins in RPMI and expression is suppressed 

when 1 mM FeCb was added to the medium. However, FeCIs concentrations 

lower than 1 mM still induced Isd protein expression (Zapotoczna eta/., 2012a). 

Thus, the addition of 0.5 mM FeCIa to DD-RPMI in these experiments generated 

conditions where sufficient free iron is available to support bacterial growth 

without complete suppression of Isd protein expression.

In order to determine if these experimental conditions indeed allowed Isd 

expression, two independent competitive growth experiments in culture C2 

(described below) were investigated by whole cell immunoblotting for the 

expression of Isd proteins (Figure 6.21). The results revealed that IsdB was 

expressed on the cell surface of the cells with both haemoglobin and FeCb 

added confirming iron-limitation.

6.8.1 Competitive growth of HKU(R)-Aisd*°* and HKU(R)-Adup*^’

In order to confirm the importance of Isd proteins in competitive growth 

assays with haemoglobin as the sole source of nutrient iron, strains HKU(R)- 

Aisd'°^ (0 copies of isd) and HKU(R)-Adup^^' (1 copy of isd) were compared. The 

results of the experiments are shown in Figure 6.22 A. The results showed that 

the presence of the isd operon conferred a growth advantage to bacteria grown 

in DD-RPMI supplemented with haemoglobin. Both strains began the 

experiment with the same number of cells. The ratio remained constant for the 

first 24 h of growth. Of note, the starter cultures used for the inoculation of the 

CO culture were grown in iron-rich TSB to allow comparable physiological states 

of the strains at the beginning of the experiment. Most likely, the first joint 

culture in DD-RPMI was not iron-limited, since the bacteria might have used 

internally stored iron. This could explain the constant ratio after the first period 

of growth. However, over the course of the experiment (C2-C4) the strain 

expressing isd possessed a growth advantage and was present at a 6-70 fold 

higher number at the end of the experiment. However, high variation between 

the experiments did not allow the conclusion that the change in strain-ratio is of 

statistical significance. Three replicates were performed in these experiments 

but the complex experimental design of competitive growth experiments 

requires a minimum of 5 to 8 replicates to draw reliable conclusions about 

statistical significance if the growth differences between the strains are small
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Figure 6.21 Isd protein expression during competitive growth
Samples were taken during one competitive growth experiment (C2), 
adjusted to OD578 = 1 and spotted on a nitrocellulose membrane. IsdB 
was detected with specific rabbit serum followed by goat anti-rabbit IgG 
conjugated to HRP.
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Figure 6.22 Competitive growth of strains with different isd copy 
number
DD-RPMI cultures were supplemented with 4 pg/ml haemoglobin or 0.5 
mM FeClg and inoculated with two strains (labelled with p\P\03kan and 
plPIOSery respectively) and passaged over four consecutive cultures. 
CPUs were determined for every culture and the ratio of erythromycin : 
kanamycin resistant cells was calculated. The mean and SEM of three 
independent experiments are shown.
(A) Competitive growth of HKU(R)-Aisd(°) and HKU(R)-AdupO). CPUs of 
HKU(R)-Aisd<°Mn each culture was set to 1 and CPUs of HKU(R)-AdupO) 
was expressed in relation to this value.
(B) Competitive growth of HKU(R)-AdupO) and HKU(R)-WT(2). CPUs of 
HKU(R)-Adup('') in each culture was set to 1 and CPUs of HKU(R)-WTl2) 
was expressed in relation to this value.
(C) Competitive growth of HKU(R)-Adup(^) and HKU(R)-X1P). CPUs of 
PIKU(R)-Aduph) in each culture was set to 1 and CPUs of HKU(R)-X1P) 
was expressed in relation to this value.

Statistical evaluation was performed using an unpaired two tailed t-test, 
comparing the strain ratio in each culture to the strain ratio in the previous 
culture and to the starter culture CO. Non of the differences was found to 
be of significance (P<0.05)



and the variation between individual experiments are high (Personal 

communication, K. Roberts).

The ratio of the two strains remained constant when FeCIs was added to 

the medium instead of haemoglobin. Under these conditions the expression of 

isd proteins did not confer a growth advantage since the proteins do not provide 

an uptake system for free iron.

6.8.2 Competitive growth of HKU(R)-dup<^^ vs. HKU(R)-WT<2> and HKU(R)-
X1(^)

In order to investigate whether increased expression of Isd proteins 

allows a more efficient growth with haemoglobin as the sole source of nutrient 

iron, two further competitive growth experiments were carried out. The first 

compared HKU(R)-Adup^^' and HKU(R)-WT*^’ (one vs. two copies) and the 

second compared HKU(R)-Adup*^' and HKU(R)-X1*^^ (one vs. seven copies) 

(Figure 6.22 B and C). Interestingly, the results showed that the presence of 

multiple copies did not provide a growth advantage under either haemoglobin or 

FeCIa conditions. In the competition between HKU(R)-Adup^^^ and HKU(R)-WT^^' 

(Figure 6.22 B), the ratio remained constant with FeCIa with only a small drop in 

the HKU(R)-Adup^^^ : HKU(R)-WT^^^ ratio. This indicated a minor growth 

advantage for the low copy number isolate. A growth advantage of one copy 

compared to two copies was observed with haemoglobin. The two copy strain 

HKU(R)-WT*^^ was present in a 5-8 fold lower number than the single copy 

strain HKU(R)-Adup^^* at the end of the experiment.

The effect became more pronounced in the competition between 

HKU(R)-Adup*^^ (one isd copy) and HKU(R)-X1^^* (seven isd copies) (Figure 

6.22 C). With both FeCIa and haemoglobin, the growth advantage of the 
HKU(R)-Adup*^^ strain was strong and the HKU(R)-X1*^* was present at a 50- 

100 fold lower number than the HKU(R)-Adup^^^ strain at the end of the 

experiment.

As described above, the three replicates performed in these experiments 

showed trends towards a reduced fitness of HKU(R)-AWT*^' and HKU(R)-X1*^^ 

However, additional replicates are needed to draw conclusions about the 

statistical significance of these experiments.
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6.9 Physiological burden associated with the amplification of 
isd

6.9.1 Growth analysis under iron-rich and iron-deficient conditions

The competitive growth experiments indicated a strong growth 
disadvantage for the HKU(R)-X1*^* strain. It was investigated whether the 

observed differences were due to the gene-dosage-dependent over-expression 

of the Isd proteins.

