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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’.   

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 
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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.  

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 
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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 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.  
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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 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). 
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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 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. 



Chapter 1 
 

13 

 1 
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.  

 

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 
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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 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 
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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.  

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 



General introduction and scope 
 

16 

 

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, 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 
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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.  

 

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 
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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 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 
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difficult to predict the virulence of different types of S. aureus isolates based on only the 

genome sequence.  

 

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 
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techniques are sequence-based, and 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. 

Typing methods based on ‘variable number tandem repeats’ (VNTRs), such as MLVA and 

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

 

 

  



General introduction and scope 
 

24 

 

References  

1. Jackson, G. G. Classics in infectious diseases. Rev. Infect. Dis. 11, 1020–1021 (1989). 

2. Licitra, G. Etymologia: Staphylococcus. Emerg. Infect. Dis. 19, 1553 (2013). 

3. World Health Organisation (WHO). Global priority list of antibiotic-resistant bacteria to guide 

research, discovery, and development of new antibiotics. in (WHO, 2017). 

4. Wertheim, H. F. et al. The role of nasal carriage in Staphylococcus aureus infections. Lancet Infect. 

Dis. 5, 751–762 (2005). 

5. Liu, C. et al. Clinical practice guidelines by the infectious diseases society of America for the treatment 

of methicillin-resistant Staphylococcus aureus infections in adults and children: executive summary. 

Clin. Infect. Dis. 52, 285–92 (2011). 

6. Fluit, A. C. Livestock-associated Staphylococcus aureus. Clin. Microbiol. Infect. 18, 735–744 (2012). 

7. Smith, T. C. Livestock-associated Staphylococcus aureus: The United States experience. PLoS Pathog. 

11, e1004564 (2015). 

8. Otto, M. Staphylococcus colonization of the skin and antimicrobial peptides. Expert. Rev. Dermatol. 

5, 183–195 (2010). 

9. Lindsay, J. A. Staphylococcus aureus genomics and the impact of horizontal gene transfer. Int. J. Med. 

Microbiol. 304, 103–109 (2014). 

10. Novick, R. P. & Subedi, A. The SaPIs: Mobile pathogenicity islands of staphylococcus. Chem. Immunol. 

Allergy 93, 42–57 (2007). 

11. Morikawa, K. et al. Expression of a cryptic secondary sigma factor gene unveils natural competence 

for DNA transformation in Staphylococcus aureus. PLoS Pathog. 8, e1003003 (2012). 

12. McCarthy, A. J. & Lindsay, J. A. The distribution of plasmids that carry virulence and resistance genes 

in Staphylococcus aureus is lineage associated. BMC Microbiol. 12, 104 (2012).  

13. Diep, B. A. et al. The arginine catabolic mobile element and staphylococcal chromosomal cassette 

mec linkage: Convergence of virulence and resistance in the USA300 clone of methicillin‐resistant 

Staphylococcus aureus. J. Infect. Dis. 197, 1523–1530 (2008). 

14. Skinner, D. & Keefer, C. S. Significance of bacteremia caused by Staphylococcus aureus. Arch. Intern. 

Med. 68, 851 (1941). 

15. Hackbarth, C. J. & Chambers, H. F. blaI and blaR1 regulate beta-lactamase and PBP 2a production in 

methicillin-resistant Staphylococcus aureus. Antimicrob. Agents Chemother. 37, 1144–1149 (1993). 

16. Jessen, O., Rosendal, K., Bülow, P., Faber, V. & Eriksen, K. R. Changing staphylococci and 

staphylococcal infections. N. Engl. J. Med. 281, 627–635 (1969). 

17. Rammelkamp, C. H. & Maxon, T. Resistance of Staphylococcus aureus to the action of penicillin. Exp. 

Biol. Med. 51, 386–389 (1942). 

18. Jevons, M. P. ‘Celbenin’ -resistant Staphylococci. Brit. Med. J. 1, 124–125 (1961). 

19. Deurenberg, R. H. et al. The molecular evolution of methicillin-resistant Staphylococcus aureus. Clin. 

Microbiol.Infec. 13, 222–235 (2007). 

20. Lowy, F. D. Antimicrobial resistance: The example of Staphylococcus aureus. J. Clin. Invest. 111, 1265–

1273 (2003). 

21. Fournier, B. & Philpott, D. J. Recognition of Staphylococcus aureus by the innate immune system. 



Chapter 1 
 

25 

 1 

Clin. Microbiol. Rev.18, 521–540 (2005). 

22. Holmes, A. et al. Staphylococcus aureus isolates carrying panton-valentine leucocidin genes in 

England and Wales: Frequency, characterization, and association with clinical disease. J. Clin. 

Microbiol. 43, 2384–2390 (2005). 

23. Foster, T. J. & Höök, M. Surface protein adhesins of Staphylococcus aureus. Trends Microbiol. 6, 484–

488 (1998). 

24. Speziale, P. et al. Structural and functional role of Staphylococcus aureus surface components 

recognizing adhesive matrix molecules of the host. Future. Microbiol. 4, 1337–1352 (2009). 

25. Navarre, W. W. & Schneewind, O. Proteolytic cleavage and cell wall anchoring at the LPXTG motif of 

surface proteins in Gram‐positive bacteria. Mol. Microbiol. 14, 115–121 (1994). 

26. Lacey, K. A., Geoghegan, J. A. & McLoughlin, R. M. The Role of Staphylococcus aureus virulence 

factors in skin infection and their potential as vaccine antigens. Pathog.  5, 22 (2016). 

27. Costa, A. R. et al. Staphylococcus aureus virulence factors and disease. Microb. Pathog. Strateg. 

Combat. them Sci. Technol. Educ. 702–710 (2013). 

28. O’Seaghdha, M. et al. Staphylococcus aureus protein A binding to von Willebrand factor A1 domain 

is mediated by conserved IgG binding regions. FEBS J. 273, 4831–4841 (2006). 

29. Atkins, K. L. et al. S. aureus IgG-binding proteins SpA and Sbi: Host specificity and mechanisms of 

immune complex formation. Mol. Immunol. 45, 1600–1611 (2008). 

30. Capra, J. D. & Kehoe, J. M. Variable region sequences of five human immunoglobulin heavy chains of 

the VH3 subgroup: Definitive identification of four heavy chain hypervariable regions. Proc. Natl. 

Acad. Sci. U. S. A. 71, 845–8 (1974). 

31. O’Riordan, K. & Lee, J. C. Staphylococcus aureus Capsular Polysaccharides. Clin. Microbiol. Rev. 17, 

218–234 (2004). 

32. Liu, G. Y. et al. Staphylococcus aureus golden pigment impairs neutrophil killing and promotes 

virulence through its antioxidant activity. J. Exp. Med. 202, 209–215 (2005). 

33. Pinchuk, I. V., Beswick, E. J. & Reyes, V. E. Staphylococcal enterotoxins. Toxins 2, 2177–2197 (2010). 

34. Williams, R. J. et al. Identification of a novel gene cluster encoding staphylococcal exotoxin-like 

proteins: characterization of the prototypic gene and its protein product, SET1. Infect. Immun. 68, 

4407–15 (2000). 

35. Spaulding, A. R. et al. Staphylococcal and streptococcal superantigen exotoxins. Clin. Microbiol. Rev. 

26, 422–447 (2013). 

36. Bukowski, M., Wladyka, B. & Dubin, G. Exfoliative toxins of Staphylococcus aureus. Toxins 2, 1148–

1165 (2010). 

37. Krakauer, T., Pradhan, K. & Stiles, B. G. Staphylococcal superantigens spark host-mediated danger 

signals. Front. Immunol. 7, 23 (2016). 

38. Vandenesch, F., Lina, G. & Henry, T. Staphylococcus aureus hemolysins, bi-component leukocidins, 

and cytolytic peptides: A redundant arsenal of membrane-damaging virulence factors? Front. Cell. 

Infect. Microbiol. 2, 12 (2012). 

39. Otto, M. Staphylococcus aureus toxins. Curr. Opin. Microbiol. 17, 32–37 (2014). 

40. Menestrina, G. Ionic channels formed by Staphylococcus aureus alpha-toxin: Voltage-dependent 

inhibition by divalent and trivalent cations. J. Membr. Biol. 90, 177–190 (1986). 

41. Woodin,  a. M. Purification of the two components of leucocidin from Staphylococcus aureus. 



General introduction and scope 
 

26 

 

Biochem. J. 75, 158–165 (1960). 

42. Prevost, G. et al. Panton-valentine leucocidin and gamma-hemolysin from Staphylococcus aureus 

ATCC 49775 are encoded by distinct genetic loci and have different biological activities. Infect. 

Immun. 63, 4121–4129 (1995). 

43. Alonzo, F. & Torres, V. J. The bicomponent pore-forming leucocidins of Staphylococcus aureus. 

Microbiol. Mol. Biol. Rev. 78, 199–230 (2014). 

44. Vandenesch, F. et al. Community-acquired methicillin-resistant Staphylococcus aureus carrying 

panton-valentine leukocidin genes: Worldwide emergence. Emerg. Infect. Dis. 9, 978–984 (2003). 

45. Otter, J. A. & French, G. L. The emergence of community-associated methicillin-resistant 

Staphylococcus aureus at a London teaching hospital, 2000-2006. Clin. Microbiol. Infect. 14, 670–676 

(2008). 

46. Rossney, A. S. et al. The emergence and importation of diverse genotypes of methicillin-resistant 

Staphylococcus aureus (MRSA) harboring the panton-valentine leukocidin gene (pvl) reveal that pvl 

is a poor marker for community-acquired MRSA strains in Ireland. J. Clin. Microbiol. 45, 2554–2563 

(2007). 

47. Edslev, S. M. et al. Identification of a PVL-negative SCCmec-IVa sublineage of the methicillin-resistant 

Staphylococcus aureus CC80 lineage: Understanding the clonal origin of CA-MRSA. Clin. Microbiol. 

Infect. 24, 273-278 (2018). 

48. Voyich, J. M. et al. Is Panton-Valentine leukocidin the major virulence determinant in community-

associated methicillin-resistant Staphylococcus aureus disease? J. Infect. Dis. 194, 1761–1770 (2006). 

