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Staphylococcus aureus - discovery and naming  

Research on Staphylococcus aureus, the Gram-positive bacterium investigated in the present 

PhD thesis research, started with its isolation from the surgical wound of a patient by the 

Scottish Surgeon, Sir Alexander Ogston, 138 years ago. He reported S. aureus as the etiological 

agent of suppurative abscesses during the 9th Surgical Congress in Berlin (1880)1. The 

bacterium’s genus name, Staphylococcus, is derived from the Greek words ‘staphyle’ (‘a bunch 

of grapes’) and ‘coccos’ (‘berry’), describing the microscopic features of organisms belonging 

to this genus. Its species name ‘aureus’ is based on the Latin word ‘aurum’, which refers to the 

‘golden’ pigmentation first described by Anton J. Rosenbach2. Importantly, S. aureus is one of 

the World Health Organization’s 2017 priority bacteria that have become a worldwide threat 

for human health due to their high resistance to the currently available antibiotics3.  

Staphylococcus aureus - an unreliable companion 

About a third of the world population carries S. aureus, the mucosa and skin being its preferred 

niches. As such, this Gram-positive bacterium is often regarded as a human commensal. Direct 

skin-to-skin contact and contact with contaminated objects or surfaces are its main routes of 

transmission between individuals. Importantly, the ability of S. aureus to adjust its physiology 

to changing conditions, especially to insults by the human innate and adaptive immune 

defenses determine the outcome of host colonization4. Once S. aureus has breached barriers 

and at least partially escaped the host’s immune defenses, it is capable of causing a wide array 

of diseases ranging from simple skin and soft tissue infections to life-threatening diseases, such 

as severe pneumonia, sepsis, osteomyelitis, toxic shock syndrome, and endocarditis4,5. Notably, 

S. aureus is not only a major health problem in humans but also in livestock where it is, for 

example, a causative agent of mastitis in cows6–8. In particular, its high genomic plasticity, driven 

by mutations or rearrangements of its genome as well as horizontal gene transfer (HGT), 

enables S. aureus to adapt to different host niches. Thus, S. aureus is an opportunistic pathogen 

rather than a commensal and, in case of asymptomatic carriage, it should at least be regarded 

as an ‘unreliable companion’.   
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 1 Staphylococcal genome expansion - gain is better than loss  

In general, HGT can occur through transduction, transformation, or conjugation. Transduction 

is a key mechanism of HGT by which DNA is transferred from one cell to another through 

bacteriophages (phages). This process involves integration of the phage-transmitted foreign 

DNA into the chromosome of a recipient cell that subsequently passes it on to its offspring. 

DNA molecules with sizes of up to 45 kilo base pairs (kb) can efficiently be transferred via 

phage-mediated transduction9. In addition to phages, S. aureus pathogenicity islands (SaPIs) 

help in the transduction of mobile genetic element (MGEs). SaPIs are in fact MGEs themselves. 

They are approximately 14-17 kb in size. SaPIs encode an integrase required for phage-induced 

excision of the SaPI DNA, a Rep protein for replication, and a terminase needed for packing 

the SaPI DNA into phages10. 

It has recently been proposed that S. aureus can also undergo natural transformation. 

Morikawa and colleagues revealed that the natural competence of S. aureus to bind and 

internalize extracellular DNA, a pre-requisite for transformation, occurs through the activation 

of SigH, an alternative sigma factor11. The authors invoked two distinct mechanisms in the 

activation of SigH, namely chromosomal gene duplication rearrangements, and post-

transcriptional regulation. The former is a rare gene duplication event that generates a new 

chimeric sigH gene leading to stochastic production of the SigH protein. In the case of post-

transcriptional regulation, inverted repeat sequences upstream of the translation initiation site 

prevent sigH expression, most probably through the formation of secondary structure that 

occludes the ribosome-binding site. Yet, this does not happen in all cells of a population, which 

allows the activation of SigH in a subpopulation. As a result, natural transformation of 

chromosomal or plasmid DNA will occur11. 

Next to transduction and transformation, a third means of HGT is conjugation, a mechanism 

that requires direct contact between the donor and recipient cells, and subsequent DNA 

passage through a pore. To achieve conjugative DNA transfer, S. aureus requires tra genes 

encoding proteins necessary for conjugation. Such genes are not present in all strains, as they 

are mostly located on so-called conjugative plasmids. Unlike transduction, conjugation is 

efficient in transferring DNA molecules with sizes of more than 45 kb. However, it is believed 

that conjugation is a less frequent means of HGT in S. aureus than transduction12.  
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A clear advantage of the acquisition of foreign DNA via HGT is the ability for microorganisms, 

such as S. aureus, to acquire genes that allow them to withstand host immune responses and 

the detrimental effects of toxic compounds, such as antibiotics. Furthermore, HGT equips S. 

aureus with potent virulence genes. This is evidenced by the fact that most virulence genes are 

encoded on MGEs. HGT is thus an important means for S. aureus to conquer the different 

niches in the human body and to achieve resistance to antibiotic therapy. In addition, HGT may 

provide S. aureus with advantageous metabolic features, as exemplified by the arginine 

catabolic mobile element (ACME). This MGE is wide-spread among isolates of the S. aureus 

USA300 lineage, enhancing their potential for growth and survival13.  

Staphylococcal antibiotic resistance  

Up until the discovery of the antibiotic penicillin by Sir Alexander Fleming in 1929, mortalities 

due to microbial infections were very high. Importantly, the introduction of penicillin into the 

clinic in 1940 reduced the mortality due to S. aureus bacteremia from 82% to less than 30%14. 

Sadly, S. aureus developed resistance against penicillin already two years after its clinical 

introduction. This resulted from acquisition of a plasmid carrying the blaZ gene, encoding a 

penicillinase that hydrolyzes the β-lactam ring of penicillin, thereby inactivating the drug. The 

expression of blaZ is under the control of two genes, blaR1 that encodes a signal-transducing 

membrane protein, also known as an anti-repressor, and blaI that encodes a repressor protein. 

Upon exposure to β-lactams BlaR1 senses the β-lactams and activates a proteolytic domain, 

leading both to self-cleavage and cleavage of the BlaI repressor, allowing the expression of 

blaZ15. As a result, penicillin-resistant S. aureus started to rise in hospitals and was subsequently 

disseminated into the community, leading to a current prevalence of penicillin resistance in 

~90% of the S. aureus isolates from humans16,17.     

The rise in penicillin-resistant S. aureus impelled the development of methicillin, a semi-

synthetic derivative of penicillin, which was introduced in 1961. However, methicillin-resistant 

S. aureus (MRSA) strains emerged shortly following its introduction18. Acquisition of the mecA 

gene, encoding the penicillin-binding protein (PBP) 2a also called PBP2′, is responsible for 

resistance to β-lactam antibiotics, including methicillin19. The mecA gene is located on a MGE 

called the Staphylococcal Cassette Chromosome mec (SCCmec). It is speculated that the first 

MRSA strain(s) acquired the mecA gene through HGT from coagulase-negative staphylococci. 

PBPs are membrane-bound transpeptidases needed for the synthesis of peptidoglycan, the 
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 1 main constituent of the cell wall of Gram-positive bacteria. While most PBPs are inhibited by 

β-lactam antibiotics, the active site of PBP2a has a lower affinity for these antibiotics allowing 

the synthesis of cell wall in their presence20. Unfortunately, the resistance of S. aureus is not 

limited to β-lactam antibiotics. Instead, this opportunist has developed resistances against 

essentially all antibiotics that were developed over the past decades including important last 

resort antibiotics, such as linezolid and daptomycin.  

Staphylococcal virulence factors  

The broad range of diseases caused by S. aureus mainly relates to the pathogen’s broad arsenal 

of virulence factors. In order to effectively cause a disease, S. aureus has first to colonize the 

host, thereby evading the host immune responses21,22. Adherence of S. aureus to host tissues 

and cells is the first step in the infectious process that is facilitated by cell surface proteins, 

most of which were collectively termed ‘microbial surface components recognizing adhesive 

matrix molecules’, in short MSCRAMMs23,24. The MSCRAMMs are molecules that are exported 

from the cytoplasm with an N-terminal signal peptide. In addition, they have a C-terminal 

LPXTG motif and a hydrophobic membrane-spanning region followed by a positively charged 

residue. The LPXTG motif is a recognition sequence for sortase A (SrtA), a membrane-anchored 

transpeptidase. SrtA cleaves the LPXTG motif between the Thr and Gly residues and attaches, 

at the same time, the respective surface protein covalently to the cell wall25,26. Subsequently, 

the cell wall-bound MSCRAMMs facilitate the attachment of bacteria to plasma proteins or 

host extracellular matrices. Members of the MSCRAMM family include the fibronectin-binding 

proteins A and B (FnbpAB), the clumping factors A and B (ClfAB), the collagen binding protein 

(Cna), the SdrC and SdrD proteins that also bind fibrinogen, and the virulence-associated cell 

wall-anchored protein SasG27.  