TSB is iron-rich and the S. lugdunensis Isd proteins were shown not to 

be expressed in this medium (Zapotoczna et a!., 2012a). RPMI medium is iron- 

limited and it was shown previously that iron-limitation is strong enough to 

induce isd expression in S. lugdunensis (Zapotoczna et al., 2012a). 

Nonetheless, the medium contains enough free iron to allow bacterial growth. 

The four strains with different isd copy numbers showed similar growth 

characteristics in TSB (Figure 6.23 A). The generation times in this medium for 
HKU(R)-Aisd‘°\ HKU(R)-Adup<^>, HKU(R)-WT<^>. HKU(R)-X1<^) were 143.6 min, 

142.0 min, 145.6 min and 152 6 min, respectively. Although the differences 

appear small, they were found to be of statistical significance. This indicated 

that a distinct physiological burden exists which is independent of isd 

expression. The growth in iron-limited RPMI also showed differences between 

the strains. Although the growth curves of the strains appeared similar (Figure 
6.23 B), the generation times for FIKU(R)-Aisd*°\ FIKU(R)-Adup*^*, FIKU(R)- 

WT^^\ FIKU(R)-X1*^' were 232.2 min, 260.8 min, 262.2 min and 364.2 min, 

respectively (Figure 6.23 C). Due to a higher variation between the 

experiments, only the differences between the generation times of FIKU(R)- 
Aisd*°^ and FIKU(R)-X1*^* were statistically significant in these experiments.

6.9.1 A role for Atll
A unique characteristic of the S. lugdunensis isd locus is the presence of 

the gene altl (Figure 6.2 A). The encoded protein possesses a glucosaminidase 

domain and is likely to represent an autolysin involved in the hydrolysis of 

peptidoglycan (PG). Overexpression of this gene due to an increased copy 

number might decrease bacterial viability. In order to investigate this possibility, 

zymogram analysis was performed. The HKU(R) strains were grown under iron- 

limiting conditions and cell fractionation was performed. The fractions were
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Figure 6.23 Growth in TSB and RPMI
(A) Growth curves of strains with different Isd copy number in TSB at 37°C. The 
mean and SEM of three independent growth curves are shown.
(B) Growth curves of strains with different isd copy number in RPMI at 37°C. 
The mean and SEM of three independent growth curves are shown.
(C) Generation times of strains in TSB and RPMI calculated using the growth 
curves in A and B. The generation time was calculated for each growth curve. 
The mean and SEM of the three experiments are shown.

Statistical evaluation was performed using an unpaired two tailed t-test. 
P-values <0.05 were regarded as significant and are indicated by *.
** indicate P-values <0.005.



subsequently separated by SDS-PAGE containing lyophilized Micrococcus 

lysodeikticus cells and autolysin activity was assessed (Figure 6.24 A). No 

difference in the pattern of hydrolysis between the strains was observed. Since 
HKU(R)-Aisd^°^ lacks altl a missing band in this strain would have correlated 

with Atll activity. The result can have various explanations (i) Atll does not 

possess autolysin activity; (ii) Atll autolysin activity is specific for S. lugdunensis 

PG and does not recognize Micrococcus lysodeikticus PG; (iii) Atll is unable to 

refold under the conditions used; (iv) expression of Atll is too low to be 

detected.

In order to narrow down the possibilities, autolysis experiments were 

performed (Figure 6.24 B/C). All the strains showed the same level of autolysis, 

independently of the growth conditions (iron-limited / iron-rich). This indicates 

that Atll did not contribute significantly to bacterial autolysis.

In order to investigate the effects of atll over-expression, the gene was 

cloned into the inducible expression vector pRMC2 and the plasmid pRMC2:af// 

was used to transform wild-type HKU09-01. The strain was grown to 

exponential phase and atll expression was induced with anhydrotetracycline. 

Induction did not influence the bacterial growth and did not increase autolysis 

(Figure 6.24 D). However, Atll could not be detected directly in these 

experiments, therefore it has to be considered, that the protein was not actually 

expressed.

Discussion
Gene duplication and amplification (GDA) are common genetic events 

that have been shown to be of importance for the rapid adaption to new 

environmental conditions and for the development of new genes (Andersson et 

a!., 1998; Nasvall et al., 2012). It is well understood that RecA-mediated 

processes are responsible of the amplification and segregation of duplicated 

chromosomal regions (Sandegren & Andersson, 2009). The work presented 

here demonstrates that these mechanisms also apply to the amplification and 

segregation of the duplicated region in HKU09-01. It was demonstrated that the 

duplication was intrinsically unstable during growth under non-selective 

conditions and could be stabilized by the introduction of a recA mutation.
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Figure 6.24 Atll activity
(A) Zymogram using cell fractions of the HKU(R) strains with different isd 
copy number. The SDS PAGE contained 1% lyophilized Micrococcus 
lysodeikticus cells. Bands show zones of PG degradation after overnight 
incubation in renaturation buffer at 37°C.
(B/C) Autolysis of HKU(R) strains grown under iron-rich or iron-limited 
conditions (TSB or RPMI). Exponential phase cells were adjusted to 
OD578 = 0.5 and the decrease in optical density was measured over time 
during incubation at 37°C. The mean and SEM of triplicate wells of one 
experiment are shown. The experiment was repeated three times with 
similar results.
(D) Autolysis of HKU09-01 transformed with pRMC2 or pRI\/IC2:af//. 
Exponential phase cells were induced for 2 h with anhydrotetracycline, 
adjusted to ODgyg = 0.7 and the decrease in optical density was 
measured as in (B/C). The mean and SEM of triplicate wells are shown. 
The experiment was repeated three times with similar results.
Statistical evaluation using an unpaired two tailed t-test did not identify 
any significant (P<0.05) differences in cell-lyses between the strains.



Furthermore, the duplication was shown to be the subject of amplification 

events and strains harbouring multiple copies of the region could be isolated.