49. Otto, M. Basis of virulence in community-associated methicillin-resistant Staphylococcus aureus. 

Annu. Rev. Microbiol. 64, 143–162 (2010). 

50. Labandeira-Rey, M. et al. Staphylococcus aureus Panton-Valentine leukocidin causes necrotizing 

pneumonia. Science 315, 1130–3 (2007). 

51. Wardenburg, J. B., Bae, T., Otto, M., DeLeo, F. R. & Schneewind, O. Poring over pores: α-hemolysin 

and Panton-Valentine leukocidin in Staphylococcus aureus pneumonia. Nat. Med. 13, 1405–1406 

(2007). 

52. Shallcross, L. J., Fragaszy, E., Johnson, A. M. & Hayward, A. C. The role of the Panton-Valentine 

leucocidin toxin in staphylococcal disease: A systematic review and meta-analysis. Lancet Infect. Dis. 

13, 43–54 (2013). 

53. Zhang, C. et al. Presence of the Panton-Valentine leukocidin genes in methicillin-resistant 

Staphylococcus aureus is associated with severity and clinical outcome of hospital-acquired 

pneumonia in a single center study in China. PLoS One 11, e0156704 (2016).  

54. Voyich, J. M. et al. Insights into mechanisms used by Staphylococcus aureus to avoid destruction by 

human neutrophils. J. Immunol. 175, 3907–3919 (2005). 

55. Löffler, B. et al. Staphylococcus aureus panton-valentine leukocidin is a very potent cytotoxic factor 

for human neutrophils. PLoS Pathog. 6, e1000715 (2010). 

56. Spaan, A. N. et al. The staphylococcal toxin panton-valentine leukocidin targets human C5a receptors. 

Cell Host Microbe 13, 584–594 (2013). 

57. Knop, J. et al. Staphylococcus aureus infection in humanized mice: A new model to study 

pathogenicity associated with human immune response. J. Infect. Dis. 212, 435–444 (2015). 

58. Tseng, C. W. et al. Increased susceptibility of humanized NSG mice to panton-valentine leukocidin 



Chapter 1 
 

27 

 1 

and Staphylococcus aureus skin infection. PLoS Pathog. 11, e1005292 (2015). 

59. Prince, A., Wang, H., Kitur, K. & Parker, D. Humanized mice exhibit increased susceptibility to 

Staphylococcus aureus pneumonia. J. Infect. Dis. 215, 1386–1395 (2017).  

60. Mehlin, C., Headley, C. M. & Klebanoff, S. J. An inflammatory polypeptide complex from 

Staphylococcus epidermidis: Isolation and characterization. J. Exp. Med. 189, 907–18 (1999). 

61. Wang, R. et al. Identification of novel cytolytic peptides as key virulence determinants for community-

associated MRSA. Nat. Med. 13, 1510–4 (2007). 

62. Queck, S. Y. et al. Mobile genetic element-encoded cytolysin connects virulence to methicillin 

resistance in MRSA. PLoS Pathog. 5, e1000533 (2009).  

63. Otto, M. Staphylococcus aureus toxin gene hitchhikes on a transferable antibiotic resistance element. 

Virulence 1, 49–51 (2010). 

64. Grosz, M. et al. Cytoplasmic replication of Staphylococcus aureus upon phagosomal escape triggered 

by phenol-soluble modulin α. Cell. Microbiol. 16, 451–465 (2014). 

65. Chatterjee, S. S. et al. Distribution and regulation of the mobile genetic element-encoded phenol-

soluble modulin PSM-mec in methicillin-resistant Staphylococcus aureus. PLoS One 6, e28781 (2011). 

66. Tsompanidou, E. et al. Distinct roles of phenol-soluble modulins in spreading of Staphylococcus 

aureus on wet surfaces. Appl. Environ. Microbiol. 79, 886–895 (2013). 

67. Bokarewa, M. I., Jin, T. & Tarkowski, A. Staphylococcus aureus: Staphylokinase. Int. J. Biochem. Cell 

Biol. 38, 504–509 (2006). 

68. Jin, T. et al. Staphylococcus aureus resists human defensins by production of staphylokinase, a novel 

bacterial evasion mechanism. J. Immunol. 172, 1169–1176 (2004). 

69. Rooijakkers, S. H. M., Van Wamel, W. J. B., Ruyken, M., Van Kessel, K. P. M. & Van Strijp, J. A. G. Anti-

opsonic properties of staphylokinase. Microbes Infect. 7, 476–484 (2005). 

70. Rooijakkers, S. H. M. et al. Early expression of SCIN and CHIPS drives instant immune evasion by 

Staphylococcus aureus. Cell. Microbiol. 8, 1282–1293 (2006). 

71. Chavakis, T. et al. Staphylococcus aureus extracellular adherence protein serves as anti-inflammatory 

factor by inhibiting the recruitment of host leukocytes. Nat. Med. 8, 687–693 (2002). 

72. Lee, L. Y. L., Liang, X., Höök, M. & Brown, E. L. Identification and characterization of the C3 binding 

domain of the Staphylococcus aureus extracellular fibrinogen-binding protein (Efb). J. Biol. Chem. 

279, 50710–50716 (2004). 

73. Hoekstra, H. et al. A human monoclonal antibody that specifically binds and inhibits the 

staphylococcal complement inhibitor protein SCIN. Virulence 9,70-82 (2018).  

74. Junecko, J. M. et al. Transcribing virulence in Staphylococcus aureus. World J. Clin. Infect. Dis. 2, 63–

76 (2012). 

75. Bronner, S., Monteil, H. & Prévost, G. Regulation of virulence determinants in Staphylococcus aureus: 

Complexity and applications. FEMS Microbiol. Rev. 28, 183–200 (2004). 

76. Mekonnen, S. A. et al. Signatures of cytoplasmic proteins in the exoproteome distinguish community- 

and hospital-associated methicillin-resistant Staphylococcus aureus USA300 lineages. Virulence 8, 

891–907 (2017).  

77. Peng, H. L., Novick, R. P., Kreiswirth, B., Kornblum, J. & Schlievert, P. Cloning, characterization and 

sequencing of an accessory gene regulator (agr) in Staphylococcus aureus. J. Bacteriol. 170, 4365–

4372 (1988). 



General introduction and scope 
 

28 

 

78. Ji, G., Beavis, R. C. & Novick, R. P. Cell density control of staphylococcal virulence mediated by an 

octapeptide pheromone. Proc. Natl. Acad. Sci. 92, 12055–12059 (1995). 

79. Zhang, L., Gray, L., Novick, R. P. & Ji, G. Transmembrane topology of AgrB, the protein involved in the 

post-translational modification of AgrD in Staphylococcus aureus. J. Biol. Chem. 277, 34736–34742 

(2002). 

80. Dufour, P. et al. High genetic variability of the agr locus in Staphylococcus species. J. Bacteriol. 184, 

1180–1186 (2002). 

81. Lina, G. et al. Transmembrane topology and histidine protein kinase activity of AgrC, the agr signal 

receptor in Staphylococcus aureus. Mol. Microbiol. 28, 655–662 (1998). 

82. Novick, R. P. & Geisinger, E. Quorum sensing in staphylococci. Annu. Rev. Genet. 42, 541–564 (2008). 

83. Novick, R. P. et al. Synthesis of staphylococcal virulence factors is controlled by a regulatory RNA 

molecule. EMBO J. 12, 3967–3975 (1993). 

84. Queck, S. Y. et al. RNAIII-independent target gene control by the agr quorum-sensing system: insight 

into the evolution of virulence regulation in Staphylococcus aureus. Mol. Cell 32, 150–158 (2008). 

85. Painter, K. L., Krishna, A., Wigneshweraraj, S. & Edwards, A. M. What role does the quorum-sensing 

accessory gene regulator system play during Staphylococcus aureus bacteremia? Trends Microbiol. 

22, 676–685 (2014). 

86. Wu, S., De Lencastre, H. & Tomasz, A. Sigma-B, a putative operon encoding alternate sigma factor of 

Staphylococcus aureus RNA polymerase: Molecular cloning and DNA sequencing. J. Bacteriol. 178, 

6036–6042 (1996). 

87. Petersohn, A. et al. Global Analysis of the general stress response of Bacillus subtilis. J. Bacteriol. 183, 

5617–5631 (2001). 

88. Hecker, M., Pané-Farré, J. & Völker, U. SigB-dependent general stress response in Bacillus subtilis and 

related gram-positive bacteria. Annu. Rev. Microbiol. 61, 215–36 (2007). 

89. Priest, N. K. et al. From genotype to phenotype: Can systems biology be used to predict 

Staphylococcus aureus virulence. Nat. Rev. Microbiol. 10, 791–797 (2012). 

90. Novichkov, P. S. et al. RegPrecise 3.0 - A resource for genome-scale exploration of transcriptional 

regulation in bacteria. BMC Genomics 14, 745 (2013). 

91. Koreen, L. et al. spa typing method for discriminating among Staphylococcus aureus isolates: 

Implications for use of a single marker to detect genetic micro- and macrovariation. J. Clin. Microbiol. 

42, 792–799 (2004). 

92. Sharma-Kuinkel, B. K., Rude, T. H. & Fowler, V. G. Pulse Field Gel Electrophoresis. Methods  Mol. Biol. 

1373, 117–130 (2014). 

93. Tenover, F. C., Vaughn, R. R., McDougal, L. K., Fosheim, G. E. & McGowan, J. E. Multiple-locus variable-

number tandem-repeat assay analysis of methicillin-resistant Staphylococcus aureus strains. J. Clin. 

Microbiol. 45, 2215–2219 (2007). 

94. Enright, M. C., Day, N. P. J., Davies, C. E., Peacock, S. J. & Spratt, B. G. Multilocus sequence typing for 

characterization of methicillin-resistant and methicillin-susceptible clones of Staphylococcus aureus. 

J. Clin. Microbiol. 38, 1008–1015 (2000). 

95. Deurenberg, R. H. & Stobberingh, E. E. The evolution of Staphylococcus aureus. Infect. Genet. Evol. 

8, 747–763 (2008). 



Chapter 1 
 

29 

 1 

96. Grundmann, H. et al. Determining the genetic structure of the natural population of Staphylococcus 

aureus: A comparison of multilocus sequence typing with pulsed-field gel electrophoresis, randomly 

amplified polymorphic DNA analysis, and phage typing. J. Clin. Microbiol. 40, 4544–4546 (2002). 