In response to the bacterial presence, the host mounts innate and adaptive immune responses 

against the bacteria. To evade or fight the host immune responses, S. aureus has developed 

several mechanisms involving different cell surface-associated factors, such as the 

staphylococcal protein A (SpA), capsular polysaccharides, and the pigment staphyloxanthin 

that gives S. aureus its golden appearance, as well as a variety of secreted factors. SpA is a 

member of the MSCRAMM family that modulates the interaction of S. aureus with the von 

Willebrand factor (vWF), which allows S. aureus to adhere to platelets under shear stress 
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conditions28. Furthermore, SpA has a high affinity for the Fc region of immunoglobulin-G 

(IgG)29, and it can also bind the variable region of human IgG molecules from the VH3 

family28,30. Consequently, SpA interferes with phagocytosis and binding of the complement 

system. Capsular polysaccharides help to impede phagocytosis by neutrophils thereby 

enhancing bacterial persistence27,31. Staphyloxanthin provides resistance against the potentially 

lethal effects of reactive oxygen species32.  

The secreted factors that allow S. aureus to survive insults from the host immune system can 

be divided into three categories, namely superantigens, cytolytic (pore-forming) toxins, and 

immune evasion factors (Fig. 1). 

 

Figure 1. S. aureus proteins involved in attachment to the host and evasion of the immune 

defences. The S. aureus cytoplasm is enclosed by a cell membrane, cell wall, and capsule (from inside 

to outside). MSCRAMM proteins involved in the attachment to host cells and tissues, include FnbpA/B, 

ClfA/B, and SdrC/D. Other surface-attached proteins, such as SpA, or secreted proteins, such as the 

chemotaxis inhibitory protein of S. aureus (CHIPS), staphylococcal complement inhibitor (SCIN), and 

staphylokinase (SAK) are involved in evasion of the host immune defences. Yellow cylinders represent a 

cell wall-binding domain. 

Superantigens are secreted proteins of S. aureus. They include four subclasses, namely i) 

enterotoxins for which more than 20 antigenic types are known (i.e. SEA to SEV)33, ii) five 
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 1 exotoxin-like proteins (Set1 to Set5), iii) the exfoliative toxins (ETAs), and iv) the toxic shock 

syndrome toxin (TSST-1)34,35. These superantigens have been implicated in different diseases 

ranging from mild food poisoning (enterotoxins) to staphylococcal scalded skin syndrome 

(ETAs), a disease characterized by the loss of superficial skin layers, and toxic shock syndrome 

(TSST-1)34–36. They act by crosslinking the β-chain of T cell receptors and α and/or β chains of 

major histocompatibility class II molecules on the surface of antigen-presenting cells in an 

antigen-independent manner. Consequently, superantigens induce overproduction of 

cytokines and chemokines, and hyperactivate the immune system37. 

Cytolytic toxins contribute to immune evasion by damaging the plasma membrane of host 

cells. They form β-barrel pores or a short-lived pores in the cytoplasmic membranes of target 

cells, which causes either leakage of the cell’s content or lysis of cells. This group of virulence 

factors includes on the one hand receptor-mediated pore-forming toxins, such as bi-

component leukocidins (e.g. α-hemolysin), the Panton Valentine leukocidin (PVL), LukED, and 

LukGH (also known as LukAB), and γ-hemolysin. On the other hand, this group includes non-

receptor mediated toxins, such as the α-type phenol soluble modulins (PSMα1-4)38,39 (Fig. 2). 

The receptor-mediated binding of α-hemolysins to host cell membrane creates first a pre-pore, 

which then matures into a β-barrel transmembrane pore that allows a loss of molecules smaller 

than 2 kD40, leading to death of the host cell. In contrast, the formation of a mature pore by 

bi-component leukocidins requires two polypeptides referred to as S (slow) and F (fast). As 

such, HlgA or HlgC, and HlgB belong to the γ-hemolysin S and F components, respectively38,41. 

Similarly, PVL consists of S and F components encoded by the two co-transcribed phage-borne 

genes lukS-PV and lukF-PV42. The mode of action of the bi-component toxins is similar to that 

of α-hemolysins, but the lytic ability of these toxins is species- and cell-specific43.  
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Figure 2. Schematic representation of host membrane damage by staphylococcal toxins. S. aureus 

toxins, such as α-hemolysins, PVL, LukAB (LukGH), and LukDE form pores in the host cell membrane 

through which essential ions and metabolites are lost (a), whereas PSMα type toxins attach to the host 

cell membrane and perturb its integrity leading to cytolysis (b). Image adapted from Otto M39. 

Vandenesch et al. reported PVL as a common genetic marker for community-associated (CA) 

MRSA lineages44 that were associated with skin and soft tissue infections. However, subsequent 

studies showed the emergence of CA-MRSA isolates that lack PVL45–47. Of note, the role of PVL 

in virulence has been debated on the basis of in vitro and in vivo experiments48–51. In vitro, 

murine neutrophils were shown to be insensitive to PVL, while human and rabbit neutrophils 

showed a high sensitivity to PVL. On the other hand, several association studies to assess the 

role of PVL in human pathogenesis yielded inconsistent results. For instance, a meta-analysis 

of 76 studies showed no association between PVL and increased mortality, prolonged 

hospitalization, or increased disease severity52. On the other hand, a study conducted in a 

Chinese hospital reported that patients infected with hospital-associated S. aureus carrying PVL 

displayed more-severe disease symptoms and died earlier53. Consistent with the in vitro data, 

the effects of PVL in animal infection models varied. In murine sepsis and abscess models, there 

was no significant difference observed in the survival of mice infected with S. aureus USA300 

or USA400 wild-type strains and their isogenic mutants lacking PVL54. In contrast, rabbits 

displayed a higher sensitivity to PVL. However, rabbits also suffered from hypersensitivity to 

particular toxins, such as the α-toxin of S. aureus. In fact, these observations highlight the 

difficulty in finding appropriate animal models to investigate S. aureus infections55. Recently, it 

was reported that PVL is host cell type- and host species-specific, binding preferably to the 

human version of its receptor, the C5aR protein56. Therefore, it is important that advances have 
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 1 been made over the past three years in the development of a humanized mouse model to 

study S. aureus infection in vivo57–59. To this end, the authors used non-obese diabetic gamma 

(NSG) mice with severe combined immune deficiency (scid). These immune-deficient mice lack 

B and T cells as well as natural killer cells, and they have defective myeloid cells. Instead, they 

were provided with a human hematopoietic system through fetal hematopoietic stem cell 

(CD34+) and thymic tissue grafts. Analyses with these humanized mice showed the role of PVL 

both in an S. aureus skin infection model58 and a pneumonia model59 through the use of PVL-

positive MRSA strains and their isogenic PVL mutants. In these studies, severe pathological 

conditions were observed in the NSG mice infected with PVL-positive strains of MRSA 

compared to the non-humanized mice. It thus seems that the previous controversy on the role 

of PVL in S. aureus pathogenesis is attributed to its species-specificity.  

PSMs were first identified in Staphylococcus epidermidis with a designation as pro-

inflammatory complex60. Subsequently, they were identified in S. aureus and shown to have a 

cytolytic activity towards neutophils61. There are four types of PSMs known in S. aureus, namely 

the PSMα, PSMβ, PSMγ and PSM-mec. PSMα 1-4 are encoded by the psmα locus, PSMβ1 and 

PSMβ2 are encoded by the psmβ locus, PSMγ is encoded by RNAIII specified by the agr locus61, 

and PSM-mec is encoded by SCCmec types II, III, and VIII MGEs62,63. The α-type peptides share 

a relatively small size with about 20-25 amino acids while the β-type peptides are about 44 

amino acids long. Their ability to lyse neutrophils has been extensively investigated since their 

discovery in 200761. Of note, this lytic activity is restricted to the PSMα proteins with a most 

pronounced effect of PSMα361,63. In addition to their cytolytic activity, PSMα contributes to the 

escape from phagosomes in both non-professional and professional phagocytic cells and, 

consequently, to the evasion of killing by immune cells of the host64. In a murine S. aureus skin 

infection model, there were no differences observed in the virulence of wild-type strains with 

psm-mec and their isogenic deletion mutants65. This is consistent with a study showing a lower 

cytolytic activity of PSM-mec compared to the other PSMs. However, PSM-mec enhances the 

cytolytic potential of S. aureus strains that produce relatively low amounts of the other PSMs63. 