The current model of the function of GDAs implies that the associated 

gene-dosage effect improves bacterial fitness under certain environmental 

conditions. Thereby the selective pressure stabilizes the GDA within a bacterial 

population. The amplification of the DNA region encoding important genes 

allows mutations to occur with a higher frequency thereby speeding up the 

evolution of important chromosomal regions (Kugelberg et al., 2006). However, 

GDAs are always associated with a physiological burden due to the increased 

level of protein expression. Thus GDAs are under constant pressure and as 

soon as the selective pressure which favoured bacterial cells harbouring a GDA 

is lifted, GDAs are subject to high-frequency RecA-mediated segregation and 

are thereby eliminated from the bacterial culture. This characteristic of GDAs 

makes any investigation of GDAs providing an unknown selective advantage 

challenging. Research conducted to date focused on GDAs with known 

phenotypic effects to enable specific experimental setups to select for GDA 

events in model organisms (Andersson et al., 1998; Nasvall et al., 2012). The 

experiments conducted here addressed a naturally occurring duplication within 

the chromosome of a clinical isolate. The selective pressure maintaining the 

duplication was unknown which made the experimental analysis more 

complicated. The introduction of a tetracycline resistance determinant {tet) was 

used to circumvent this problem. The point of tet introduction allowed the 

amplification of tet only in combination with the amplification of the entire region, 

comprising isd, sir and 11 genes of unknown function. Thereby the gene- 

dosage effect associated with the amplification of tet allowed the isolation of 

clones with variable numbers of isd loci. However, this selection is artificial and 

the natural function of the duplication remains to be elucidated.

The genes encoded within the duplicated region of HKU09-01 give a 

good indication about the phenotypes that might be associated with the 

duplication. The isd locus of S. lugdunensis is of particular interest since it links 

this species more closely to S. aureus and to the evolution towards a more 

invasive behaviour than other CoNS. The locus is well described in S. aureus 

and a plethora of different functions associate this locus with invasive disease. 

Most importantly, the locus of S. aureus provides a haem transport system
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allowing the efficient acquisition of nutrient iron during infection (Mazmanian et 

ai, 2002; Mazmanian et al., 2003; Pishchany et at., 2010). Recent research 

showed that the S. lugdunensis Isd proteins fulfil the same function (Haley et 

al., 2011; Zapotoczna et al., 2012a) although no in vivo experiments have been 

performed to date. In this regard the duplication in HKU09-01 is of special 

interest. The duplication comprises the complete isd operon together with the 

siderophore uptake system sirABC. Both loci are involved in iron acquisition in 

S. aureus and among all staphylococci sequenced only S. lugdunensis and 

S. aureus encode these loci. The GDA in HKU09-01 was shown to promote an 

increase in the level of expression of Isd proteins and might therefore indicate 

special importance of iron acquisition for S. lugdunensis. The strain HKU09-01 

is a clinical isolate, although the type of infection caused by this strain was not 

described precisely in the original publication (Tse et al., 2010). It was 

described as “isolated from pus” indicating abscess formation or a similar 

superficial skin infection. It was shown previously that erythrocytes are present 

within abscesses making haemoglobin an available source of iron at this site 

(Cheng et al., 2009). Accordingly, it can be speculated that iron-limitation in the 

presence of haemoglobin might have selected for the duplication of the isd 

region in HKU09-01. Competitive growth experiments comparing a strain 

without Isd to a strain harbouring a single copy showed that the presence of isd 

confers a growth advantage under iron-limited conditions in the presence of 

haemoglobin. Nonetheless the strain without isd was not lost entirely from the 

mixed culture and the strain was single-handedly able to grow in 

DD-RPMI supplemented with haemoglobin. This suggests that apart from isd 

S. lugdunensis possesses at least one additional heam-uptake system.

However, the in vitro experiments conducted here did not support the 

idea that a gene-dosage dependent increase in Isd protein expression results in 

an improved ability to acquire nutrient iron from haemoglobin. In contrast, 

strains with multiple copies of isd proved to have a growth disadvantage in 

competitive growth experiments and were outcompeted by the single copy 

variant. These experiments suggest that one copy of isd is sufficient to allow the 

satisfactory uptake of haemoglobin to support optimal bacterial growth. The 

reasons for this remain speculative but multiple explanations have to be 

considered. Firstly, for individual bacteria within a culture, GDAs have to be
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understood as a mixed blessing. Only if the conditions are right and the positive 

effects of the improved gene-dosage outweigh the inherent negative side- 

effects (maintainance of DNA, stochiometric imbalance, physiological cost of 

protein over-expression etc.) the duplication will improve the bacterial fitness 

and allow stabilization throughout the culture. The duplication of the region in 

HKU09-01 possesses a realistic threat of strong negative side-effects. The 

duplicated region comprises 29 genes of which 18 encode putatively-membrane 

associated proteins. Over expression of all proteins simultaneously might cause 

significant metabolic problems. Not only do the physiological costs of the over­

expression have to be considered, but also the over-representation of proteins 

within the membrane. Growth curve analysis showed that the increase in copy 

number correlated with an increase in the generation time, highlighting the 

physiological disadvantage of GDAs under non-selective conditions. Thus the 

environmental conditions are crucial to maintain the duplication within the 

culture.

The GDA in HKU09-01 encodes the isd locus and the sirABC locus. Both 

of these systems are known to be repressed in the presence of iron (Dale et al., 

2004b; Hammer & Skaar, 2011; Mazmanian et al., 2002). In S. aureus Fur 

regulated genes are highly expressed under iron-limiting conditions and IsdA is 

the most abundant surface-associated protein in this setting (Clarke et al., 

2007). Assuming that the same is true for S. lugdunensis, it is conceivable that 

amplification of these genes might have severe impacts on the cell physiology. 

The S. lugdunensis isd gene atll encodes a putative autolysin. Thus it seemed 

likely that over-expression of this gene might lead to an increase in autolytic 

activity, representing a further negative effect of the duplication. It could not be 

proven experimentally that an increase of the isd copy number leads to Atll 

over-expression. However this was shown for IsdB, IsdC, IsdJ and IsdK and 

since all genes are Fur regulated it can be assumed that Atll was also over­

expressed. Strains with increased isd copy number did not display a significant 

increase in their autolytic activity. The same was true when the protein was 

cloned and induced using pRMC2 which should result in strong over­

expression. These results suggest that over-expression of Atll is not exclusively 

responsible for the growth disadvantage of HKU(R)-X1*^^ observed in 

competitive growth experiments. Although more experiments are needed to
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understand the role of atll, over-expression of the protein seems not to be toxic 
for to bacterial cells and atll over-expression in HKU(R)-X1*^^ is unlikely to 

cause the decreased growth rate observed under iron-limiting conditions.