97. Brígido, M. de M. et al. Nucleotide sequence of a variant protein A of Staphylococcus aureus suggests 

molecular heterogeneity among strains. J. Basic Microbiol. 31, 337–45 (1991). 

98. Shopsin, B. et al. Evaluation of protein A gene polymorphic region DNA sequencing for typing of 

Staphylococcus aureus strains. J. Clin. Microbiol. 37, 3556–3563 (1999). 

99. Malachowa, N. et al. Comparison of multiple-locus variable-number tandem-repeat analysis with 

pulsed-field gel electrophoresis, spa typing, and multilocus sequence typing for clonal 

characterization of Staphylococcus aureus isolates. J. Clin. Microbiol. 43, 3095–3100 (2005). 

100. Schouls, L. M. et al. Multiple-locus variable number tandem repeat analysis of Staphylococcus aureus: 

comparison with pulsed-field gel electrophoresis and spa-typing. PLoS One 4, e5082 (2009). 

101. Brandt, K. M. et al. Evaluation of multiple-locus variable number of tandem repeats analysis for typing 

livestock-associated methicillin-resistant Staphylococcus aureus. PLoS One 8, e54425 (2013). 

102. Glasner, C. et al. High-resolution typing by MLVF unveils extensive heterogeneity of European 

livestock-associated methicillin-resistant Staphylococcus aureus isolates with the sequence type 398. 

Int. J. Med. Microbiol. 303, 124–127 (2013). 

103. Sabat, A., Malachowa, N., Miedzobrodzki, J. & Hryniewicz, W. Comparison of PCR-based methods for 

typing Staphylococcus aureus isolates. J. Clin. Microbiol. 44, 3804–3807 (2006). 

104. Machuca, M. A., Sosa, L. M. & González, C. I. Molecular typing and virulence characteristic of 

methicillin-resistant Staphylococcus aureus isolates from pediatric patients in Bucaramanga, 

Colombia. PLoS One 8, e73434 (2013). 

105. Rahimi, F. & Karimi, S. Characteristics of virulence factors in methicillin-resistant Staphylococcus 

aureus strains isolated from a referral hospital in Tehran, Iran. Arch. Clin. Infect. Dis. 11, e33220 (2016). 

106. Cunningham, S. A. et al. Comparison of whole-genome sequencing methods for analysis of three 

methicillin-resistant Staphylococcus aureus outbreaks. J. Clin. Microbiol. 55, 1946–1953 (2017). 

107. Struelens, M. J., Hawkey, P. M., French, G. L., Witte, W. & Tacconelli, E. Laboratory tools and strategies 

for methicillin-resistant Staphylococcus aureus screening, surveillance and typing: State of the art 

and unmet needs. Clin. Microbiol. Infect. 15, 112–119 (2009). 

108. Buck, J. M. et al. Community-associated methicillin-resistant Staphylococcus aureus, Minnesota, 

2000-2003. Emerg. Infect. Dis. 11, 1532–1538 (2005). 

109. Kluytmans-Vandenbergh, M. F. Q. & Kluytmans, J. A. J. W. Community-acquired methicillin-resistant 

Staphylococcus aureus: current perspectives. Clin. Microbiol. Infect. 12 Suppl 1, 9–15 (2006). 

110. Seybold, U. et al. Emergence of community-associated methicillin-resistant Staphylococcus aureus 

USA300 genotype as a major cause of health care-associated blood stream infections. Clin. Infect. 

Dis. 42, 647–56 (2006). 

111. Otter, J. A. & French, G. L. Molecular epidemiology of community-associated meticillin-resistant 

Staphylococcus aureus in Europe. Lancet Infect. Dis. 10, 227–239 (2010). 

112. Larsen, A., Stegger, M., Goering, R., Sorum, M. & Skov, R. Emergence and dissemination of the 

methicillin resistant Staphylococcus aureus USA300 clone in Denmark (2000-2005). Euro. Surveill. 12, 

22–24 (2007). 

113. Bartels, M. D., Boye, K., Rhod Larsen, A., Skov, R. & Westh, H. Rapid increase of genetically diverse 

methicillin-resistant Staphylococcus aureus, Copenhagen, Denmark. Emerg. Infect. Dis. 13, 1533–40 



General introduction and scope 
 

30 

 

(2007). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

  



 

 
 

 

 

 

 

 

 

 

 

 

 

  



 

 

 

 

 

 

Chapter 2 

 

 

Signatures of cytoplasmic proteins in the 

exoproteome distinguish community and hospital-

associated methicillin-resistant Staphylococcus 

aureus USA300 lineages 

 

 

 

Solomon A. Mekonnen, Laura M. Palma Medina, Corinna Glasnera, Eleni 

Tsompanidou, Anne de Jong, Stefano Grasso, Marc Schaffer, Ulrike Mäder, 

Anders R. Larsen, Heidi Gumpert, Henrik Westh, Uwe Völker, Andreas Otto, 

Dörte Becher, and Jan Maarten van Dijl 

 

 

Virulence 8: 891–907 (2017)



Distinguishing features of cytoplasmic proteins 

 

 

 

Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) is the common name for a 

heterogeneous group of highly drug-resistant staphylococci. Two major MRSA classes 

are distinguished based on epidemiology, namely community-associated (CA) and 

hospital-associated (HA) MRSA. Notably, the distinction of CA- and HA-MRSA based on 

molecular traits remains difficult due to the high genomic plasticity of S. aureus. Here 

we sought to pinpoint global distinguishing features of CA- and HAMRSA through a 

comparative genome and proteome analysis of the notorious MRSA lineage USA300. 

We show for the first time that CA- and HA-MRSA isolates can be distinguished by 2 

distinct extracellular protein abundance clusters that are predictive not only for 

epidemiologic behavior, but also for their growth and survival within epithelial cells. This 

‘exoproteome profiling’ also groups more distantly related HA-MRSA isolates into the 

HA exoproteome cluster. Comparative genome analysis suggests that these distinctive 

features of CA- and HA-MRSA isolates relate predominantly to the accessory genome. 

Intriguingly, the identified exoproteome clusters differ in the relative abundance of 

typical cytoplasmic proteins, suggesting that signatures of cytoplasmic proteins in the 

exoproteome represent a new distinguishing feature of CA- and HA-MRSA. Our 

comparative genome and proteome analysis focuses attention on potentially distinctive 

roles of ‘liberated’ cytoplasmic proteins in the epidemiology and intracellular survival of 

CA- and HA-MRSA isolates. Such extracellular cytoplasmic proteins were recently 

invoked in staphylococcal virulence, but their implication in the epidemiology of MRSA 

is unprecedented.
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Introduction  

Staphylococcus aureus is a wide-spread commensal bacterium, but also a notoriously 

drug-resistant pathogen that causes a wide range of diseases, varying from mild skin 

infections to life-threatening invasive diseases.1 About 20-30 % of the healthy human 

population is known to carry S. aureus, the anterior nares being the preferred niche.2  

Since the clinical implementation of antibiotics, S. aureus has acquired a range of 

resistance traits through mutations and horizontal gene transfer. This has culminated in 

the emergence of methicillin-resistant S. aureus (MRSA), a major healthcare problem 

world-wide.3,4 The emergence of MRSA is a particularly worrisome development since it 

is associated with increased morbidity and mortality, especially if very young, immune-

compromised or elderly individuals are infected.5,6 Moreover, no effective vaccine 

against MRSA is currently available.7–9 

Two major classes of MRSA are currently distinguished based on their epidemiology, 

namely community-associated (CA) and hospital-associated (HA) MRSA. CA-MRSA is 

mainly a threat to healthy individuals, causing in particular skin and soft tissues 

infections, but also serious invasive infections such as pneumonia and osteomyelitis.10–

13 In contrast, HA-MRSA infections are associated with prolonged hospitalization, stay 

in intensive care units, hemodialysis, surgery, and long-term exposure to antibiotics.14 

Molecular markers for high-confidence distinction between CA- and HA-MRSA isolates 

are urgently needed in the prevention and control of hospital outbreaks. Different DNA 

typing methods, such as pulsed-field gel electrophoresis (PFGE) and Staphylococcus 

protein A (spa) typing have been used to differentiate between these two classes of 

MRSA.15 This was so far feasible, because particular S. aureus lineages with distinct 

sequence types are associated with the CA- or HA-associated behavior. In addition, 

particular virulence genes (e.g. for the Panton-Valentin leukocidin; PVL), the arginine 

catabolic mobile element (ACME), and mobile genetic elements carrying the mecA gene 

for methicillin resistance are used to distinguish CA- and HA-MRSA.11–14,16,17 However, 

such DNA-based typing methods do not allow easy distinction between closely related 

CA- and HA-MRSA lineages, because the causative molecular features have remained 

largely enigmatic. For instance, PFGE assigns CA-MRSA isolates with the spa type t008 

and HA-MRSA isolates with the spa type t024 to the same USA300 lineage.18 Likewise, 

spa typing has insufficient discriminatory power to distinguish closely related CA and 

HA isolates as it assigns CA-USA300 isolates with the multi-locus sequence type ST8 and 

more distantly related HA isolates with the sequence type ST8 to the same spa type 

t008.18 Nevertheless, we have previously shown that a multiple-locus variable number 
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tandem repeat fingerprinting (MLVF) approach may distinguish these highly related S. 

aureus isolates.19  

An important challenge for the clinic is that S. aureus types previously regarded as CA, 

such as USA300 and the European ST80 clone, are becoming common hospital 

pathogens causing outbreaks.18,20–22 Clearly, an increasing prevalence of CA-MRSA in 

the community makes it harder to exclude the respective lineages from hospitals, 

because they can be carried into the hospitals by MRSA-positive patients, healthcare 

workers and visitors. Furthermore, it is conceivable that these bacteria have acquired, 

either before or after entry into the hospital environment, properties that facilitate their 

spread in this setting. The latter view would be supported by the observation that the 

closely related USA300 isolates with spa types t008 and t024 display different 

epidemiology.18 

The distinction of CA- and HA-MRSA at the molecular level is challenging, because many 

factors may contribute to bacterial epidemiological behavior, not in the last place 

interactions with the human host. High-throughput analytical ‘omics’ approaches, 

especially genomics and proteomics, are particularly suitable for exploring such multi-

factorial behavior since they allow the definition of feature- or condition-specific 

signatures.23,24 Furthermore, proteomics applied to bacterial pathogens grown under 

infection-mimicking conditions is a powerful tool for investigating different lineage- or 

type-specific patterns of gene expression.25 In the context of infection-related research, 

it is important to focus special attention on the extracellular proteome (‘exoproteome’) 

as it represents the main reservoir of virulence factors that are first in interacting with 

the human host.26,27 Specifically, secreted toxins and other virulence factors of S. aureus 

contribute to tissue damage, host invasion, and evasion of the host’s immune 

responses.28,29 Thus, proteomics has a high potential for identifying diagnostic 

biomarkers, and novel vaccine or drug targets.30   

To obtain a better understanding of the molecular differences between CA- and HA-