Furthermore, the PSMs, in particular PSMα3 and PSMγ, were implicated in spreading of S. 

aureus over wet surfaces and biofilm dynamics66.  



General introduction and scope 

14 

 

The third group of secreted immune evasion factors of S. aureus consists of MGE-encoded 

proteins with various activities, such as staphylokinase (SAK), the chemotaxis inhibitory protein 

of S. aureus (CHIPS), the staphylococcal complement inhibitor (SCIN), the extracellular 

fibrinogen binding protein (Efb), and the extracellular adherence protein (Eap) (Fig. 1). SAK 

binds to α-defensins, which are bactericidal peptides produced by human neutrophils, resulting 

in the inactivation of their antimicrobial activity67,68. In addition, SAK binds to human 

plasminogen resulting in the activation (conversion) of plasminogen into plasmin at the surface 

of the bacteria. Hence, SAK creates a bacteria-bound serine protease activity that results in 

cleavage of IgGs and the C3b complement, thereby exerting an anti-opsonic activity and 

preventing phagocytosis of the bacteria69. CHIPS, SCIN, Efb, and Eap inhibit activation of 

neutrophils and the complement system, and neutrophil chemotaxis70–72. Of note, while SCIN 

is generally regarded as a secreted protein, a recent study has shown that it is recruited to the 

S. aureus cell surfaces by human C3 convertases whose activity is inhibited by SCIN73.  

Altogether, the different surface-associated and secreted virulence factors of S. aureus facilitate 

the attachment to, invasion of, and lysis of human host cells, and they allow the inactivation 

and evasion of the host immune defenses, thereby establishing the symptoms of disease. In 

order to accomplish these activities, S. aureus selectively modulates the activities of particular 

groups of genes that are controlled by different global regulators. 

Regulation of staphylococcal virulence factors  

The regulation of bacterial gene expression is growth phase- and/or growth condition-specific 

and, to a large extent, it involves transcriptional regulation. In S. aureus, two-component gene 

regulatory systems, such as AgrAC, ArlSR, HssRS, LytRS, SaeRS, and SrrAB are the main 

regulators of virulence genes74. Additionally, virulence genes are regulated by the alternative 

sigma factor SigB and DNA-binding proteins, such as SarA and its homologues Rot, SarR, SarS, 

SarT, and SarU74.  

Two-component regulatory systems are responsive to different environmental signals, such as 

bacterial cell density, pH, CO2, and nutrient availability. They consist of a sensor histidine kinase 

and a response regulator. In general, the induction of autophosphorylation of the histidine 

kinase by environmental stimuli initiates a cascade of phosphorylation reactions, leading to the 

phosphorylation of the cognate response regulator. Depending on its phosphorylation state, 
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 1 the response regulator binds to a particular DNA region, thereby either enhancing or 

repressing expression of the respective gene, or genes in case of operon-like structures75. 

As detailed in chapters 3 and 4 of this thesis, a large number of genes and proteins are under 

the control of the Agr and SigB regulatory systems76. Therefore, the regulatory mechanisms 

employed by these two systems are discussed in more detail here.  

The accessory gene regulator (Agr) locus encodes two divergent transcripts, RNAII and RNAIII, 

which are controlled by the P2 and P3 promoters, respectively. RNAII encodes AgrB, AgrD, AgrC 

and AgrA  that are components of the staphylococcal quorum-sensing system77. AgrC and 

AgrA function as sensor and response regulators, respectively. The agrD transcript encodes the 

pro-peptide of an autoinducing peptide (AIP) that requires maturation and secretion into the 

extracellular environment, a process carried out by the membrane-anchored protein AgrB. In 

order for AIP to be functional, AgrB first introduces a thiolactone modification (i.e. a thioester 

bond between the sulfhydryl group of a cysteine residue and the C-terminal carboxyl group) 

in the AgrD pro-peptide, followed by C-terminal cleavage, and export of the AgrD-derived 

AIP78,79. Of note, there are four allelic variants of agr known, named types I-IV, which encode 

distinct AIPs that serve as specific activating ligands for particular AgrC types, while inhibiting 

other variants of AgrC80. The cognate extracellular AIP activates the two-component AgrC-AgrA 

system in a cell density-dependent manner. Upon binding of AIP to AgrC, this transmembrane 

AIP receptor becomes phosphorylated81. Subsequently, the phosphate is transferred from AgrC 

to AgrA, promoting the binding of this response regulator to the intergenic region between 

the P2 and P3 promoters, leading to the synthesis of RNAII and RNAIII82. As indicated above, 

the Agr effector RNAIII encodes the δ-hemolysin (also known as PSMγ). RNAIII also controls 

the expression of various genes for virulence factors by governing the switch between 

expression of cell-surface associated proteins genes and secreted proteins83. In addition to 

binding to the intergenic region of P2 and P3, phosphorylated AgrA binds and activates the 

promoters that regulate the expression of the genes that encode PSMα and PSMβ84 (Fig. 3). 

Altogether, the regulation of the Agr operon depends on the density of the S. aureus 

population, which ultimately determines whether particular virulence genes are either 

expressed or repressed.  
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Figure 3. The Agr quorum-sensing system of S. aureus. AgrD is the pro-peptide of the autoinducing 

peptide (AIP). The membrane-bound AgrB protein is responsible for modification, maturation and 

secretion of AIP. The secreted AIP binds to the cognate AgrC, modulating the autophosphorylation of 

AgrC which, subsequently, leads to transfer of the phosphate to AgrA. The phosphorylated form of AgrA 

then triggers activation of the P2 and P3 promoters that control expression of the agr-operon and 

RNAIII-encoding PSMγ. In turn, RNAIII induces the expression of different virulence factors, including 

PSMα and PSMβ. Figure adapted from Painter KL et al. 85. 

The alternative sigma factor B (SigB) of S. aureus may act independently or in cooperation with 

other regulators. Compared to the Gram-positive bacterium Bacillus subtilis, relatively little is 

known about the signal perception by SigB in S. aureus. The sigB operon of B. subtilis contains 

eight genes, of which only four, namely rsbU, rsbV, rsbW, and sigB (rsb stands for regulator of 

sigma B) are conserved in S. aureus86. rsbU, rsbV, rsbW tightly regulate SigB. Of note, the 

regulatory mechanism of SigB in most bacteria follows the same principle, involving multiple 

protein-protein interactions triggered by different stress conditions. Normally SigB exists in an 

inactive state by forming a complex with its antagonist, the anti-sigma factor RsbW. Under 

these conditions RsbV (anti-anti sigma factor) is phosphorylated and thereby inactivated by 

RsbW. However, following particular environmental stimuli, RsbV-P is dephosphorylated by 

RsbU and then active. RsbW is bound by non-phosphorylated RsbV, which frees SigB and 

allows it to interact with an RNA polymerase, an event that consequently leads to transcription 

of SigB-dependent genes87,88 (Fig. 4).  However, it is not clear which signals are perceived by 
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 1 RsbU to activate its phosphatase activity. Furthermore, when heterologously expressed in B. 

subtilis, S. aureus´ RsbU is permanently active in contrast to its B. subtilis homolog88. 

 

Figure 4. Mechanism of SigB-dependent gene regulation in S. aureus. Upon sensing of 

environmental stress stimuli, the RsbU protein dephosphorylates RsbV. Dephosphorylated RsbV then 

binds to RsbW, resulting in the release of SigB that has been sequestered by RsbW. As a consequence, 

free SigB will bind to RNA polymerase (RNAP) allowing the transcription of genes belonging to the SigB 

regulon. Phosphorylated RsbV is inactive, and it cannot bind RsbW. In fact, RsbW promotes the 

phosphorylation of RsbV in order to keep RsbV in an inactive state. Figure is adapted from Junecko JM 

et al.74.  

In addition to Agr and SigB, S. aureus contains many more regulators of virulence gene 

expression. Notably, these different regulators do not only function directly in activating or 

repressing virulence genes, but they also exert indirect effects by influencing each other’s 

activity. Such regulatory networks of S. aureus have been reviewed by Priest et al 89. 