The duplicated region in HKU09-01 comprises iron uptake systems, 

which opens a further avenue of putative negative effects. Although iron is 

essential for bacterial survival and growth, the reactivity of the metal has severe 

toxic side-effects. It is conceivable that isd and s/r-dependent iron uptake is too 

effective in strains with higher copy numbers thereby increasing the iron- 

mediated toxicity. Not only an excess of free iron, but also an excess of haem is 

known to be toxic for bacterial cells (Anzaldi & Skaar, 2010). S. aureus encodes 

a haem sensing two component system and a haem efflux ABC transporter to 

avoid an excess of haem within the cytoplasm (Stauff et al., 2007; Torres et al., 

2007). This system was found not be conserved in S. lugdunensis and rises the 

general question how S, lugdunensis might avoid haem mediated toxicity. This 

question has not been addressed in the experiments conducted within this 

thesis, but it is conceivable that an amplification of the isd locus might 

overpower the haem detoxification systems of S. lugdunensis. This would 

suggest that only moderate amplification of the locus results in improved fitness, 

while high level amplification results in negative side-effects. However, before 

this can be investigated, further experiments are needed to confirm that the 

gene-dosage effect does indeed mediate an improved import of haem / iron.

Furthermore it has to be underlined that, in order to stabilize the isd copy 

number, a recA mutation was introduced in all strains used for competitive 

experiments. It was shown that the recA mutation itself confers a strong growth 

disadvantage. The effect of this mutation might make it more difficult to detect 

small differences in the relative fitness conferred by the increased isd copy 

number. This might be especially important for experiments investigating iron 

uptake. It is widely recognized that high concentrations of free intracellular iron 

and especially haem-iron possess toxic effects. Both, radicals released by free 

iron in Fenton reactions and the monooxygenase-like activity of haem have 

toxic effects. Although the mechanism of toxicity is not understood in much 

detail, it is suggested that protein and DNA damage is a result of these 

processes (Anzaldi & Skaar, 2010). An important mechanism of DNA repair is 

RecA-dependent recombination which is not possible in the strains used in the
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experiments conducted here. It is therefore conceivable, that the haem uptake 

in strains with increased Isd protein expression is so effective that it leads to 

DNA damage that cannot be tolerated in the artificial recA' background. 

Therefore it should be considered to redesign the experimental setup used in 

these experiments. Exemplarily the isd copy number might be stabilized by the 

expression of an inducible recA-antisense RNA located on a plasmid. After the 

start of haem uptake experiments recA expression can be allowed in the 

absence of the inducer. Alternatively the concentration of haem used in the 

experiments might be lowered to reduce the intracellular accumulation.

Animal experiments using recA* cells carrying two copies of isd might 

give additional insights into the importance of this duplication. In case the 

duplication of isd does indeed confer a growth advantage during infection, the 

duplication should be stable within the mouse and should be subject to 

amplification. Both stability and amplification of the duplication can be 

addressed using the techniques described within this thesis. In vivo 

experiments might therefore help to understand the biological significance of 

this process.

Additionally it has to be considered that haem / iron uptake does not 

provide a selective advantage, selecting for an increased gene-dosage. The isd 

genes of S. aureus are associated with a plethora of different unrelated 

phenotypes. IsdA promotes resistance to innate immune defences such as 

antibacterial peptides, antimicrobial fatty acids or apolactoferrin protease activity 

(Clarke et al., 2007; Clarke & Foster, 2008). IsdJ of S. lugdunensis shows 

significant homology to IsdA and is located at the same site in the locus. 

Furthermore IsdJ was shown to confer resistance against linoleic acid when 

expressed in the surrogate host L. lactis (Zapotoczna et al., 2012a). Therefore 

the gene-dosage effect might improve resistance levels and experiments 

regarding this are currently being conducted, IsdB of S. aureus allows the 

interaction with and activation of platelets (Miajlovic et al., 2010). Additionally it 

promotes integrin-mediated invasion of non-phagocytic cells (Zapotoczna et al., 

2012b). If IsdB of S. lugdunensis possesses the same functions, the gene 

dosage effect might improve these processes.

Finally it has to be considered that the proteins encoded by the isd 

operon do not possess the functions that stabilized the duplication. The
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duplicated region HKU09-01 comprises 13 genes that are not related to isd or 

sir. Since no experimental evidence is available for similar proteins, it is 

impossible to predict the effects that duplication of these genes might have on 

bacterial physiology. Yet any of these proteins might possess functions that are 

improved by a higher gene-dosage. Additionally the duplication created a 

unique hybrid gene. Maybe the function provided by the encoded protein 

confers a favourable phenotype that is selected.

Also S. aureus has the potential to express up to 21 different cell wall- 

anchored proteins. Many of these proteins allow it to evade innate immune 

factors such as neutrophils and complement. S. lugdunensis encodes only nine 

putative cell wall-anchored proteins. It is conceivable that the cell-surface of 

S. lugdunensis might be less decorated with protein. The amplification of isd 

and the associated over-expression of cell surface-associated proteins might 

help in this regard.

The experiments reported here failed to model in vitro the environmental 

conditions that selected for an increased copy number by the GDA in HKU09-01 

in vivo. However, a multitude of additional putative functions of the 

S. lugdunensis Isd proteins can be addressed in future experiments in order to 

elucidate the function of the GDA. Of special interest will be in vivo models, 

since multiple pressures are present simultaneously during infection. Besides 

iron-limitation, host immune defence mechanisms must be avoided within the 

host. It is conceivable that only the combination of multiple selective pressures 

present in vivo will allow the detection of a growth advantage provided by the 

GDA in HKU09-01. Since S. lugdunensis Isd proteins were shown to recognize 

only human haemoglobin (Pishchany et al., 2010; Zapotoczna et al., 2012a), 

transgenic mice expressing human haemoglobin (Pishchany et al., 2010) will be 

used for these experiments.

Site-specific integrative plasmids are important tools for modern 

molecular microbiology since they allow the efficient insertion of DNA in a 

specific genomic region. In principle phage-integrase vectors can be 

constructed for any species as needed. Only the ccrB gene together with the 

corresponding attP site of a phage are required. As long as the strain to be 

tested is not lysogenic and the CcrB protein does not promote excision of the
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phage, phage-integrase vectors will integrate stably into the bacterial 

chromosome.

The constructed site-specific integration vector for S. lugdunensis uses 

the coding sequence of the CcrB integrase and the corresponding attP site of 

phage (})SL01. The plasmid was found to integrate specifically, irreversibly and 

RecA-independently into the attB site of HKU09-01. The constitutive expression 

of ccrB in this vector did not have a negative effect on bacterial fitness. 