MRSA, the present study was aimed at a global comparative genome and exoproteome 

analysis of 12 MRSA isolates belonging to the USA300 lineage as defined by PFGE. As 

these isolates were all collected from Denmark (DK), we refer to them as the CADK and 

HADK isolates. Specifically, the CADK group had the sequence type ST8, the spa type t008 

and was PVL-positive, whereas the HADK group was characterized by the sequence type 

ST8 and the spa type t024.18,21 As a control group, we also investigated the 

exoproteomes of three HA-MRSA isolates from the Dutch (NL) - German (DE) border 

region, here referred to as HANL-DE, which have the sequence type ST8, and spa type t008 
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or t02419. The genomes of all 15 isolates were sequenced, and their extracellular proteins 

were analyzed by liquid chromatography and mass spectrometry (LC-MS). In brief, CA 

and HA isolates could be distinguished to some extent by the accessory genome. More 

importantly, a principal component analysis (PCA) of the exoproteome MS data 

clustered the 15 investigated isolates into two groups that match their different 

epidemiological behavior.  

Results  

Comparative genomic analysis 

Whole genome sequence analysis was performed to determine the genomic similarities 

and differences of all 15 investigated isolates. A phylogenetic tree based on the core 

genome of the isolates showed that the six CADK, and five of the six HADK isolates formed 

two distinct clusters (Fig. 1). One HADK isolate (D3) showed a more distant relationship 

with the other HADK isolates. Furthermore, the three HANL-DE isolates formed a separate 

cluster that is closer to the CADK than the HADK isolates. In addition to the phylogenetic 

analysis, a comparative analysis of the accessory genomes of the isolates was performed, 

which is presented as a heatmap in Figure 1. As illustrated in the heat map, the CA 

isolates have overall more accessory genes than the HA isolates. Perhaps more 

importantly, the clustering of accessory genes is indicative of a separation between the 

CA and HA isolates, irrespective of the geographical origin of the HA isolates. This 

separation is also reflected in the presence or absence of a number of known virulence 

genes (red lines in Fig. 1), such as the PVL-encoding genes lukF and lukS that were 

exclusively found in the CA isolates, and the enterotoxin-encoding genes sea, sed, sej, 

and ser that were only present in the investigated HA isolates (Table S1). Of note, PVL is 

often used as a marker for CA-MRSA and enterotoxin genes appear to be rare in CA 

isolates of the USA300 lineage,31 but a possible association of enterotoxin genes with 

HA behavior would be novel.  

Both CA- and HA-MRSA isolates carried a norA gene that provides resistance to 

fluoroquinolones, and mecA and blaZ genes for β-lactam resistance (Table S2). Genes 

potentially providing resistance to macrolides, lincosamides and streptogramin B 

(msr(A)), aminoglycosides (aph(3')-III), and macrolides (mph(C)) were exclusively 

identified in the CA-MRSA isolates, whereas erm(A) and spc that provide resistance to 

macrolides and aminoglycosides, respectively, were exclusively identified among the 

HA-MRSA isolates (Table S2). Altogether, the CA-MRSA isolates carried more (potential) 

antimicrobial resistance genes than the investigated HA-MRSA isolates.  
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Figure 1. Phylogenetic tree and accessory genomes of all 15 investigated CADK, HADK and HANL-DE 

isolates. The tree is midpoint rooted and bootstrap support >70% is indicated on the branches. The heatmap 

to the right of the phylogenetic tree illustrates the accessory genome. The columns of the heatmap are 

hierarchically clustered based on the presence/absence of genes. Known virulence genes are indicated in red. 

Examples of virulence genes that are exclusively present in one of the three groups are indicated as group-

specific virulence genes.   

Unique and shared exoproteins 

To characterize the exoproteomes of the 15 MRSA isolates, they were cultured in RPMI 

medium since a recent study showed that global gene expression profiles of S. aureus 

cells grown in RPMI or human plasma are highly similar.24 Samples were withdrawn for 

exoproteome analyses at mid-exponential growth phase and 90 min after entry into the 

stationary phase. No major differences in the growth curves of the 15 MRSA were 

observed (data not shown). As shown by gel-free mass spectrometry, a total number of 

409 unique proteins was identified from the 15 exoproteome samples of exponentially 

grown isolates. Similarly, a total number of 458 unique proteins was identified from the 

15 exoproteome samples generated from stationary phase cultures. Proteins were 

considered for further analyses when they were present in at least 50 % of the isolates 

of a particular group, i.e. when a protein was present in three out of the six isolates in 

CADK and HADK, and in two out of three isolates in HANL-DE. Thus, 283 and 307 unique 

proteins identified in the exponential or stationary phase samples, respectively, were 

included in the subsequent analyses (Table S3). The majority of these proteins was 

shared by all three groups both in the exponential (Fig. 2a) and stationary (Fig. 2b) 

growth phases. Importantly, there are more proteins shared by the HADK and HANL-DE 
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isolates than by the HADK or HANL-DE isolates and CADK isolates. This implies that, in terms 

of exoprotein production, the two groups of HA isolates are more closely related with 

each other than the HA and CA isolates. Furthermore, unique proteins ranging from 2 

to 12 proteins in the exponential growth phase, and 3 to 10 proteins from the stationary 

growth phase, which were specific to only one of the three groups of isolates were 

identified (Fig. 2a, b). Together, these data show that the majority of extracellular 

proteins of the CADK, HADK and HANL-DE is common. Yet, a subset of the exoproteins 

appears to be specific for each of the three groups of isolates. 

 
Figure 2. Shared and uniquely identified proteins in CADK, HADK and HANL-DE S. aureus isolates. The Venn 

diagrams relate to cells in the exponential (a) and stationary (b) growth phases. The numbers of commonly 

and uniquely identified proteins of the different groups of isolates are indicated.  

Predicted sub-cellular localization of identified exoproteins 

Bacterial exoproteomes are known to contain proteins that are actively secreted and 

proteins that are liberated from the cells through (auto-)lysis or other unidentified 'non-

classical secretion' mechanisms.27,32–37. These proteins can be distinguished through 

signal peptide predictions, which is relevant as most known virulence factors contain 

signal peptides to direct their export from the cytoplasm.26 Thus, we predicted the sub-

cellular localization of proteins that were identified by MS. The vast majority of the 

proteins identified in the exoproteomes of the isolates in the exponential and stationary 

growth phases were assigned to the class of cytoplasmic proteins followed by secreted 

proteins, lipoproteins, cytoplasmic membrane proteins and cell wall-associated proteins 

(Fig. 3a, b). Notably, in the exponential growth phase, the numbers of accessory 

exoproteins that were predicted as cytoplasmic were higher in the CADK group than in 

the HADK and HANL-DE groups (Fig. 3c). Conversely, in the stationary phase, the numbers 

of accessory exoproteins predicted as cytoplasmic were higher among the HADK and 
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HANL-DE groups than in the CADK group (Fig. 3d). For exoproteins with a predicted 

localization in the membrane (i.e. membrane- and lipoproteins) or cell wall no major 

differences were observed in the three groups, irrespective of the growth phase (data 

not shown). Lastly, higher numbers of predicted secretory proteins were identified in 

growth media of the HA group than the CA group in both growth phases. Altogether, 

these data imply that the investigated CA and HA isolates are similar in terms of the 

predicted localization of their exoproteins. Nonetheless, the main distinction among 

these groups was the time point at which cytoplasmic proteins are liberated from the 

cells.   

 
Figure 3. Predicted subcellular localization of identified extracellular proteins. The predicted subcellular 

localization of all 494 identified extracellular proteins is shown for cells in the exponential (a) and stationary 

(b) growth phases. Panels (c) and (d), respectively, highlight the appearance of predicted cytoplasmic core 

and accessory cytoplasmic proteins in the growth medium of the CADK, HADK and HANL-DE isolates in the 

exponential and stationary growth phases. The numbers of proteins identified in each category are indicated 

at the top of the bars.   
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Relative extracellular abundance of known and putative virulence factors  

To obtain more comprehensive insights in the possible differences in the levels of known 

extracellular virulence factors, we assessed their relative abundance for the different 

investigated isolates. Detailed evaluation of the normalized spectral counts showed 

differential and similar expression levels for 24 virulence factors among the three groups 

of isolates both in the exponential growth phase (Fig. 4a), and in the stationary growth 

phase (Fig. 4b). Of note, neither PVL nor enterotoxins that were identified as potentially 

distinguishing features for CA and HA isolates based on the genome sequence were 

detectable in the extracellular proteome. On the other hand, statistically significantly 

different levels of the IsdA, IsdB, SCIN and Vwb proteins were identified in the growth 

media of exponentially growing isolates, and the same was true for the Ebps, IsdB, SCIN 

and Vwb proteins in the growth media of stationary growing isolates (Fig. 4a, b, Table 

S4).  
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Figure 4. Heat map analysis of quantified extracellular virulence factors. The normalized spectral counts 

of known extracellular virulence factors identified by Mass Spectrometry in growth media of the three groups 

of isolates are graphically represented as colored heat maps. Each heat map includes three columns 

representing each of the three groups of the isolates. Of note, each column of CADK and HADK isolates is based 

on the average of six different isolates each analyzed in duplicate, and the HANL-DE column is based on the 

average of three different isolates each analyzed in duplicate. Each row represents a particular protein. Panels 

(a) and (b) represent known virulence factors of S. aureus as identified in the growth medium fractions of cells 

in the exponential and stationary growth phases, respectively. *Statistically significant differences in relative 

abundance of the proteins marked between the groups; # Proteins present in one group of isolates only. 