Furthermore, a web-based resource called regprecise 

(http://regprecise.lbl.gov/RegPrecise/index.jsp) provides overviews of gene regulatory 

cascades in different taxa including staphylococcaceae90 (Fig. 5). Of note, natural ‘mutations’ in 

diverse regulators can occur, and the respective isolates may show differential behavior with 

respect to virulence or resistance to antibiotics. This makes it difficult to predict the virulence 

of different types of S. aureus isolates based on only the genome sequence.  
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Figure 5. Inter-regulatory networks of S. aureus regulons. Particular regulators may either promote 

activation or repression of other regulators and their regulons. In the present Figure, each 

circle/rectangular box represents a particular regulon known to control one or more S. aureus regulators 

and their regulons. Arrow heads indicate regulons with a dominant regulatory effect over other regulons. 

The sizes of the circles are proportional to the numbers of genes that are under the control of a particular 

regulator or regulon, with larger circle sizes indicating larger numbers of genes. Rectangular boxes 

represent regulons with unknown number of target genes. The figure was adapted from the regprecise 

website90 and Priest NK et al.89. 

Molecular typing of S. aureus 

Molecular typing of microbial pathogens, such as S. aureus, provides important information 

about i) genetic microvariations that support the investigation, control, and prevention of 

outbreaks in hospitals and the community, and ii) genetic macrovariations that guide 

phylogenetic and population-based analyses91. Classical molecular typing techniques are gel-

based, as exemplified by ‘pulsed-field gel electrophoresis’ (PFGE), ‘multi-locus variable number 

tandem repeat analysis’ (MLVA), and ‘multiple-locus variable number tandem repeat 

fingerprinting’ (MLVF). The more advanced typing techniques are sequence-based, and 
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 1 address either a single locus (e.g. spa-type), multiple loci (e.g. ‘multilocus sequence typing’ 

[MLST]), or whole genome sequences (WGS).   

PFGE is a typing method that analyzes a fragment of DNA generated by digesting bacterial 

chromosomes with the restriction enzymes SmaI or, in case of livestock-associated MRSA, EheI. 

The digestion products are then separated on an agarose gel with alternating pulses of current 

that change the orientation of the electric field across the gel92. Based on the banding patterns 

observed upon PFGE, isolates are assigned to a specific PFGE profile (e.g. S. aureus USA200, 

USA300, USA500, etc.). PFGE is still considered as the ‘gold standard’ typing method due to its 

high discriminatory power. However, it is labor-intensive and a direct comparison of results 

obtained in different laboratories is difficult93. 

MLST involves the amplification and subsequent sequencing of 450-500 bp stretches of seven 

S. aureus housekeeping genes, namely arcC, aroE, glpF, gmk, pta, tpi, and yqiL94. The resulting 

sequences are compared with sequences deposited in the online MLST web server 

(http://www.mlst.net/), on which basis a number is given to each locus, resulting in a seven-

digit allelic profile. As such, MLST allocates S. aureus isolates to different sequence types (STs). 

In addition, MLST data can be used in the 'based upon related sequence types’ (BURST) 

clustering algorithm to group strains into clonal complexes (CCs)95,96. As MLST is based on 

sequencing, the results obtained with this method in different laboratories can be readily 

compared. However, it was thus far relatively expensive and labor intensive to sequence seven 

genes95. Also, it only addresses variations in the core genome, while the largest variations 

between isolates occur in the accessory genome.   

spa-type is based on the gene encoding the above-mentioned cell wall-associated SpA protein 

of S. aureus97. In its C-terminus SpA has a variable region (X), and sequencing of the respective 

variable gene region unveils extensive polymorphisms, which allow the grouping of isolates 

into different spa-types97,98. To this end, the specific spa gene sequence of an isolate is 

compared with sequences deposited to the online spa-server 

(http://www.spaserver.ridom.de/), resulting in the assignment of a spa-type. The fact that this 

typing technique only addresses a single locus makes it less expensive and less labor intensive. 

However, it has a relatively moderate discriminatory power as different S. aureus lineages as 

defined by MLST can have the same or similar spa loci99. 
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Typing methods based on ‘variable number tandem repeats’ (VNTRs), such as MLVA and MLVF, 

essentially assess regions of coding and non-coding nucleotide repeats. Specifically, MLVA 

determines the numbers of VNTRs at eight different loci100. It involves the amplification of the 

selected VNTR loci by multiplex PCR followed by agarose gel electrophoresis to separate the 

amplified loci or, more recently, by automated fragment sizing of these loci on a DNA 

sequencer. The results are used to calculate the number of repeats in each VNTR locus with 

specific software. The numbers of repeats of the eight VNTR loci are then combined to form 

an MLVA profile (e.g. 14-0-2-4-1-7-1-6)100,101. MLVA has similar discriminatory power as PFGE, 

but it is less tedious and much faster than PFGE.  

MLVF is a simple typing method based on the amplification and electrophoretic separation of 

repeated sequences in seven selected genes, namely sspA, spa, clfA, clfB, sdrC, sdrD, and 

sdrE102. A limitation of this technique is the difficulty to assign amplified fragments to the 

corresponding target genes. Since it is not possible to correctly analyze the number of repeats 

in each amplicon, it is a genuine ‘fingerprinting’ technique99,103. Yet, MLVF is cheaper, faster, 

and much easier to implement than other typing methods, and it has a higher discriminatory 

power. A major limitation is that inter-laboratory comparison of MLVF data is impossible.  

Lastly, S. aureus isolates are often characterized by PCR-based identification of specific 

virulence-associated genes, such as the PVL genes, SCCmec104, agr, and prophages105. 

Importantly, the recent advancements in the availability and affordability of WGS have created 

a most favorable platform for the typing of microorganisms in general, and S. aureus in 

particular106. Altogether, the replacement of gel-based by sequence-based typing methods has 

many merits, not in the last place high inter-laboratory comparability and a major improvement 

in the discriminatory power106,107. 

Molecular epidemiology of MRSA 

The first report of MRSA came from a British hospital in 1961. Since then, MRSA has spread 

around the world, becoming a major public health problem that causes both hospital-

associated (HA) and community-associated (CA) infections. The traditional classification of CA- 

and HA-MRSA by the Active Bacterial Core Surveillance Program of the Centers for Disease 

Control and Prevention in the USA defines an S. aureus isolate as CA-MRSA when the respective 

patient did not undergo hemodialysis, surgery, hospitalization, or had no history of residence 
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 1 in long-term care facilities within the year preceding its isolation and previous MRSA infection, 

or was not hospitalized >48hrs before the positive MRSA test. In contrast, isolates from patients 

with such a clinical history are defined as HA-MRSA108. CA-MRSA lineages predominantly cause 

skin and soft tissue infections, but they may also cause severe invasive disease among immune-

competent people. On the other hand, HA-MRSA lineages mainly cause bloodstream infections 

in immune-suppressed individuals109. Until today, antibiotic resistance profiles, SCCmec typing, 

PVL, and the superantigen status are being used to distinguish CA- and HA-MRSA as a package 

for control and prevention of outbreaks. However, the distinction between CA- and HA-MRSA 

isolates remains difficult as the criteria to distinguish such isolates are relatively soft. 

Consequently, there is a clear need to better understand the distinctive molecular features that 

dictate the differences in epidemiology of CA- and HA-MRSA. 

Scope of the thesis  

The research described in this dissertation was aimed at identifying possible links between 

staphylococcal epidemiology and pathophysiology. A notorious lineage of CA-MRSA is 

represented by S. aureus with the PFGE type USA300, the MLST type ST8 and the spa-type 

t008, which was first identified from community-acquired infections in the USA110,111. In Europe, 

the USA300 lineage was first recognized among Danish patients in 2000, followed by patients 

in many other European countries112,113. Interestingly, nowadays also HA-associated infections 

with MRSA of the USA300 lineage are encountered. This provided an opportunity to investigate 

distinguishing molecular features of closely related CA- and HA-MRSA isolates through a 

comparative genome, transcriptome, and proteome analysis. In particular, the present studies 

were focused on Danish S. aureus USA300 isolates112,113. Specifically, the investigated CA-

USA300 isolates from Denmark belong to the sequence type ST8 and the spa-type t008, are 

PVL-positive and carry the ACME element, while the investigated HA-USA300 isolates belong 

to ST8 and spa-type t024, are PVL-negative, and carry in most cases the ACME element. The 

essential background information for this research with respect to staphylococcal MGEs, 

virulence, gene regulation and epidemiology is summarized in Chapter 1 of this thesis.  