However, the integrated plasmid led to a reduction in growth rate at 28°C. This 

is most likely due to the thermosensitive nature of the plasmid replication 

system, which allows replication to be attempted at 28°C. This most likely 

interferes with the chromosomal replication. This should be borne in mind when 

pIPIOS is employed to complement mutants, for example. Despite this no 

plasmid loss was detected after 40 generations of growth at 28°C. None of the 

10 S. lugdunensis strains from CC1-CC5 harboured a lysogenic phage in the 

attB site recognized by CcrB of 4)SL1. Consequently pIPIOS could be integrated 

into the chromosome of every strain investigated. This demonstrates the broad 

range of S. lugdunensis strains that can conveniently be labelled using pIPIOS.

There are many possible applications of site-specific integrative plasmids 

such as pIPIOS. The extensive multiple cloning site of pIPIOS facilitates insertion 

of DNA fragments into the plasmid. Two IPTG-inducible antibiotic resistance 

cassettes were cloned into pIPIOS and the use of the two variants in competitive 

growth experiments was demonstrated. Competitive growth is a powerful 

technique to investigate the effects of the controlled expression of a single gene 

on the cell physiology under identical growth conditions and can be used both in 

vitro and in vivo (Monk et a!., 2008). plPI03:ery and plPI03:/can allowed easy 

labelling of S. lugdunensis strains with clearly distinguishable phenotypes and 

hence the accurate determination of the ratio of the two strains in competitive 

growth experiments. It is possible to detect subtle differences by prolonged 

competitive growth when differences in growth rate/yield in conventional growth 

curve experiment would not be seen. Furthermore, the growth of different 

strains in the same culture allows the comparison of the effects of 

environmental stress factors, such as antibacterial compounds or nutrient 

limitation.
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Another application of integration vectors is complementation of mutants. 

This would be particularly attractive for experiments involving growth in 

experimental animals where selection for an autonomously replicating plasmid 

is difficult and where plasmid loss is magnified by stressful conditions of growth 

in vivo. Furthermore complementation may be distorted by the gene-dosage 

effect of expressing the wild-type gene from a multicopy plasmid. The integrated 

vector is very stable and provides expression from a single copy of the wild-type 

gene.

The S. lugdunensis integrative plasmid plPI03 is ideally suited for these 

applications and will facilitate future experiments to allow a deeper 

understanding of the virulence potential of this neglected coagulase negative 

pathogen.
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Chapter 7 

Discussion
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S. lugdunensis is an unusual pathogen. It is a cgagulase negative 

staphylococcus (CoNS) and therefore in general regarded as less virulent than 

the coagulase positive S. aureus. Nevertheless S. lugdunensis is associated 

with a wide array of different invasive infections and diseases that are more akin 

to

S. aureus infections than to CoNS infections (Frank et al., 2008). Although 

S. lugdunensis is more and more recognized to be an important staphylococcal 

pathogen, hypothesis-driven research has been widely neglected and very little 

is known about the virulence and immune evasion factors that might account for 

any increased invasiveness.

The analysis of the first genome sequences of S. lugdunensis N920143 

(this thesis) and HKU09-01 (Tse et al., 2010) identified several interesting 

genes and loci that seem to place S. lugdunensis between S. aureus and the 

CoNS. Several features are consistent with S. lugdunensis being a skin 

commensal. Both HKU09-01 and N920143 encode a putative lantibiotic 

resistance determinant and three nonribosomal peptide synthesis systems 

(NRPS). Although the functionality of the lantibiotic resistance needs to be 

proven experimentally and the identity and functionality of the nonribosomal 

peptides need to be determined, it seems conceivable that these factors 

promote the survival of S. lugdunensis within the microbiome of the human skin 

by providing resistance to secreted inhibitors, by facilitating the uptake of rare 

ions or by inhibiting other commensals.

However other factors seem to underline the virulence potential of the 

species. S. lugdunensis has the potential to express a putative streptolysin S- 

like toxin which among staphylococci is only described for the bovine S. aureus 

isolate RF122 (Lee et al., 2008). Furthermore S. lugdunensis encodes the 

haemolytic SLUSH peptides, a putative haemolysin III and a putative |3-toxin. It 

possesses the genetic loci for the expression of a polysaccharide and 

polyglutamic acid capsule. However, experimental evidence is needed to 

confirm that these factors are indeed expressed and represent virulence factors. 

Interestingly, S. lugdunensis was found not to encode cytotoxic or 

immunostimulatory toxins that are produced by S. aureus. Neither 

superantigens nor pore-forming toxins are encoded. Furthermore immune
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evasion molecules such as SCIN, CHIPS, staphylokinase, protein A or Eap are 

not encoded. However, S. lugdunensis is known to cause invasive disease in 

immunocompetent individuals. Consequently strategies to avoid host immune 

responses must be present. The factors employed by S. lugdunensis might be 

different from the factors used by S. aureus. A noticeable characteristic of the 

two investigated genome sequences is the small number of jriobile genetic 

elements (MGE) present. Neither strain carries any free or integrated plasmids, 

or SCC-elements. Both strains carry a single prophage (distinct in each strain) 

and HKU09-01 carries two identical transposons encoding |3-iactamase. Apart 

from the transposon-encoded resistances no obvious virulence or immune 

evasion factors are associated with the MGEs in N920143 and HKU09-01. It is 

recognised that MGEs are important vehicles for S. aureus to acquire/impart 

antibiotic resistance determinants and virulence factors from/to closely related 

strains (Lindsay & Holden, 2004). It is reported that clinical S. lugdunensis 

isolates are remarkably sensitive to the antibiotics used in clinical practice and 

strains carrying multiple resistances do not seem to accumulate (Frank et a!., 

2008). It might be speculated that a lack of MGEs might limit the ability of the 

species S. lugdunensis to acquire novel genes by lateral gene transfer. 

Interestingly, S. lugdunensis carries a CRISPR (clustered regularly interspaced 

short galindromic repeats) locus. This kind of locus was identified in 

S. epidermidis RP62a but not S. aureus strains and is recognised to represent a 

sequence-specific and heritable defence mechanism of bacteria against phage 

infection and the transfer of plasmids by conjugation (Marraffini & Sontheimer, 

2008; Richter et ai, 2012). Thereby the system also limits the transfer of mobile 

genetic elements. It is tempting to speculate that this system might be 

responsible for the apparent low number of MGEs present in the S. lugdunensis 

genome sequences and might be linked to the apparent slow spread of 

resistance determinants within the species. However, many factors are known 

to influence the lateral transfer of MGEs e g. restriction modification systems or 

the masking of phage receptors on the surface of the bacterial cell (Labrie et ai, 

2010). Therefore experimental evidence is needed to determine the effect of 

CRISPR expression on the ability of S. lugdunensis to acquire MGEs. 