The relative amounts of individual secreted exoproteins are likely important for the 

behavior of the respective S. aureus isolate, especially where this concerns secreted 

toxins or immune evasion factors. Therefore, we determined the relative abundance of 

proteins in the three groups of isolates from the normalized spectral counts of proteins. 

A volcano plot was used to present the proteins that were detectable at statistically 
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significantly higher or lower levels among the three groups of isolates during both the 

exponential and stationary growth phases. From the total of 283 proteins identified in 

samples collected in the exponential growth phase, a relatively large number of proteins 

was present at statistically significantly different levels when the CADK and the two HA 

isolate groups (i.e HADK and HANL-DE) were compared, and this difference was larger than 

the difference between the HADK and HANL-DE isolates (Fig. 5a; Table S4). A similar pattern 

was observed for the samples harvested during the stationary phase (Fig. 5b). 

Additionally, some proteins were exclusively present in one group of isolates, e.g. the 

chemotaxis inhibitory protein (CHIPS) was identified only in CADK, the enterotoxin type 

D only in HADK, and the enterotoxin type A only in HANLDE isolates, and this applied both 

to exponential and stationary phase growth medium samples (Table S5). Together, these 

data show differences in the relative abundance of extracellular proteins at statistically 

significant levels in all the three groups of isolates, but especially for the CA and HA 

isolates.   
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Figure 5. Differences in relative extracellular protein abundance in CADK, HADK and HANL-DE isolates. 

Statistically significant differences in the relative abundance of identified extracellular proteins are presented 

in volcano plots for samples collected in the exponential (a) and stationary (b) growth phases. Horizontal blue 

lines indicate a p-value threshold of 0.05. 
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Levels of mRNA for selected exoproteins  

The abundance of a bacterial exoprotein reflects the net result of transcription of the 

respective gene, mRNA translation, translocation of the precursor protein across the 

membrane, post-translocational folding of the protein into a stable conformation, cell 

wall passage and the protein’s stability in the bacterial extracellular milieu. This implies 

that extracellular protein abundance is not always linearly correlated with the transcript 

levels. Yet, mRNA levels are major determinants for protein expression levels. Therefore, 

a Northern blotting analysis was performed to assess whether there is a possible 

correlation between transcript levels and extracellular protein abundance. Specifically, 

we compared the transcript levels for a secreted virulence factor (ebpS) and two 

cytosolic proteins (fabF and rpoB). Consistent with the MS data, in the stationary phase, 

the mRNA level of ebpS was higher in HA isolates than in the CA isolates (Fig. 6a), 

whereas the mRNA levels of fabF and rpoB were higher in the CA isolates compared to 

the HA isolates (Fig. 6b, c). Of note, the fabF and rpoB mRNA levels in the CADK isolate 

D29 were more similar to the respective mRNA levels in HADK isolates than to those in 

the CADK isolates. On the other hand, two of HADK isolates (D30 and D66), displayed fabF 

and rpoB mRNA levels comparable to those observed for the CADK isolates.     

Northern blotting analyses can also provide information on the expression of genes for 

which the encoded proteins were not covered by the proteome analysis. Since phenol-

soluble modulins (PSMs) are particularly relevant for virulence, but notoriously difficult 

to identify by proteomics due to their small size, we investigated the psmα1-4 mRNA 

levels by Northern blotting. In the stationary growth phase, the psmα1-4 mRNA levels 

were higher in most of the HADK isolates than in the CADK isolates (Fig. 6d). However, also 

the CADK isolate D29 showed a relatively high level of psmα1-4 mRNA that was 

comparable to the psmα1-4 mRNA levels in the HADK isolates (Fig. 6d). Based on these 

Northern blotting data, the proteomics data were reassessed with less stringent criteria 

where we considered also proteins identified with only one peptide. Thus, we were able 

to identify both the PSMβ1 and PSMβ2 proteins in medium fractions of five out of the 

six HADK isolates grown to stationary phase. Of note, the same was true for the D29 CADK 

isolate. These findings are fully consistent with the relative mRNA levels detected by 

Northern blotting.  
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Figure 6. Northern blotting analysis of selected genes. Arrows mark the positions of 23S- and 16S-rRNA 

bands on the methylene blue stained membranes. Sizes of specific transcripts are indicated on the right side 

of each display. In case of fabHF two bands were detected, the larger band of ~2.2 kb representing a fabHF 

transcript and the lower band of ~1.5 kb only fabF. (a) ebps, (b) fabHF, (c) rpoB, and (d) psmα1-4. 

Clustering of CA and HA isolates based on exoproteome abundance signatures   

Principal component analysis (PCA) was performed to assess the overall relationships 

between the different investigated isolates in terms of their exoproteome profiles. Of 

note, this PCA was based on the normalized spectral counts of proteins that were 

produced by all three groups of isolates, specifically 283 proteins from exponentially 

growing bacteria, and 308 proteins from bacteria in the stationary growth phase. 

Importantly, the PCA analysis revealed that the CA- and HA-MRSA isolates clustered in 
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two distinct groups based on the 'exoprotein abundance signatures' where the HA 

cluster included both the HANL-DE and the HADK isolates (Fig. 7a, b) irrespective of their 

geographical origin. Yet, the HA cluster included two CADK isolates (D29 and D61), whose 

exoprotein abundance signatures apparently resemble those of the analyzed HA 

isolates.  

The PCA analysis in Fig. 7 was based on all identified extracellular proteins, including 

proteins with different predicted subcellular localizations. To assess whether the 

discriminating information relates to proteins with a particular predicted localization 

site, PCA analysis was performed on: i, predicted cytoplasmic proteins alone, ii, all 

identified proteins except the predicted cytoplasmic proteins, and iii, all identified 

proteins except the predicted cytoplasmic proteins and the proteins of unknown 

localization. Unexpectedly, the distinguishing information was primarily associated with 

the predicted cytoplasmic proteins (Table S6). 

Voronoi treemaps can be applied to link quantitative proteomic data and functional 

classifications. Thus, we used Voronoi treemaps to characterize the extracellular proteins 

identified for the three groups of isolates. The biological functions of the identified 

proteins were mainly related to protein biosynthesis, carbohydrate and carbon 

metabolism, oxidative stress, and adhesion (Fig. S1a, S1b). Of note, adhesion-associated 

extracellular proteins were somewhat more pronounced among the HA- than the CA 

isolates in the exponential growth phase (Fig. S1a). Conversely, adhesion-related 

extracellular proteins were more prominently present in CA- than in HA isolates in the 

stationary growth phase (Fig. S1b). Despite the fact that there were unique proteins 

identified in each of the three groups of isolates, no major differences in the overall 

functions of the identified extracellular proteins were observed. 
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Figure 7. Principal component analysis (PCA) of the normalized spectral counts of identified 

extracellular proteins. Two-dimensional PCA plots are displayed for growth medium samples from the 15 

CADK, HADK and HANL-DE isolates in the (a) exponential growth phase and (b) stationary growth phase. 

Differences in staphylococcal survival within epithelial cells    

Since the PCA analysis of exoproteins grouped the studied S. aureus isolates into two 

distinct clusters, we asked the question whether these groups might interact differently 

with human host cells. A bronchial epithelial cell line (16HBE14o-) was selected for this 

purpose, because CA-MRSA isolates have been implicated in severe respiratory 

infections among healthy individuals from the community. This fact might indicate a 

superior ability of this group of bacteria to interact with airway cells. Furthermore, the 

16HBE14o- epithelial cell line forms a confluent layer that allows the monitoring of 

infecting bacteria over several days. Thus, in vitro cultured 16HBE14o- epithelial cells 

were infected with the CADK, HADK and HANL-DE isolates, and the subsequent binding, 

internalization and intracellular survival of staphylococci were assessed through 

counting by flow cytometry. While the staphylococcal isolates did not show major 

differences in the internalization rate into the epithelial cells, there was a marked 

difference in post-internalization growth and survival. As shown in Fig. 8 and Fig. S2b, 

four CADK isolates (D15, D32, D37, D69) were able to multiply inside the epithelial cells 

during the first two days post infection, after which the population size decreased. In 

contrast, the HADK isolates did not multiply with the exception of isolate D17, which 

showed a slight increase, comparable to the CADK isolate D69 (Fig. 8). Of note, the CADK 

isolates D29 and D61, which were grouped with the HADK isolates in the exoproteome 

PCA analysis (Fig. 7), displayed similar intracellular behavior as the five HADK isolates 

D03, D22, D30, D53 and D66. Notably, all the three HANL-DE isolates showed a similar 
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intracellular behavior as the HADK isolates. These findings imply that the distinction of 

the investigated HA and CA isolates based on differences in their exoproteomes, is 

reflected in their growth and survival behavior upon internalization of human bronchial 

epithelial cells. 

 

Figure 8. Survival of CA and HA isolates internalized by 16HBE14o- bronchial epithelial cells. Averaged 

survival curves are shown for the CADK, HADK and HANL-DE isolates, where the CADK isolates are separated into 

two groups in accordance with their exoprotein abundance signatures in Fig. 8 (CA-DK-1 includes isolates 

D15, D32, D37 and D69; CA-DK-2 includes isolates D29 and D61).  