Chapter 2 presents global distinguishing features of CA- and HA-MRSA isolates of the USA300 

lineage through comparative genome and exoproteome analyses. In brief, the comparative 
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genome analyses revealed a distinct clustering of the CA- and HA-MRSA that was mirrored in 

the respective profiles of secreted proteins and survival inside human epithelial cell lines.  

The vast majority of proteins that were identified in the exoproteome analyses described in 

chapter 2 were predicted as cytoplasmic proteins. Since these proteins were important for the 

distinction of CA- and HA-MRSA isolates, it was important to further investigate whether this 

distinction would also be reflected in cytoplasmic proteins extracted from the respective 

bacterial cells. Therefore, cytoplasmic proteins from cells of both groups of MRSA isolates were 

investigated by mass spectrometry. Indeed, as described in Chapter 3, the proteomics analysis 

of the cytosolic cell fraction allowed a clear distinction of CA- and HA-MRSA isolates. In 

particular, the cytoplasmic proteins of the CA- and HA-MRSA isolates uncovered noteworthy 

differences in central carbon metabolism that apparently match with the clinical presentation 

of the respective groups of isolates.  

Since bacterial gene regulation occurs to a large extent at the transcriptional level, the 

molecular distinction of the investigated CA- and HA-USA300 isolates was extended with an 

RNA sequencing analysis. The results of this analysis are described in Chapter 4. Importantly, 

the outcomes indicated potential differences in the ability of the CA- and HA-USA300 isolates 

to survive phagocytosis, and this was subsequently verified experimentally in human 

neutrophils and hemocytes (i.e. phagocytic cells) from the infection model Galleria mellonella. 

Altogether, the results imply that prolonged intra-phagocyte survival reflects a strategy of S. 

aureus USA300 to adapt to the hospital setting where the antibiotic pressure is much higher 

than in the community.  

Chapter 5 summarizes the main findings and conlusions presented in this thesis, and it 

describes the perspectives for future research on the distinctive features of CA- and HA-MRSA. 

In particular, chapter 5 reflects on how the present findings can be applied towards the 

development of diagnostic markers to distinguish CA- and HA-MRSA for epidemiological 

investigations and, most importantly, for the control and prevention of outbreaks.  
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Summary  

Methicillin-resistant Staphylococcus aureus (MRSA) is a major threat to human health, 

especially by causing community-associated (CA) or hospital-associated (HA) infections that 

are hard to treat due to its ability to withstand most antibiotics. As introduced in Chapter 1, 

diagnostic markers for the distinction of CA- and HA-MRSA have many applications, in 

particular for epidemiological investigations, and for the control and prevention of outbreaks. 

Classical studies have shown that specific genes on mobile genomic elements (MGE), such as 

PVL, represent markers that distinguish CA- and HA-MRSA1. In addition, the susceptibility of 

MRSA to ciprofloxacin and gentamicin has been used to detect PVL-positive CA-MRSA. 

However, recent studies identified PVL-positive HA-MRSA, highlighting an urgent need for 

more robust molecular markers that distinguish CA- and HA-MRSA2–4.   

Several previous studies have addressed the mechanisms by which MRSA colonizes and 

invades our body, or escapes our immune defences5. Yet, little is known about the molecular 

traits that dictate the epidemiological behaviour of CA- and HA-MRSA. How can we distinguish 

these two classes of MRSA at the molecular level? This is not only an intriguing fundamental 

question, but it also has important bearings on the situation in the clinic, where especially the 

highly aggressive CA-MRSA lineages need to be recognized and eliminated at an early stage 

before they can cause serious hard-to-fight outbreaks. This is even more important since such 

CA-MRSA lineages have already been introduced into hospitals where they are adapting to this 

new habitat. This phenomenon was previously reported for the USA300 MRSA lineage, which 

had originally emerged as a CA-MRSA lineage in the United States of America6, but is now also 

causing infections amongst hospitalized patients in different countries worldwide7–9. In fact, 

these observations provide a unique opportunity to characterize molecular adaptations of 

USA300 isolates to the hospital environment by a comparative genomics, transcriptomics, and 

proteomics approach as documented in this PhD thesis.  

As discussed in Chapter 2, the comparative genome analysis of CA- and HA-USA300 isolates 

revealed that the distinctive features of these isolates relate predominantly to the accessory 

genome. Interestingly, proteomics data showed that CA- and HA-isolates can be distinguished 

by two distinct extracellular protein abundance clusters that are predictive not only for the 

epidemiologic behaviour of USA300 isolates, but also for their growth and survival within 

epithelial cells10. The latter is highly relevant as CA-MRSA typically causes skin and soft tissue 

infections where the epithelial cell layer is the first line of defence in our body that needs to be 
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breached. Intriguingly, the identified exoproteome clusters differ in the abundance of typical 

cytoplasmic proteins, suggesting that extracellular ‘moonlighting’ proteins represent a new 

distinguishing feature of CA- and HA-USA300. Such moonlighting proteins are proposed to 

have different functions both at intracellular and extracellular locations in staphylococcal 

virulence11,12. Altogether, the results showed the potential of typical cytoplasmic proteins with 

an extracellular localization to distinguish closely related CA- and HA-USA300 isolates.   

The findings described in chapter 2 prompted an in-depth investigation of the cellular 

proteome of the CA- and HA-USA300 isolates, which is described in Chapter 3. Importantly, 

the results showed that adaptation of the CA-USA300 isolates to the hospital environment 

takes, at least in part, place at the level of central carbon metabolism. The differences that were 

observed for cytoplasmic proteins of the investigated CA- and HA-isolates related mostly to 

glycolysis, pentose phosphate pathway, gluconeogenesis, the tricarboxylic acid (TCA) cycle, 

and the metabolism of amino acids and purine. Specifically, the glycolysis and pentose 

phosphate pathways were relatively up-regulated in HA-isolates, whereas gluconeogenesis, 

the TCA cycle, and amino acid and purine metabolism were down-regulated in these isolates. 

These differential pathway adaptations match remarkably well with the clinical manifestations 

of the two groups of isolates. HA-MRSA is associated with invasive infections in frail individuals. 

In this scenario, the bacteria reach for example the bloodstream where there is less need for 

them to synthesize glucose, amino acids and purines. In contrast, CA-MRSA is associated with 

skin and soft tissue infections. Accordingly, the bacteria showing this epidemic behaviour 

appear to be prepared for an environment where glucose, free amino acids and purines are 

limiting resources. These observations focus attention on central carbon metabolism as an 

important driver for adaptations that streamline MRSA for propagation in the community or 

the hospital. 

Successful staphylococcal colonization and invasion of the human host are known to require 

adaptations in gene expression by transcriptional regulation. To assess the extent of adaptive 

transcriptional changes in the investigated CA- and HA-USA300 isolates, an RNA sequencing 

analysis was performed as described in Chapter 4. In brief, the RNAseq results pinpoint specific 

differences between the two groups, especially distinct activities of the Agr quorum-sensing 

system, defences against oxidative stress and several biosynthetic pathways. Genes encoding 

the histidine, purine, pyrimidine and fatty acid biosynthetic pathways were differentially 

expressed in the two groups of isolates. Furthermore, genes encoding S. aureus virulence 
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factors, such as leukotoxins and phenol-soluble modulins that have been invoked in immune 

evasion and survival of phagocytosis were also differentially expressed in the CA- and HA-

isolates. Especially, the survival of phagocytosis by neutrophils is important for S. aureus, 

because these immune cells represent the first line of defense once the bacteria have breached 

the primary barriers represented by the human skin or mucosa13. Therefore, the ability of CA- 

and HA-isolates to withstand internalization by human neutrophils was assessed. Interestingly, 

the CA-isolates displayed higher neutrophil killing activity than the HA-isolates, whereas the 

HA-isolates were better adapted for intra-phagocyte survival. This opened up the possibility 

that the adaptation of the HA-MRSA isolates to the hospital setting is, at least in part, aimed 

at the evasion of antibiotics through enhanced intra-neutrophil survival. This idea was 

subsequently verified in a Galleria mellonella infection model, where the HA-isolates were 

indeed better equipped to evade a challenge with gentamycin than the CA-isolates through 

intra-phagocyte survival. 