Furthermore a wider range of S. lugdunensis genomes need to be sequenced
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and analysed to determine whether a general lack of MGEs is indeed 

associated with the species.

In order to investigate putative virulence factors of S. lugdunensis, a 

genetic system was developed to allow the efficient genetic manipulation of the 

species. N920143 and HKU09-01 possess a single Type I restriction 

modification (RM) system (Slul) which is solely responsible the prevention of 

transformation with E. co//-derived DNA. Unlike S. aureus and S. epidermidis, 

neither of the sequenced S. lugdunensis strains encodes a Type IV restriction 

system (SauUSI) that recognises cytosine methylation conferred by Dcm of 

E. coll K12. Therefore plasmid DNA isolated from the dcm' E. co//cloning strain 

DC10B (Monk et al., 2012) did not facilitate the transformation of N920143 and 

HKU09-01. The same was true for all strains included in this thesis, suggesting 

that a SauUSI homologue is not present in S. lugdunensis strains. It is an 

interesting observation that S. lugdunensis CC1 strains seem to possess a 

single allele of the Type I RM system while most S. aureus strains possess two 

alleles of a Type I system and additionally a Type IV restriction system (Monk et 

al., 2012; Roberts et al., 2013). In general, Type I restriction systems recognise 

strain-specific methylation patterns and are therefore able to recognize and 

cleave DNA even from closely related strains of the same species if their HsdS 

proteins show differences in the target recognition domains (TRD). The 

presence of two distinct alleles in most S. aureus strains leads to a tight 

restriction barrier that allows DNA transfer only between closely related lineages 

that have identical TRDs in both HsdS variants (Roberts et al., 2013). S. aureus 

tightens this barrier further by the expression of the Type IV system (SauUSI) 

that is specific for cytosine methylation patterns created by Dcm which is only 

described in the family Enterobacteriaceae (Gomez-Eichelmann et al., 1991), 

although it cannot be excluded that other species possess systems that confer 

the same methylation. The SauUSI system does not impact the transfer of DNA 

between S. aureus strains (Roberts et al., 2013), but represents an additional 

barrier against the transfer of DNA derived from Enterobacteriaceae. The 

evolutionary importance of this system for S. aureus is not yet understood. 

However, S. lugdunensis does not seem to rely on an additional RM system to 

prevent the uptake of DNA derived from Enterobactericeae. These findings 

simplify the transformation of S. lugdunensis and together with the E. coll
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cloning strain SL01B that expresses the Slul HsdM/S subunits of S. lugdunensis 

CC1, a convenient genetic system is now available. Plasmid DNA derived from 

the PAM (plasmid artificial modification) strain SL01B allowed the improved 

transformation of all strains from CC1 and CC2 suggesting that the Type I 

system (including the TRD-sequences of HsdS) is conserved within these 

strains. S. lugdunensis strains from CC3, CC4 and CCS could not be 

transformed with an increased efficiency when SL01B-derived plasmid DNA 

was used suggesting that the RM system in these CCs is not bypassed by the 

methylation pattern conferred by SL01B. Differences in the TRDs of Slul or the 

presence of additional hsdM/S alleles seem most likely to account for this 

phenomenon. However addition experiments are needed to verify this 

hypothesis.

The analysis of the S. lugdunensis genome sequences revealed the 

presence of 13 genes with the potential to encode cell wall-anchored proteins 

(CWPs). The established genetic system was used to create N920143 mutants 

deficient in sortase A or the individual CWPs vWbl (binds to von Willebrand 

factor) or Fbl (binds to fibrinogen). A catheter-induced rat endocarditis model 

was used to investigate the ability of N920143 wild-type and the isogenic 

mutants to cause infective endocarditis. Although S. lugdunensis N920143 was 

less virulent than S. aureus Newman in this model, it formed endocardial 

vegetations that were comparable to those formed by S. aureus strain COL 

(MRSA). CWPs were shown to be important for the development of the disease 

since the Asrt mutant was significantly impaired. However mutants deficient in 

Fbl or vWbl alone were not significantly different from the wild-type. It is 

conceivable that the combined functions of several CWPs are important for the 

development of the disease. S. lugdunensis possesses a multitude of different 

CWPs and the experiments performed showed that the proteins are expressed 

in a strain- and growth phase-dependent manner. Previous studies confirmed 

that S. lugdunensis strains possess the capacity to bind to various extracellular 

rnatrix (ECM) molecules (Paulsson et a!., 1993). However, the experiments 

conducted in this study failed to identify ECM molecules that serve as ligands 

for S. lugdunensis, apart from Fbl-dependent adherence to fibrinogen. None of 

the strains tested adhered to fibronectin, cytokeratin 10, or loricrin, ligands that 

are known to be important for S. aureus colonisation and disease (Mulcahy et
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a/., 2012; Speziale et al., 2009). Furthermore, vWbl-expressing strains did not 

adhere to von Willebrand factor (vWF), raising the question as to whether vWbl 

does indeed represent a vWF binding protein when expressed on the cell 

surface of S. lugdunensis or if it binds to other ligands. Interestingly vWbl and 

SIsE of S. lugdunensis possess one and two Arg-Gly-Asp (RGD) motifs, 

respectively. In contrast, not a single S. aureus CWP possessing an RGD motif 

has been described. RGD motifs are recognized specifically by many eukaryotic 

integrins and are present in a multitude of ligands such as fibronectin, 

vitronectin, fibrinogen, von Willebrand factor and collagens (Ruoslahti & 

Pierschbacher, 1986; Ruoslahti, 1996). It is conceivable that vWbl and SIsE 

allow a direct interaction between the bacterial cell and integrins on eukaryotic 

cells. Similar interactions have been shown to be important for S. aureus. IsdB 

of S. aureus does not contain an RGD motive, nonetheless the direct interaction 

between IsdB and RGD binding integrins allows the invasion of eukaryotic cells 

(Zapotoczna et al., 2012b). A direct interaction of IsdB with the platelet integrin 

allbps allows the adhesion to and activation of platelets (Miajlovic et al., 2010). 