Discussion   

The serious threat that MRSA represents for hospitalized patients demands an accurate 

and reliable method of distinction between CA- and HA-MRSA isolates for the purpose 

of prevention and control of outbreaks. In the present study, we explored the feasibility 

of applying a combined genome and proteomics-based approach to distinguish MRSA 

isolates with different epidemiological behavior. To facilitate the interpretation of the 

complex data, we used a set of genetically closely related CA- and HA-MRSA isolates 

with the sequence type ST8. Altogether, our findings revealed several distinguishing 

features between the investigated CA and HA isolates at the levels of the accessory 

genome and the exoproteome.  
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Since exoproteins have major roles in staphylococcal colonization of the host and 

virulence, we compared the exoproteome profiles of three genetically similar, but 

epidemiologically unrelated groups of MRSA isolates, i.e. the CADK, HADK and HANL-DE 

isolates. Noticeably, the vast majority of identified exoproteins was shared by all the 

three groups of isolates. However, some of the identified exoproteins were unique for a 

particular group of isolates, while the abundance of several common proteins varied 

among the three groups of isolates. This probably reflects the fact that the S. aureus 

exoproteome is heterogeneous due to this organism’s genomic plasticity.26,27 

Nonetheless, the investigated HANL-DE isolates shared more similarities with respect to 

accessory virulence genes and actually detected exoproteins with the HADK isolates than 

with the CADK isolates, even though their core genome was more closely related to that 

of the CADK isolates. The latter finding is in line with previously reported observations 

that genetically closely related S. aureus isolates may reveal heterogeneous 

exoproteome profiles.38,39 Taken together, our combined observations imply that both 

qualitative and quantitative differences in the exoproteome profile might serve as 

markers to discriminate the three groups of S. aureus isolates with different 

epidemiological backgrounds. Of note, some observed differences for accessory 

virulence genes that are apparently distinctive for the CA and HA isolates at the genome 

level, such as the genes for PVL and enterotoxins, were not reflected in the present 

proteomics analyses, because the respective proteins were not detected. This lack of 

detection may relate to their actual expression levels under the investigated conditions, 

or to the fact that the actual identification of proteins by MS depends on various factors, 

including the method of sample preparation, or the acquisition and analysis of the MS 

data. Yet, it should be noted that these proteins were identified in some other proteomic 

studies.40,41 

Knowledge of the sub-cellular localization of bacterial proteins can provide valuable 

insights into protein functions, especially in relation to colonization of the host, fitness 

and virulence.26 In this respect, the attention is usually focused on actively secreted 

proteins that are synthesized with N-terminal signal peptides, because these include the 

major known virulence factors.26,27 However, our proteomic analysis revealed only few 

significant differences in the detection of actively secreted proteins in the CA and HA 

groups that could be related to virulence (i.e. IsdA and IsdB), adhesion to host tissues 

(i.e. Ebps, Vwb), or immune evasion (i.e. SCIN). In addition, some other known virulence 

factors, such as CHIPS, the enterotoxin type D and the enterotoxin type A were uniquely 

identified in the CADK, HADK, and HANLDE isolates, respectively, irrespective of the 

growth phase.On the other hand, we observed major differences in the appearance of 
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predicted cytoplasmic proteins in the exoproteomes of the investigated CA and HA 

isolates, where a higher number of cytoplasmic proteins was identified in the growth 

medium of the CA group than in the medium of the two HA groups during the 

exponential growth phase. Conversely, a higher number of cytoplasmic proteins was 

identified in the HA group than the CA group during the stationary growth phase. This 

difference can be interpreted in at least three ways. Firstly, there may be a difference in 

the timing of autolysis of cells36,37 resulting in the early release of cytoplasmic proteins 

into the extracellular milieu by cells from the CA group. On the other hand, it is known 

that cell wall-associated and secreted proteases can degrade cytoplasmic proteins 

released into the growth medium.36 Hence a second possible explanation for the 

observed differences would be that the HA isolates are more proteolytic in the 

exponential growth phase than the CA isolates, leading to the observed differences due 

to degradation of liberated cytoplasmic proteins. In a third possible scenario, 

‘cytoplasmic’ proteins are actively delivered into the growth medium via non-classical 

secretion mechanisms that are as yet ill-defined.33,34,37 In this case, one would have to 

assume that the timing of non-classical secretion differs for CA and HA isolates. 

Inspection of the genome sequences of the investigated MRSA isolates showed that the 

genes for known autolysins (atl, isaA, lytM), proteases (aur, sspA, sspB, sspC, spiA, spiB, 

spiC, spiD, spiE, spiF and IsaA) and secretion pathways (sec, tat and type VII secretion) 

are intact with only few SNPs detectable in the coding and intergenic regions, as was 

the case for major gene regulators. None of the observed SNPs causes a premature stop 

of translation or a mutation that is known to be important for activity (data not shown). 

Of note, our comparative genome analysis suggests that the distinctive features of CA- 

and HA-MRSA isolates relate predominantly to the accessory genome, which might 

suggest a role of the respective genes at least in the timing of the extracellular 

appearance of predicted cytoplasmic proteins. 

The principal component analysis (PCA) on the exoproteome data based on normalized 

spectral counts grouped the 15 investigated S. aureus isolates into two distinct groups. 

Herein, all the HA isolates formed a distinct cluster, whereas four of the six CA isolates 

formed a separate cluster. Importantly, the clustering of all HADK and HANL-DE isolates in 

one group implies that our proteomics approach identifies a common signature of all 

investigated HA-MRSA isolates. Intriguingly, two isolates designated as CA grouped 

with the HA isolates, suggesting that these two “CA isolates” (D29, D61) may actually be 

hospital-adapted isolates that could have been propagated in the community. 

Consistent with this idea, our Northern blotting analysis showed that the transcript levels 

for exoproteins like FabF, RpoB and PSMα1-4 in the CA isolate D29 resembled more 

closely the respective profiles in the HA isolates. Yet, this was not the case for isolate 
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D61, whose fabF and rpoB transcript levels matched with those of the CA isolates, while 

the psmα1-4 transcript level was very low. An alternatively possibility is that the CA 

isolates D29 and D61 are genuine CA isolates, in which case our proteome analyses 

might highlight another distinguishing feature of the two clusters. Indeed, the 

distinction of CA and HA groups based on our PCA analysis seems to have predictive 

value for the growth behavior and survival of S. aureus in non-professional phagocytic 

epithelial cells. Clearly, the CA isolates displayed an increase in net cell number after 

internalization by epithelial cells compared with the HA isolates, whose bacterial count 

did not substantially increase following internalization. This finding would be fully in line 

with an earlier study that suggested better survival of CA-MRSA than of HA-MRSA inside 

human neutrophils.42  Together, these findings imply that the cytoplasmic proteins 

identified in the exoproteome are indicative not only for the epidemiological behavior, 

but also could have an impact on the intracellular behavior of S. aureus within epithelial 

cells influencing their survival or replication capabilities. Of course, this does not exclude 

the possible involvement of known virulence factors with a clear role in virulence, such 

as phenol-soluble modulins, which were previously implicated in epidemiological 

behavior and intracellular survival,29,43–45 or the leukocidins PVL or LukAB/ED.46  

In recent years, increasing evidence has been obtained that particular cytoplasmic 

proteins may have different functions at intracellular and extracellular locations.47,48 Such 

proteins are often regarded as ‘moonlighting’ proteins. Of note, the cytoplasmic 

proteins which we could consider here as potential moonlighting proteins are mostly 

proteins that are constitutively expressed at relatively high levels, and that have 

previously identified roles in processes such as sugar metabolism, adherence to host 

tissues, pathogenesis, and/or immune evasion.49–52 Of note, several of these potentially 

moonlighting proteins do not only occur in prokaryotes but also in eukaryotes, which 

could be suggestive of molecular mimicry where pathogens disguise themselves with a 

corona of factors that the human immune system does not recognize as non-self.50,53,54 

Altogether, the possible roles of moonlighting cytoplasmic proteins in the different 

epidemiology and intracellular survival of CA and HA USA300 isolates as highlighted in 

our present study would be fully in line with recent studies where it was proposed that 

such proteins contribute to staphylococcal virulence.33,35,55,56 

We conclude that our present proteomics approach to identify exoproteome signatures, 

and the results obtained with this approach, open up novel avenues to study and predict 

the epidemiological behavior of clinical MRSA isolates. Clearly, our study is built on 

genetically closely related MRSA isolates with distinct epidemiological behavior. It will 

be an important challenge for future research to assess whether a similar distinction can 
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be achieved when this approach is applied to genetically distantly related MRSA isolates 

with different epidemiological behavior in hospitals and the community. 

Materials and methods 

Bacterial isolates 

Relevant properties of the 15 MRSA isolates used for exoproteome analyses are listed 

in Table S7. 12 isolates with the PFGE profile USA300 were collected by the Statens 

Serum Institut (Copenhagen, Denmark) in the period between 1999 and 2006.21 These 

12 isolates included six CA-MRSA isolates with spa type t008 (referred to as CADK), and 

six HA-MRSA isolates with spa type t024 (referred to as HADK).18,21  The remaining three 

HA-MRSA isolates with spa types t008 or t024 (referred to as HANL-DE isolates) were 

collected in the period between 1996 to 2010 in hospitals located within the Dutch-

German border region (EUREGIO).19 

Whole genome sequencing of isolates and analysis 

Whole genome sequencing of the investigated S. aureus isolates was performed on an 

Illumina MiSeq instrument and the Nextera® XT, 2x 250bp kit using the manufacturer`s 

standard protocols (Illumina, Inc, USA). DNA for the sequencing was extracted using the 

DNeasy Blood and Tissue kit (Qiagen, Valencia, CA, USA). The WGS datasets generated 

and/or analysed in the current study are available in the European Nucleotide Archive 

(ENA) repository under accession number ERP018940 

(http://www.ebi.ac.uk/ena/data/view/PRJEB17079). Reads from the isolates were 

assembled using SPAdes,57 annotated using PROKKA,58 and the core and pan-genome 

of the isolates was estimated using ROARY.59 The alignment of the core genome from 

ROARY was used as input to create a phylogenetic tree using RAxML60 with 100 

bootstrap supports. The phylogenetic tree and accessory genome heatmap were 

visualized using ggtree. Specifically, the phylogenetic tree was based on the variable 

positions in the core genome of the 15 isolates (2,334 genes). The accessory genome 

was defined as genes present in at most 70% of the isolates resulting in 992 accessory 

genes. Virulence genes were identified using VirulenceFinder.61 The analysis of potential 

antimicrobial resistance genes was performed with the web-based ResFinder tool.62 
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Bacterial cultivation for proteome sampling 

Bacteria were grown overnight (14-16 h) at 37°C in 25 mL Trypton Soy Broth (TSB) under 

vigorous shaking (115 rpm). The cultures were then diluted into 25 mL pre-warmed 

RPMI 1640 medium supplemented with 2 mM glutamine (GE Healthcare/PAA, Little 

Chalfont, United Kingdom) to an OD600 of 0.05 and cultivation was continued under the 

same conditions. Exponentially growing cells with an OD600 of ~0.5 were re-diluted into 

120 mL fresh, pre-warmed RPMI medium to a final OD600 of 0.05. The cultivation was 

continued until the cultures had reached 90 min within the stationary growth phase. 