A particularly interesting finding was the differential expression of PSM genes in the two groups 

of isolates, i.e. the CA-MRSA displayed relatively lower levels of PSM gene expression than the 

HA-MRSA. This was an unexpected finding as previous studies had implicated PSMs in the 

staphylococcal escape from neutrophils14. Therefore, we validated the differential expression 

of PSMs by assessing resistance to daptomycin. Recently, it had been shown that reduced PSM 

levels confer S. aureus resistance to daptomycin through the sequestration of this antibiotic by 

secreted phospholipids15. Thus, we hypothesized that CA-USA300 isolates would be less 

susceptible to daptomycin than the HA-USA300 isolates. Indeed, while the growth of HA-MRSA 

was reduced, the growth of CA-MRSA was not affected by daptomycin that was added to the 

growth medium. Of note, as daptomycin is a last-resort antibiotic that is relatively infrequently 

used to treat S. aureus infections, the increased sensitivity of HA-isolates to daptomycin can 

be considered as an indirect consequence of their adaptations to the hospital environment.    

Conclusions  

Staphylococcus aureus manifests itself mainly as a human commensal but, when given the 

opportunity, it will show its full potential as a dangerous pathogen. This reflects this bacterium’s 

remarkable ability to adapt to different environments and to respond to challenges imposed 

by the human immune system. Importantly, MGEs encoding genes that confer resistance to 

different antibiotics and virulence factors play key roles in such adaptations. Thus, the genomic 

plasticity brought about by MGEs contributes to the fitness and continuous evolution of S. 
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aureus. Interestingly, a phylogenetic analysis of several strains of S. aureus indicates that the 

USA300 lineage, which was originally identified as CA, evolved from an MSSA ancestry through 

the acquisition of MGEs (Figure 1). The apparent gain and/or loss of MGE-encoded genes 

resulted in different virulence levels of the here investigated CA- and HA-isolates (Figure 2). 

Notably, the molecular features that dictate the epidemiology of CA- and HA-MRSA had 

remained largely unexplored at the start of the PhD research documented in this thesis. The 

here presented results show that CA- and HA-isolates of the USA300 lineage display several 

distinctive characteristics that are reflected in their transcriptome and proteome composition. 

Importantly, these features are predictive for their growth, and survival within epithelial cells 

and phagocytes. Altogether, the presented findings imply that the different epidemicity of the 

investigated USA300 isolates requires changes at three higher order levels, namely central 

carbon metabolism, expression of virulence factors and protection against oxidative stress. The 

adaptive changes in the levels of proteins needed for central carbon metabolism will prepare 

the HA- or CA-isolates to be optimally fit in particular niches provided by the human body, and 

the respective changes in virulence factors may help them to reach these niches. Further, upon 

phagocytosis, the hospital-adapted bacteria may benefit from an adjusted expression of 

virulence factors by maintaining the integrity of their phagocyte, which thus forms a protective 

barrier against antibiotic challenges. Conversely, the CA-bacteria do not really need this 

protection and are, therefore, better off by killing the phagocytes. The adjusted protective 

mechanisms against oxidative stress add to the capacity of hospital-adapted isolates to survive 

within phagocytes. The present findings thus highlight particular molecular traits that are 

potentially diagnostic for epidemic behaviour.   
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Figure 1. Phylogenetic tree analysis of different strains of S. aureus. The Geneious program version 

11.1.2 was used to design the tree. The MAUVE whole genome alignment tool was used to align the 

DNA sequences of the strains using default settings. Afterwards, the tree was constructed with the 

rapidRaXML program version 8.2.1 using a rapid bootstrapping algorithm16.  

  



Chapter 5 
 

117 

 

 5 

 

 

 

Figure 2. Model for the evolution of virulence in CA- and HA-USA300 isolates. Based on recent 

extensive phylogenetic analyses9, it seems likely that the methicillin sensitive S. aureus (MSSA) clonal 

lineage ST8 successively acquired the PVL genes, the ACME element, SCCmec type IV, and enterotoxin 

genes (e.g seq) through horizontal transfer of MGEs giving rise to the CA-USA300 lineage, which spread 

in the community. Upon re-introduction into the hospital, the here-studied Danish USA300 isolates 

adapted to the new situation by replacing particular MGEs, which led to the loss of PVL genes and the 

acquisition of enterotoxin genes (eg. sej) and by adjusting their physiology as described in this thesis. 

*ACME, Arginine Catabolic Mobile Element; Mobile Genetic Element (MGE); PVL, Panton-Valentine 

Leukocidin6,10,17,18. 

Future perspectives 

The epidemiological classification of MRSA isolates as CA or HA is traditionally based on the 

time point after hospitalisation (usually 48 hours) at which the respective patients develop 

symptoms of staphylococcal infection. This is recognized as a rather soft criterion and, 

accordingly, there has been a quest for the identification of more robust distinctive molecular 

features to distinguish CA- and HA-MRSA isolates. So far, only a very limited number of 

distinctive features, such as the presence of PVL-encoding genes, were available to separate 

CA- from HA-MRSA. However, these markers are losing their predictive value as the originally 
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CA-lineages are now (re-)introduced into hospitals, where they adapt to the respective 

conditions, especially antibiotic challenges. In this thesis, several traits are described that 

distinguish CA- and HA-isolates of the USA300 lineage. These represent promising leads for 

the development of markers for epidemic behaviour. One of the key questions that remains to 

be answered is whether the identified features also distinguish genetically distantly related CA- 

and HA-MRSA isolates of different clonal lineages from different geographical origins. The 

presented data indicate that unbiased approaches, like whole genome sequencing, 

transcriptomics or proteomics, are probably superior over the assessment of individual 

staphylococcal marker genes, transcripts or proteins in the identification of MRSA-isolates with 

particular epidemic behaviour. This is in line with the idea that the epidemic behaviour of S. 

aureus is a multi-factorial trait. The logical consequence of this insight is that we should place 

a stronger emphasis on the implementation of 'omics' for infection prevention. In fact, this is a 

trend that has already been started by the introduction of whole genome sequencing to track 

outbreaks of resistant microorganisms and the respective lines of transmission19, or MALDI-

TOF mass spectrometry to identify particular pathogens in the clinical diagnostic routine20,21.  

A more fundamental question that remains to be answered is how the presently identified 

distinguishing features of the CA- and HA-MRSA isolates dictate the overall interactions with 

human host proteins. This is an important knowledge gap, as underscored by a recent finding 

that the presence of a corona of human serum proteins can drastically influence the localisation 

of staphylococcal proteins22. Therefore, to reach a full definition of the factors that dictate 

staphylococcal behaviour in the community and the hospital, it will be important to explore 

and dissect the impact of the human protein ‘corona’ on staphylococcal pathophysiology. The 

results of such analyses should allow the rational design of new-generation preventive and 

therapeutic interventions that will protect patients and frail individuals from the threats 

imposed by MRSA infections.  
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Zusammenfassung 

In mehreren früheren Arbeiten wurden bereits die Mechanismen untersucht, die MRSA 

Stämme nutzen, um unseren Körper zu besiedeln und sich darin zu verbreiten oder um der 

Wirtsimmunantwort entkommen zu können5. Bis jetzt ist wenig über die molekularen 

Merkmale bekannt, die das epidemiologische Verhalten von CA- und HA-MRSA Stämmen 

erklären. Wie können diese zwei Klassen von MRSA Stämmen auf molekularer Ebene 

unterschieden werden? Dies ist nicht nur eine akademische Frage, sondern hat wichtige 

praktische Auswirkungen auf die Situation in Krankenhäusern wo besonders die hoch 

aggressiven CA-MRSA Stämme frühzeitig erkannt und eliminiert werden müssen, bevor sie 

schwere und kompliziert zu behandelnde Krankheiten verursachen können. Im Besonderen gilt 

dies für CA-MRSA Stämme, die bereits in Krankenhäusern identifiziert wurden und sich an ihre 

neue Umgebung anpassen. Dies wurde bereits für die USA300 MRSA Linie berichtet, welche 

ursprünglich in den USA als CA-MRSA entstand6, aber heutzutage auch in Krankenhäusern 

weltweit Infektionen auslöst 7–9. Im Rahmen dieser Doktorarbeit wurden genomische, 

transkriptomische und proteomische Analyseverfahren genutzt, um die molekularen 

Anpassungen von USA300 Isolaten an die neue Krankenhausumgebung zu charakterisieren. 