Furthermore an indirect interaction is established by ClfA and FnBPA binding to 

fibrinogen which is also bound by the platelet integrin allbpS. The fibrinogen 

bridge together with a second bridge of specific IgG bound to ClfA/FnBPA and 

to the platelet Fc-receptor allows the activation of platelets (Fitzgerald et al., 

2006a; Fitzgerald et al., 2006b). If vWbl and SIsE promote a direct interaction 

with eukaryotic integrins, these CWPs might possess important functions during 

infection.

However, the experiments performed in this thesis are not 

comprehensive and more studies have to be undertaken to understand the role 

of CWPs of S. lugdunensis. The set of putative ligands tested is rather short 

and additional ECM molecules such as collagens or elastin should be 

considered in further experiments. Also integrin-mediated binding to eukaryotic 

cells should be investigated. CWPs are also known to possess anti-phagocytic 

properties (Higgins et al., 2006) and they allow the interaction with complement 

regulatory proteins (Kang et al., 2013; Sharp et al., 2012). CWPs of 

S. lugdunensis might possess similar properties and experiments regarding this 

have not yet been undertaken.
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S. lugdunensis expresses the CWP SIsF which encodes a protein 

possessing a putative albumin binding domain. It was shown that the protein is 

expressed and surface-associated in strain N940164. However, recombinant 

SIsF42-778 did not bind to immobilized albumin and N940164 did not adhere 

detectably to the ligand, suggesting that the protein does not represent an 

albumin binding protein. Recently the SIsF homologue SssF of S. saprophyticus 

was shown to confer resistance against the antibacterial fatty acid linoleic acid 

(King et a!., 2012). A similar effect might be associated with the expression of 

SIsF in S. lugdunensis.

The significantly reduced virulence of the AsrtA mutant in the rat 

endocarditis model shows that appropriately displayed CWPs are crucial for the 

development of the disease. Most likely several CWPs of S. lugdunensis fulfil 

important functions and the deletion of SrtA results in the abrogation of all these 

functions simultaneously, resulting in the decrease in virulence. However, single 

CWPs and their functions in adhesion and immune evasion of S, lugdunensis 

have yet to be described.

S. lugdunensis is the only CoNS sequenced up to date that encodes an 

iron responsive surface determinant locus {isd). A similar system is well 

described for S. aureus and allows the extraction of haem from haemoglobin 

and haemoglobin-haptoglobin complexes. Isd proteins allow the transfer of 

haem across the cell envelope and its degradation within the cytoplasm to 

release nutrient iron. Recent studies showed the Isd proteins of S. lugdunensis 

function in a similar fashion (Haley etai, 2011; Zapotoczna et al., 2012a).

The isd loci of S. aureus and S, lugdunensis are located in a different 

chromosomal context and show interesting similarities and differences, all 

indicating that the loci have been acquired independently from different sources. 

The S. aureus isd locus has been shown to be important for full virulence 

(Clarke et al., 2007; Clarke & Foster, 2008; Pishchany et al., 2010), thus the 

presence of an independently acquired isd locus in S. lugdunensis points to a 

convergent evolution towards an invasive behaviour that has not been 

described for any other CoNS and might in part explain the apparent S. aureus- 

like infections caused by S. lugdunensis. The haemoglobin receptor IsdB is 

conserved in both S. aureus and S. lugdunensis. It has been shown for S. 

aureus that IsdB is the lynchpin for haem acquisition in vivo and deletion of IsdB
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significantly decreases virulence (Pishchany et ai, 2010). Interestingly, IsdB 

expression is most prominent in the heart of infected mice and using an A/sc/6 

mutant, 100-fold fewer bacteria were recovered from the heart of infected 

animals (Pishchany et al., 2010). It is therefore tempting to speculate that the 

isd system of S. lugdunensis and the expression of IsdB are in part the reason 

for the observed association of S. lugdunensis with infectious endocardits in 

humans. Experimental investigation of this hypothesis has not yet had good 

prospects since the Isd proteins of S. lugdunensis were shown to be highly 

specific for human haemoglobin (Pishchany et al., 2010; Zapotoczna et al., 

2012a). Accordingly mouse or rat models are not appropriate to investigate the 

effects of S. lugdunensis IsdB. However, a transgenic mouse strain is available 

expressing human haemoglobin which was successfully used to demonstrate 

the importance of S. aureus Isd (Pishchany et al., 2010). This mouse strain is 

currently being used to investigate the importance of S. lugdunensis Isd during 

infection.

S. lugdunensis encodes the staphylococcal iron regulated transporter 

{sirABC) in close proximity to the isd locus. The transporter is well characterized 

in S. aureus and allows the uptake of the iron scavenging siderophore 

staphyloferrin B (Dale et al., 2004b). Interestingly, S. lugdunensis does not 

encode proteins for the biosynthesis of staphyloferrin B. However, the SirABC 

transporter should allow the theft of this molecule during mixed infection. Of 

note the Sir transporter is not encoded by any other sequenced CoNS species 

thereby linking S. aureus and S. lugdunensis closer together. Additionally the 

presence of these iron acquisition systems suggest that the species has 

adapted to an environment where free iron is strongly limited which might be 

interpreted as an adaptation towards invasive behaviour.

The importance of Isd and SirABC might be further underlined by the 

presence of a tandem repeat duplication in HKU09-01 that leads to an 

increased gene dosage of the coding sequences for both iron acquisition 

systems. The experiments conducted in this study showed that this duplication 

is intrinsically unstable and subject to high frequent RecA-dependent 

amplification and segregation events. In general these genetic mechanisms 

allow rapid increase in the expression level of important proteins which results 

in an increased fitness under certain environmental conditions (Sandegren &
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Andersson, 2009). The experiments conducted in this study failed to associate 

the increase in the expression of Isd proteins with improved growth under iron 

limited conditions in the presence of haemoglobin as the sole source of nutrient 

iron. Yet, the duplication of two iron uptake systems (Isd and Sir) strongly 

suggests that iron is of special importance for S. lugdunensis. The Sst 

siderophore uptake system is a further iron acquisition system. It is conserved 

amongst all sequenced staphylococcal species and has been shown to allow 

the uptake of catechol siderophores and to promote virulence in S. aureus 

(Beasley et a!., 2011). Interestingly this system is duplicated in both sequenced 

S, lugdunensis strains and a similar duplication is not present in any other 

staphylococcal species.

The presence and duplication of the iron uptake systems in HKU09-01 

suggest that this strain has been exposed to environmental conditions where 

iron is rare and an increased gene dosage of the iron uptake systems was of 

advantage. It is tempting to suggest that these conditions were present during 

invasive disease, caused by “nutritional immunity” (Hood & Skaar, 2012). 