Within this period, two time points were selected for sample collection. The first one 

was set at OD600 of ~0.5, corresponding to the exponential growth phase, and the 

second one was set at ~OD600 of 1.3, corresponding to approx. 90 min after entry into 

the stationary phase. At these two time points, 1.5 ml culture aliquots were collected. In 

brief, the collected aliquots were centrifuged for 10 min at 4°C and 8000×g with the 

subsequent application of a 0.22 μM filter step (GE Healthcare Systems, Little Chalfont, 

United Kingdom) to remove the remaining bacterial cells. The extracellular proteins in 

the supernatant were precipitated with 10 % w/v TCA on ice at 4°C overnight. Finally, 

the precipitates were collected by centrifugation for 20 min at 4°C and 8000×g, washed 

with ice-cold acetone, and dried at room temperature. The dried protein pellets were 

stored at -20°C until further use. For each isolate two biological replicates were analyzed, 

which adds up to 24 exponential phase and 24 stationary phase samples for the CADK 

and HADK strains, respectively, and to 6 exponential phase and 6 stationary phase 

samples for the HANL-DE strains. 

Sample preparation for proteome analysis 

Dried protein samples were processed as described previously.54 Briefly, protein pellets 

were dissolved in 50 mM ammonium bicarbonate buffer (Fluka, Buchs, Switzerland), 

reduced with 10 mM dithiothreitol (DuchefaBiochemie, Haarlem, the Netherlands) for 

30 min, and alkylated with 10 mM iodoacetamide (Sigma-Aldrich, St. Louis, USA) for 30 

min in the dark. To digest complex protein samples, 80 ng trypsin (Promega, Madison, 

USA) was added and the samples were incubated overnight at 37°C under static 

conditions. To stop the digestion, the samples were acidified with a final concentration 

of 0.1 % trifluoroacetic acid (TFA, Sigma-Aldrich, St. Louis, USA) and subsequently 

purified using ZipTips (Millipore, Billerica, USA). For this purpose, the tips were stepwise 

equilibrated with 30 μL acetonitrile (ACN, Fluka, Buchs, Switzerland), 30 μL 80 % ACN/0.1 

% TFA, 50 % ACN/0.1 % TFA, 30 μL 30 % ACN/0.1 % TFA and finally 30 μL 0.1 % TFA. 

Peptides were bound to ZipTips by pipetting 10 times 10 μL of the sample. Impurities 
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were removed by washing with 50 μL 0.1 % TFA and finally peptides were eluted with 

20 μL 50 % ACN/0.1 % TFA and 20 μL 80 % ACN/0.1 % TFA. The final eluates were 

concentrated using a vacuum centrifuge (Eppendorf, Hamburg, Germany) and stored at 

4°C until further use.   

Mass spectrometry  

Tryptic peptides were separated by reversed phase liquid chromatography (LC) coupled 

online to electrospray ionization mass spectrometry (ESI-MS) using an LTQ Orbitrap as 

described by Stobernack et al.63 Database searching was done with Sorcerer-SEQUEST 

4 (Sage-N Research, Milpitas, USA). After extraction from the raw files, *.dta files were 

searched with Sequest against a target-decoy database with a set of common laboratory 

contaminants. The databases for the respective peptide/protein search were created 

from the genome sequences of the 15 investigated MRSA isolates. The RAST annotation 

file of these 15 MRSA isolates was used to create a non-redundant database comprising 

protein sequences of all isolates. Protein sequences that differed in only one amino acid 

were included in this database. Finally, validation of MS/MS-based peptide and protein 

identifications was performed with Scaffold v4.3.4 (Proteome Software, Portland, USA). 

Peptide identifications were accepted if they exceeded specific database search engine 

thresholds. SEQUEST identifications required at least deltaCn scores of greater than 0.1 

and XCorr scores of greater than 2.2, 3.3 and 3.75 for doubly, triply and quadruply 

charged peptides, respectively. With these filter parameters, no false-positive hits were 

obtained, which was verified by a search against a concatenated target-pseudo reversed 

decoy database. Normalized spectral counts were obtained from the Scaffold file by 

considering a 99 % protein threshold, and a minimum of two peptides for each protein. 

The normalized spectral count data were exported from Scaffold and curated in 

Microsoft Excel before further analysis. The filtered MS data associated with this 

manuscript can be downloaded from the PRIDE partner repository of the 

ProteomeXchange Consortium using the following link: 

http://www.ebi.ac.uk/pride/archive/login. 

Prediction of protein localization, biological processes and molecular functions   

Prediction of the subcellular localization of proteins that were identified by LC-MS/MS 

was performed using different bioinformatics tools. Since individual bioinformatics tools 

are not able to specifically predict all possible localization sites of bacterial proteins,64 

we used eight different computer programs, namely SignalP4.1 

(http://www.cbs.dtu.dk/Services/SignalP/),65 Phobius 

(http://www.ebi.ac.uk/Tools/pfa/phobius/),66 Predisi (http://www.predisi.de/),67 LipoP1.0 

(http://www.cbs.dtu.dk/services/LipoP),68 ProtComp9.0 
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(http://linux1.softberry.com/berry.phtml?topic=protcompan&group=programs&subgr

oup=proloc),69 PSort 3.0.3b (http://www.psort.org/psortb/index.html),70 TMHMM2.0c 

(http://www.cbs.dtu.dk/services/TMHMM),71 and PSscan 

(http://prosite.expasy.org/scanprosite/).72 The settings used for of each program are 

specified in Supplementary Table 8. A detailed description of output parameters, scores 

and thresholds for each tag is presented in Supplementary Table 9. Voronoi treemaps 

to link quantitative proteomic data and functional classifications were created using the 

Paver software (DECODON GmbH, Greifswald, Germany) with the latest functional 

categorization of SEED database of S. aureus USA300_FPR3757.73 

RNA isolation 

Bacterial isolates were grown under the same condition as for the proteomics sample 

collection. 25 ml culture aliquots were collected for RNA isolation 90 min after entry into 

the stationary growth phase, corresponding to an OD600 of approx. 1.3. RNA was isolated 

from bacteria as described previously.74 Briefly, ½ volume of frozen killing buffer (20 

mM Tris/HCl [pH 7.5], 5 mM MgCl2, 20mM NaN3) was added to the bacterial culture, 

and bacterial cells were collected by centrifugation for 3 minutes, 8000 rpm at 4°C. The 

supernatant was discarded, and pellets were frozen in liquid nitrogen and stored at -

80°C until further processing. Cell pellets were re-suspended in ice-cold killing buffer 

and transferred into Teflon vessels filled with liquid N2 for disruption. Cells were then 

mechanically disrupted with a Mikro-Dismembrator S (Sartorius) for 2 min, 2600 rpm. 

The resulting powder was re-suspended in lysis solution that was pre-warmed at 50°C 

(4 M guanidine thiocyanate, 25 mM sodium acetate [pH 5.2], 0.5% N-laurylsarcosinate 

40 [wt/vol]) by repeated up- and down-pipetting. Then, lysates were transferred into 

pre-cooled micro-centrifuge tubes, and frozen at -80°C.   

Total RNA was isolated by phenol-chloroform extraction as described previously.75 

Samples were processed twice with an equal volume of acid phenol solution (Sigma-

Aldrich, Zwijndrecht, the Netherlands), and mixed thoroughly on an Eppendorf tube 

shaker until completely thawed. The resulting suspension was then centrifuged for 5 

min, 12000 rpm, and the supernatant was transferred into a fresh microcentrifuge tube. 

Next, samples were processed once with one volume of Chloroform/isoamyl alcohol, 

mixed well, and centrifuged for 5 min, 12000 rpm. RNA was precipitated from the 

supernatant by the addition of 1/10 volume of 3 M Na-Acetate, pH 5.2, and 0.8 ml of 

isopropanol. The precipitated RNA was washed once with 70 % RNase-free ethanol, and 

dissolved in RNase-free water.   
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Northern blot analysis 

Northern blot analysis was performed as described previously.75 Specific biotin-labelled 

RNA probes were generated by in vitro synthesis using a T7 RNA polymerase and Bio-

16-UTP (Life Technologies). 3-10 μg of total RNA per lane was separated on 1.2 % 

denaturing agarose gels. Gene-specific transcripts were detected with the aid of biotin-

labeled anti-sense RNA-probes. Fluorescent detection of the biotin- labelled probes was 

carried out using IRDye® 800CW Streptavidin (LI-COR Biosciences - GmbH) and the 

Odyssey Clx Imaging System (LI-COR Biosciences - GmbH) according to the instructions 

of the manufacturer. Primer sequences are listed in Supplementary Table 10.  

Survival of bacteria upon epithelial cell infection  

Cell lines and culture conditions 

The human bronchial epithelial cell line 16HBE14o- was used to investigate the survival 

of MRSA isolates upon internalization. The epithelial cells were cultured in eukaryotic 

minimal essential medium (eMEM; 1x MEM without arginine and lysine; Costumer 

formulation, PromoCell GmbH, Heidelberg, Germany) supplemented with 10 % (v/v) 

fetal calf serum (FCS; Biochrom AG, Berlin, Germany), 2 % (v/v) L-glutamine 200 mM 

(PAN-Biotech GmbH, Aidenbach, Germany) and 1 % (v/v) non-essential amino acids 

100x (PAN-Biotech GmbH). The cells were seeded at a density of 1x105 cells/cm2 in 

CellStar® 12-well plates (Greiner Bio-One, Frickenhausen, Germany) and cultured for 

three days at 37°C, 5 % CO2 in a humidified atmosphere after which they were ready for 

infection experiments.  

Bacterial culture conditions 

The bacteria were cultured in prokaryotic minimal essential medium (pMEM; 1x MEM 

without sodium bicarbonate; Invitrogen, Karlsruhe, Germany) supplemented with 1x 

non-essential amino acids (PAN-Biotech GmbH), 4 mM L-glutamine (PAN-Biotech 

GmbH), 10 mM HEPES (PAN-Biotech GmbH), 2 mM L-alanine, 2 mM L-leucine, 2 mM L-

isoleucine, 2 mM L-valine, 2 mM L-aspartate, 2 mM L-glutamate, 2 mM L-serine, 2 mM 

L-threonine, 2 mM L-cysteine, 2 mM L-proline, 2 mM L-histidine, 2 mM L-phenyl alanine 

and 2 mM L-tryptophan (Sigma-Aldrich, Munich, Germany), adjusted to pH 7.4 and 

sterilized through filtration. Notably, for the overnight pre-culture 0.01 % of yeast extract 

was added.   