Wie in Kapitel 2 beschrieben, ergab die vergleichende Genomanalyse von CA- und HA-

USA300 Isolaten, dass die Unterscheidungsmerkmale überwiegend im variablen Bereich des 

Genoms zu finden sind. Zusätzlich ausgeführte Proteomanalysen der extrazellulären 

Proteinfraktion ergaben, dass die CA- und HA-Isolate anhand zwei verschiedener 

Proteingruppen voneinander getrennt werden können. Über diese zwei Proteingruppen lassen 

sich nicht nur die epidemiologischen Eigenschaften der USA300 Isolate, sondern auch das 

Wachstum und Überleben innerhalb von Epithelzellen vorhersagen10. Das Überleben innerhalb 

der Epithelzellen hat eine hohe Relevanz, da CA-MRSA Stämme typischerweise Haut- und 

Weichgewebeinfektionen verursachen, wobei die Epithelzellschicht die erste Barriere unseres 

Körpers darstellt, die überwunden werden muss. Faszinierenderweise unterscheiden sich die 

identifizierten Exoproteomgruppen in der Menge typischer zytoplasmatischer Proteine, was 

nahe legt, dass die sogenannten “moonlighting”-Proteine neue Unterscheidungsmerkmale von 

CA- und HA-USA300 darstellen können. “Moonlighting”-Proteine von Staphylokokken können 

während der Infektion verschiedene Funktionen in Abhängigkeit von der intra- oder 

extrazellulären Lokalisation erfüllen11,12. Zusammengefasst zeigten die Ergebnisse, das typische 
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zytoplasmatische Proteine mit einer extrazellulären Lokalisation herangezogen werden 

können, um nah verwandte CA- and HA-USA300 Isolate voneinander zu unterscheiden.  

Die in Kapitel 2 aufgeführten Befunde motivierten zu einer umfassenden Untersuchung des 

zellulären Proteoms der CA- und HA-USA300 Isolate, die in Kapitel 3 beschrieben wurde. Die 

Ergebnisse zeigten, dass sich die Anpassung der CA-USA300 Isolate an die 

Umgebungsbedingung im Krankenhaus zumindest teilweise im zentralen 

Kohlenstoffmetabolismus abspielt. Die Unterschiede, zwischen den zytoplasmatischen 

Proteinen in den CA- and HA-Isolaten bezogen sich hauptsächlich auf Glykolyse, Pentose-

Phosphat-Weg, Glukoneogenese, Tricarbonsäure (TCA) Zyklus und den Stoffwechsel von 

Aminosäuren und Purinen. Dabei waren Glykolyse und Pentose-Phosphat-Weg in den HA-

Isolaten vergleichsweise hochreguliert, wohingegen Gluconeogene, TCA Zyklus und 

Aminosäure- und Purinstoffwechsel in diesen Isolaten herunterreguliert waren. Diese 

unterschiedlichen Anpassungen der Stoffwechselwege passen bemerkenswerter Weise sehr 

gut zum klinischen Verhalten der beiden Isolatgruppen. HA-MRSA Stämme sind häufig für 

invasive Infektionen in geschwächten Individuen verantwortlich. In diesem Fall erreichen die 

Bakterien das Blut, wo Glukose, Aminosäuren und Purine von den Bakterien nicht neu 

synthetisiert werden müssen. Im Gegensatz dazu werden CA-Isolate eher in Haut- und 

Weichteilinfektionen gefunden. Dementsprechend müssen sich diese Bakterien auf eine 

Umgebung einstellen, in der Glucose, freie Aminosäuren und Purine nur begrenzt verfügbar 

sind. Diese Beobachtungen heben die Rolle des zentralen Kohlenstoffwegs für bestimmte 

Anpassungen hervor, die die Verbreitung von MRSA Stämmen in der Bevölkerung oder im 

Krankenhaus ermöglichen. 

Eine erfolgreiche Besiedlung und Invasion des menschlichen Wirts durch die Staphylokokken 

erfordert ebenfalls Anpassungen der Genexpression auf Transkriptionsebene. Um den Umfang 

der transkriptionalen Änderungen zwischen CA- und HA-USA300 Isolaten zu erfassen, wurde 

die in Kapitel 4 beschriebene RNAseq-Analyse durchgeführt. Zusammengefasst zeigen die 

RNAseq Ergebnisse spezifische Unterschiede zwischen den zwei Gruppen. Davon sind vor allem 

bestimmte Aktivitäten des sogenannten Agr quorum sensing Systems, sowie die Abwehr von 

oxidativem Stress und verschiedene biosynthetische Stoffwechselwege betroffen. Gene der 

Histidin-, Purin-, Pyrimidin- und Fettsäuresynthese wurden in beiden Isolatgruppen in 

verschiedenem Maße exprimiert. Weiterhin wurden Gene, die für S. aureus Virulenzfaktoren, 

wie Leukotoxine und Phenol-lösliche Moduline kodieren, welche für die Abwehr gegen das 
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Wirtsimmunsystem und das Überleben während der Phagozytose von Bedeutung sind, in den 

CA- und HA-isolaten unterschiedlich stark exprimiert. Besonders das Überleben während der 

Phagozytose durch Neutrophile ist wichtig für S. aureus, weil diese Immunzellen die erste 

Verteidigungsfront darstellen, sobald die Bakterien die primären Barrieren der menschlichen 

Haut oder Schleimhaut durchbrochen haben13. Daher wurde die Fähigkeit von CA- und HA-

Isolaten eine Internalisierung von humanen Neutrophilen zu überleben, untersucht. 

Interessanterweise wurde eine verstärkte Abtötung der Neutrophilen bei den CA-Isolaten im 

Gegensatz zu den HA-Isolaten beobachtet. Dies deutete darauf hin, dass die Anpassung der 

HA-MRSA Stämme im Krankenhaus zumindest teilweise auf einen Schutz vor 

Antibiotikabehandlung durch verbessertes Überleben in den Neutrophilen und vermutlich 

auch anderen Zellen hinzielt. Diese Theorie wurde anschließend in einem Galleria mellonella 

Infektionsmodell bestätigt, in dem die HA-Isolate tatsächlich aufgrund des Überlebens 

innerhalb von Phagocyten besser vor einer Behandlung mit Gentamycin geschützt waren als 

die CA-Isolate. 

Ein besonders interessanter Befund war die unterschiedliche Expression von PSM Genen in den 

zwei Isolatgruppen. Zum Beispiel wiesen die CA-MRSA Stämme eine vergleichsweise geringere 

PSM Genexpression als die HA-MRSA Stämme auf. Dies war unerwartet, da vorherige Studien 

eine Bedeutung der PSMs für das Entkommen aus Neutrophilen beschrieben hatten14. Daher 

überprüften wir diese differentielle PSM Expression durch die Untersuchung des Resistenz 

gegen Daptomycin. Kürzlich wurde gezeigt, dass verringerte PSM Mengen S. aureus eine 

Resistenz gegen Daptomycin durch eine Abwehr mittels sezernierter Phospholipiden 

verleihen15. Daher vermuteten wir, dass CA-USA300 Isolate weniger empfindlich gegenüber 

Daptomycin wären als die HA-USA300 Isolate. Während das Wachstum der HA-MRSA Stämme 

tatsächlich verlangsamt war, wurde das Wachstum der CA-MRSA Stämme nicht von der 

Anwesenheit von Daptomycin im Kulturmedium beeinflusst. Hierbei muss erwähnt werden, 

dass Daptomycin ein Notfall-Antibiotikum ist und daher sehr selten zur Behandlung von S. 

aureus Infektionen eingesetzt wird. Daher kann die erhöhte Sensititvität von HA-Isolaten gegen 

Daptomycin als eine indirekte Folge ihrer Anpassungen an die Umgebung im Krankenhaus 

angesehen werden.  
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Schlussfolgerung 

Staphylococcus aureus tritt hauptsächlich als kommensales Bakterium auf, aber unter den 

geeigneten Bedingungen wird sein Potential als gefährlicher Krankheitserreger deutlich. Dies 

spiegelt die bemerkenswerte Fähigkeit dieses Bakteriums wider, sich an verschiedene 

Umweltbedingungen anzupassen und auf die Herausforderungen, die vom menschlichen 

Immunsystem ausgehen, antworten zu können. MGE kodierte Gene, die eine erhöhte 

Widerstandskraft gegenüber verschiedenen Antibiotika ermöglichen, spielen hierbei 

Schlüsselrollen. Damit trägt die durch MGEs erworbene genetische Anpassungsfähigkeit zur 