Nonetheless, experimental evidence showing that the duplication and 

amplification of haem/siderophore transport systems allows a more efficient 

uptake of nutrient iron in vitro is not available. Furthermore no in vivo 

experiments were performed showing that strains harbouring the duplication 

have a growth advantage in vivo. Therefore it cannot be decided whether the 

duplication in HKU09-01 occurred in vivo and is of evolutionary significance or 

whether it is an artefact created randomly after the isolation of the clone.

However, following the hypothesis that the duplication of isd and sir 

represented an in vivo growth advantage for S. lugdunensis HKU09-01 during 

invasive disease opens a further area for future investigations. Gene duplication 

and amplification (GDA) is understood to represent means for the rapid 

adaption to new environmental conditions, where an increased gene dosage 

leads to an improved fitness. Only genes and loci will be affected that possess 

an impaired function or a weak side activity. Overexpression allows bacteria to 

overcome the problem with the function of the protein and the increase in the 

DNA template amount allows an increased mutation frequency and thereby an 

improvement of the protein (Anderson & Roth, 1981; Kugelberg et al., 2006). 

Alternatively new genes can develop where the side function becomes
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dominant (Nasvall et al., 2012). Evidence for such processes is found is 

S. aureus. The staphylococcal superantigen-like toxins (ssl) secreted by 

S. aureus are always located in an operon of very similar genes showing only 

minor differences. The small differences are however big enough to produce 

toxins recognizing different vp chains of T cell receptors. Phylogenetic analysis 

of ssl genes from various S. aureus clinical isolates suggested that new genes 

arise from this operon, allowing the diversification of specificity (Jarraud et al., 

2001).

Looking at the duplication of isd and sir in an evolutionary context might 

therefore lead to several interesting questions. Is the isd operon in 

S. lugdunensis not functioning very well in HKU09-01? The presence of isd 

seems unusual for CoNS, maybe the species acquired the locus only recently 

and is in a process of development from being a skin commensal to being a 

pathogen. Are there side activities present in the loci that need to be improved? 

Membrane transport systems seem to be promising candidates. It is easily 

imaginable that the substrate specificity is not elusive and the transport of 

various molecules might be allowed with different efficiencies. GDA might 

therefore improve the import/export of molecules other then haem and 

sidorphores. However, such questions are very difficult to address with the 

experimental systems available up to date, especially if the main function and 

putative side function of the proteins of interest are only poorly described. 

Therefore these questions have to remain speculation for the time being.

Investigations regarding the creation of the duplication of isd and sir in 

other clinical isolates of S. lugdunensis will also be of interest for further 

investigation. The homologous regions that allowed the duplication in HKU09- 

01 are only 19 nucleotides in length. This length of sequence homology seems 

to be barely long enough for normal RecA-mediated recombination which needs 

at least 20 nucleotides of homology in E. coli (Watt et al., 1985). However, a 

RecA-independent mechanism might have been involved in the creation of the 

duplication. In HKU09-01 homologous recombination has also occurred 

between homologous sequences (29 nucleotides in length) in slush-B and 

slush-C thereby deleting the gene for one of the peptides and creating the 

chimeric gene slush-B2. Again, the length of the homology seems to be rather 

short. It might be possible that these recombination events between short
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sequences were driven by RecA-independent mechanisms that are not yet 

identified.

The investigation of S. lugdunensis genome sequences gave 

insight into the genetic capacity of this unusually virulent but neglected CoNS. 

Several discovered features might represent targets for a specific treatment of 

S. lugdunensis infections. The putative secreted streptolysin S-like toxin might 

represent a virulence factor of S. lugdunensis. Similar toxins are secreted by 

numerous Gram-positive pathogens including Streptococcus spp., Lsteria spp. 

and Clostridium spp. and rational vaccine design has been suggested to 

prevent infections caused by these organisms (Molloy et al., 2011). Such a 

vaccine might also be potent to prevent S. lugdunensis infection.

Furthermore S. lugdunensis possesses features shared exclusively with 

the coagulase positive S. aureus. These features might represent interesting 

targets for therapies aiming solely on the aggressive pathogens S. aureus and 

S. lugdunensis while other staphylococcal species would not be affected by the 

treatment. Among these features is the ESAT6-like toxin synthesis and 

secretion system Esx. Blocking of the effector function of these toxins or 

specific vaccination might be interesting for further investigation. However, of 

special interest is the presence, conserved regulation and conserved function of 

Isd proteins in S. aureus and S. lugdunensis. Several other Gram-positive 

bacterial species causing invasive disease such as Listeria ssp., Clostridium 

ssp. or Bacillus ssp., express Isd proteins to overcome iron limitation within the 

host (Anzaldi & Skaar, 2010). This system might therefore be used to create 

pathogen-specific treatment options. Substances binding with high affinity to the 

NEAT domains of Isd proteins might be developed to block the acquisition of 

haem by this pathway. Alternatively toxic components linked to haem could be 

used to specifically kill bacteria with the ability to bind and take up haem.

Although the development of a specific vaccine against S. aureus has 

not been successful up to date, several promising targets have been identified. 

Among those are the cell wall anchored proteins clumping factor A (ClfA) and 

IsdB (Daum & Spellberg, 2012; Joshi et al., 2012). IsdB was found to be 

conserved in S. lugdunensis and Fbl shows high sequence and functional 

homology to ClfA of S. aureus (Geoghegan et al., 2010). It can therefore be 

anticipated that a vaccine design against S. aureus IsdB and ClfA might also
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have protective effects against S. lugdunensis infections. The described cell 

wall-anchored proteins of S. lugdunensis can represent further promising 

targets for the development of a specific vaccine. It would be interesting to use 

convalescent serum of patients that suffered from S. lugdunensis infection to 

investigate whether the SIsA-G proteins are expressed during infection and 

whether an effective immune response is mounted against these epitopes. This 

would help to identify promising targets for a S. lugdunensis specific vaccine.

The established protocols for transformation and genetic manipulation 

cleared the way for hypothesis driven research to identify factors that contribute 

to the apparent S, aureus-like behaviour of S. lugdunensis. This project opened 

a multitude of avenues for further research regarding S. lugdunensis and 

especially Isd-dependent haem acquisition, its importance for virulence and the 

role of GDAs in this process will be interesting for further investigation.
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