Fitness und kontinuierlichen Evolution von S. aureus bei. Interessanterweise geht aus dem 

phylogenetischen Baum verschiedener S. aureus Stämme hervor, dass die USA300 Linie, die 

ursprünglich als CA identifiziert wurde, sich aus einem MSSA Vorgängerstamm durch 

Aufnahme von MGEs entwickelt hatte (Abbildung 1). Die offenbar stattgefundene Aufnahme 

oder der Verlust von MGE kodierten Genen führte zur Ausprägung verschiedener 

Virulenzstufen der hier untersuchten CA- und HA-Isolate (Abbildung 2). Bemerkenswerterweise 

waren die molekularen Merkmale, die die Epidemiologie von CA- und HA-MRSA Stämmen 

beeinflussen, zu Beginn der Forschungen im Rahmen dieser Doktorarbeit weitgehend 

unbekannt. Die hier vorgestellten Ergebnisse zeigen, dass CA- und HA-Isolate der USA300 Linie 

mehrere eindeutig diskriminierende Eigenschaften aufweisen, die sich in ihren Transkriptom- 

und Proteomzusammensetzungen widerspiegeln. Diese Merkmale sind bedeutsam für die 

Vorhersage des Wachstums der Stämme sowie ihr Überleben in Epithelzellen und Phagozyten. 

Zusammengefasst zeigen die vorgestellten Ergebnisse, dass die unterschiedliche 

Epidemiologie der untersuchten USA300 Isolate auf Änderungen in drei übergeordneten 

Ebenen, nämlich zentraler Kohlenstoffmetabolismus, Expression von Virulenzfaktoren und 

Abwehr von oxidativem Stress beruhen. 

Die Anpassungen in den Mengen von Proteinen, die im Kohlenstoffmetabolismus benötigt 

werden, bereiten die CA- oder HA-Isolate vor, um optimal in bestimmten Nischen des 

menschlichen Körpers überleben zu können. Die entsprechenden Änderungen in der 

Zusammensetzung der Virulenzfaktoren könnten den Bakterien helfen, diese Nischen zu 

erreichen. Weiterhin könnten mittels Phagozytose aufgenommene Krankenhaus-angepasste 

Bakterien von der Anpassung der Virulenzfaktorexpression insofern profitieren, indem sie die 

Phagozyten intakt halten, um innerhalb dieser Barriere vor Antibiotikabehandlung geschützt 

zu sein. Umgekehrt benötigen die CA-Bakterien diesen Schutz eher weniger und sollten daher 
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die sie einschließenden Phagozyten abtöten. Der adaptierte Schutzmechanismus gegen 

oxidativen Stress hilft den Krankenhaus-angepassten Isolaten zusätzlich, um in den Phagozyten 

zu überleben. Die vorliegenden Ergebnisse heben daher besondere molekulare Merkmale 

hervor, die möglicherweise epidemisches Verhalten vorhersagen können. 

Ausblick 

Die epidemiologische Klassifizierung von MRSA Isolaten in CA oder HA basiert traditionell auf 

dem Zeitpunkt nach Einweisung ins Krankenhaus (normalerweise 48 Stunden), an dem der 

betroffene Patient Symptome einer Staphylokokkeninfektion entwickelt. Dieses Kriterium ist 

aber als eher schwach einzustufen und daher gab es Bestrebungen robustere und eindeutige 

molekulare Marker zu identifizieren. Bisher stand nur eine eingeschränkte Anzahl an 

Unterscheidungsmerkmalen, wie die Anwesenheit von PVL-kodierenden Genen, zur Trennung 

von CA- und HA-MRSA Isolaten zur Verfügung. Jedoch verlieren diese bekannten Marker 

immer mehr an Bedeutung, da nun auch die ursprünglichen CA-Linien in den Krankhäusern 

(wieder) nachgewiesen werden, wo sie sich an neue Bedingungen anpassen, besonders in 

Hinblick auf die verwendeten Antibiotika. Im Rahmen dieser Doktorarbeit werden verschiedene 

Merkmale beschrieben, mit denen sich CA- und HA-Isolate der USA300 Linie voneinander 

unterscheiden lassen. Diese können eine vielversprechende Rolle in der Entwicklung von 

Merkmalen für epidemisches Verhalten spielen. 

Eine der noch verbliebenen Schlüsselfragen ist, ob die identifizierten Merkmale auch genetisch 

entfernt verwandte CA- und HA-MRSA Isolate verschiedener klonaler Linien unterschiedlicher 

geografischer Herkunft voneinander unterscheiden können. Die vorgestellten Daten deuten 

an, dass zur Identifizierung von MRSA-Isolaten mit verschiedenem epidemischem Verhalten 

globale Ansätze wie Ganzgenomsequenzierung, Transkriptom- oder Proteomanalysen 

vermutlich besser geeignet sind als der Einsatz von individuellen Staphylokokken-spezifischen 

Markergenen, -transkripten oder -Proteinen. Dies steht im Einklang mit der Annahme, dass 

epidemisches Verhalten von S. aureus von mehreren Faktoren bestimmt wird. Die logische 

Konsequenz daraus ist, dass wir uns verstärkt auf den Einsatz von “OMICS” Technologien zur 

Vorbeugung von Infektionen konzentrieren sollten. Tatsächlich hat dieser Trend bereits 

begonnen, indem Ganzgenomsequenzierungen zur Erkennung resistenter Mikroorganismen 

und entsprechender Überträgerlinien16 oder MALDI-TOF Massenspektrometrie zur 
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Identifizierung bestimmter Krankheitserreger in der routinemäßigen klinischen Diagnostik 

bereits zum Einsatz kommen17,18.  

Eine mehr grundsätzliche Frage, die noch zu beantworten ist, ist, wie die derzeit identifizierten 

Unterscheidungsmerkmale von CA- und HA-MRSA Stämmen die gesamtheitlichen 

Wechselwirkungen mit menschlichen Wirtsproteinen beeinflussen. Dies ist eine bedeutende 

Wissenslücke, auch weil aktuelle Forschungsergebnisse zeigen, dass die Anwesenheit einer 

sogenannten „Korona“ aus umgebenden humanen Serumproteinen die Lokalisierung von 

Staphylokokkenproteinen deutlich beeinflussen kann19. Daher wird es wichtig sein, den Einfluss 

der menschlichen „Korona“ auf die Pathophysiologie der Staphylokokken zu erforschen und zu 

analysieren, um eine vollständige Definition der Faktoren, die das Verhalten von 

Staphylokokken in der Bevölkerung und im Krankenhaus ausmachen, geben zu können. Die 

Ergebnisse solcher Analysen könnten den Ausgangspunkt für die Entwicklung neuer 

vorbeugender und therapeutischer Maßnahmen darstellen, die Patienten und gefährdete 

Menschen vor schwerwiegenden MRSA Infektionen schützen können.  

 

Abbildung 1. Phylogenetischer Baum verschiedener S. aureus Stämme. Das Geneious Programm 

Version 11.1.2 wurde verwendet um diesen Baum zu erstellen. Mittels der MAUVE 

Ganzgenomanordungsmethode (whole genome alignment) in Standardeinstellungen wurden die DNA 

Sequenzen der Stämme miteinander abgeglichen. Danach wurde der Baum mittels rapidRaXML 

Programm Version 8.2.1 mit der Einstellung “rapid bootstrapping algorithm“ konstruiert20.  
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Abbildung 2. Vorgeschlagenes model für die Virulenzentwicklung in CA- und HA-USA300 

Isolaten. Die Methicillin-sensitive S. aureus (MSSA) klonale Linie ST8 erlangte in verschiedenen Schritten 

die PVL Gene, das ACME Element, SCCmec type IV, und Enterotoxingene (z.B seq), durch horizontalen 

Transfer von MGEs9. Dabei entstand die CA-USA300 Linie, die sich in der Bevölkerung verbreitete. 

Nachdem diese Linie in die Krankenhäuser gelangte, passten sich die im Rahmen dieser Arbeit 

untersuchten dänischen USA300 Isolate an die neue Situation an, indem sie bestimmte MGEs 

austauschten, was zum Verlust der PVL Gene und der Aufnahme von Enterotoxingenen (z.B. sej) sowie 

der Anpassung ihrer Physiologie führte. *ACME, Arginine Catabolic Mobile Element; MGE, mobiles 

genetisches Element (MGE); PVL, Panton-Valentine Leukocidin6,10,17,18. 
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