Internalization procedure 

The internalization of MRSA into epithelial cells was carried out as described previously 

by Pförtner et al.76 Briefly, bacterial cultures were inoculated from exponentially growing 
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overnight cultures, starting at an inoculation OD600 of 0.05 and permitting growth until 

the mid-exponential phase at 37°C, 150 rpm in a shaking water bath. The bacterial 

numbers were determined by flow cytometry with a Guava easyCyteTM flow cytometer 

(MilliporePrior Billerica, MA, USA). Prior to infection, the numbers of epithelial cells were 

assessed by detaching them from the plates with trypsin-EDTA 0.25 % (Thermo Fisher 

Scientific, Waltham, USA), mixing with Trypan blue dye, and counting with a Countess® 

cell counter (Invitrogen, Karlsruhe, Germany). In order to infect epithelial cells with MRSA 

at a multiplicity of infection (MOI) of 1:25, the host cell medium was exchanged with the 

infection mix (MRSA diluted on eMEM, buffered with 2.9 µl sodium hydrogen carbonate 

[7.5 %] per ml of bacterial culture added) and incubated for one hour at 37°C, 5 % CO2 

in an incubator. Afterwards, the cell culture medium was exchanged with fresh eMEM 

containing 10 µg/ml lysostaphin, and this medium was exchanged every two days for 

long-term experiments.  

Sampling of the 16HBE14o- cells was performed by detaching of the cells from the plate 

with trypsin-EDTA 0.25 %, and the collection of internalized bacteria was carried out 

through incubation of the plate with 0.05 % SDS for 5 min. Quantification of the 

intracellular MRSA isolates was performed by flow cytometry with a GUAVA®easyCyte 

(Merck Millipore, Darmstadt, Germany). To this end, the bacteria were stained with 0.2 

µg/ml Vancomycin BODIPY FL (Thermo Fisher Scientific, Waltham, USA), and detected 

using a 488 nm laser for excitation as described.77 The intracellular survival of each 

isolate was analyzed in independent duplicate experiments. 

Graphical and statistical analyses  

Volcano plot analyses were performed using GraphPad Prism version 6. Statistical 

analyses were performed using the Wilcoxon signed-rank test. A P-value of less than or 

equal to 0.05 was considered statistically significant. Principal component analysis (PCA) 

was performed using the Statistical Package for Social Science (SPSS) version 22. The 

component loading of the extracellular proteins from the 15 CADK, HADK and HANL-DE 

isolates was calculated both for growth medium fractions of cells in the exponential and 

stationary growth phases based on normalized spectral count. The Venn diagram was 

constructed using Venny version (http://bioinfogp.cnb.csic.es/tools/venny/). 
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Supplementary Figures  

 

Supplementary Figure 1. Voronoi treemap of functional categories for the identified proteins. Spectral 

count values representing the abundance levels of proteins from the investigated CADK, HADK and HANL-DE 

isolates are colorcoded (blue for low abundance; red for high abundance). Proteins not identified in the 

particular isolate group or condition are labeled in black. (a) Proteins in growth medium fractions from cultures 

in the exponential growth phase, or (b) from cultures in the stationary growth phase.  
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Supplementary Figure 2. Survival of CA and HA isolates internalized by epithelial cells. The 16HBE14o- 

bronchial epithelial cell line was used to investigate the intracellular survival of CA and HA isolates. A 

multiplicity of infection (MOI) of 1:25 was used and bacterial survival was assayed over a period of six days. 

The quantification of intracellular MRSA survival was performed by staining bacterial samples with 0.2 /g/ml 

vancomycin BODIPY FL and counting by flow cytometry. The intracellular survival of each isolate was analyzed 

in independent duplicate experiments. Survival curves are shown for the (a) CADK isolates, (b) HADK isolates, 

and (c) HANL-DE isolates. (d) Averaged survival curves for the CADK, HADK and HANL-DE isolates, where the 

CADK isolates are separated into two groups in accordance with their exoprotein abundance signatures in Fig. 

8 (CA-DK-1 includes isolates D15, D32, D37 and D69; CA-DK-2 includes isolates D29 and D61). 
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Abstract  

Methicillin-resistant Staphylococcus aureus (MRSA) originally emerged in nosocomial 

settings and has subsequently spread into the community. In turn, community-

associated (CA) MRSA lineages are nowadays introduced from the community into 

hospitals where they can cause hospital-associated (HA) infections. This raises the 

question of how the CA-MRSA lineages adapt to the hospital environment. Previous 

studies implicated particular virulence factors in the CA-behaviour of MRSA. However, 

we hypothesized that physiological changes may also impact on staphylococcal 

epidemicity. With the aim to identify potential metabolic adaptations, we comparatively 

profiled the cytosolic proteomes of CA- and HA-isolates from the USA300 lineage that 

was originally identified as CA-MRSA. Interestingly, the data uncovered significant 

differences between the two groups of isolates, relating to glycolysis, pentose 

phosphate pathway, gluconeogenesis, the tricarboxylic acid cycle, and amino acid 

biosynthesis, which apparently match with the clinical presentation of each group. These 

observations spark interest in central carbon metabolism as a key driver for adaptations 

that streamline MRSA for propagation in the community or the hospital.  

Biological significance 

All living organisms apply metabolic pathways to produce the key cellular components, 

to grow and divide, and to compete with other organisms in their ecological niche. In 

the case of bacteria, this applies not only to those species that live in the environment, 

but also to those that cause disease, such as the human pathogen Staphylococcus 

aureus. Notably, the clinical manifestations of S. aureus infections tend to differ for those 

isolates that cause infections amongst healthy individuals in the community and those 

isolates that take advantage of frail individuals in healthcare settings. Here, we show 

that hospital-adapted isolates from a notorious community-associated and highly drug-

resistant S. aureus lineage show particular metabolic adaptations. The hospital-

associated isolates have a higher tendency to cause invasive disease and bacteraemia in 

frail patients. Accordingly, their metabolic capability appears to be geared towards 

niches where the need to synthesize glucose, amino acids and purines is relatively low. 

Conversely, the community-acquired isolates are implicated in skin and soft tissue 

infections and, accordingly, their metabolic constitution is adapted to conditions where 

glucose, free amino acids, and purines are limiting. This leads to the new insight that the 

epidemic behaviour of S. aureus as a pathogen is not only dictated by its virulence factor 

repertoire, but also by adaptations in central carbon metabolism.  
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Introduction 

Staphylococcus aureus is a Gram-positive bacterium frequently colonizing the human 

body. However, it is also a dangerous pathogen capable of causing a wide array of 

diseases ranging from skin to soft tissue infections and ultimately life-threatening 

invasive disease [1]. The ability of S. aureus to colonize certain niches of the host, and 

to cause particular diseases is dependent on both its virulence factor repertoire and its 

adaptation capability. Omics profiling approaches provide new insights into both the 

virulence factors expressed in specific host niches and the adaptive responses mounted 

by S. aureus [2–4]. Thus, it is well established that S. aureus expresses a whole arsenal of 

virulence factors, such as toxins, degradative enzymes, adhesins, and other surface-

associated proteins that allow this pathogen to establish infection and to survive in the 

host [5–7]. S. aureus has also evolved resistance to many antibiotics including penicillin, 

methicillin, oxacillin, and last resort antibiotics, such as linezolid and daptomycin. Two 

major methicillin-resistant Staphylococcus aureus (MRSA) classes are distinguished 

based on epidemiology, namely community-associated (CA) and hospital-associated 

(HA) MRSA [8]. Risk factors for infection by HA-MRSA are recent hospitalization, dialysis, 

nursing-home residence, and other co-morbidities such as diabetes, chronic renal 

failure, and chronic pulmonary diseases that bring individuals in contact with healthcare 

settings [9]. In contrast, the main risk factor for attracting CA-MRSA is close interaction 

with many different individuals which can occur in nurseries, sport centres, and the army.  

We have recently shown that closely related CA- and HA-MRSA isolates of the USA300 

lineage can be distinguished based on their exoproteome profiles [10]. Importantly, the 

exoproteome profiles of the investigated isolates were predictive for their behaviour 

within lung epithelial cells. This was indicative of adaptations of these USA300 isolates, 

which are generally considered as CA-MRSA, to the hospital environment. Such 

adaptations are of interest, because the current rise of MRSA infections in the 

community inevitably leads to the introduction of CA-MRSA into the hospital 

environment. Notably, adaptive mechanisms often relate to alterations in the metabolic 

status of a bacterium. In the case of S. aureus, such alterations are known to influence 

the expression of virulence factors. However, the particular carbon and nitrogen sources 

that are available to S. aureus in specific host niches also require specific adaptation [11]. 

Importantly, the respective metabolic pathways are essential for bacterial proliferation 

within the host. Therefore, we hypothesised that the investigated HA-USA300 isolates 

have also adapted to the hospital environment, at least in part, by changes in their 

metabolic pathways.  
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The present study was aimed at identifying potential metabolic adaptations in the, 

originally community-associated, USA300 lineage to the hospital environment. To this 

end, we employed a proteomics approach with a focus on the cytosolic protein 

complement. As anticipated, the data obtained highlight differences between the 

investigated CA- and HA-isolates in the protein abundance of several major metabolic 

pathways. These include glycolysis, gluconeogenesis, pentose phosphate pathway, TCA 

cycle, and amino acid biosynthesis. Importantly, the observed adaptations have 

biomedically relevant implications for virulence, stress tolerance, and antibiotic 

resistance. 

Methods 

Bacterial strains    

The CA- and HA-MRSA strains examined in this study were collected in Denmark by the 

Statens Serum Institut (Copenhagen, Denmark) in the period between 1999 and 2006 

[12]. They share the pulsed-field gel electrophoresis profile USA300, but differ in spa-

type. While the three investigated CA-MRSA isolates D15, D32 and D37 share the spa-

type t008, the three investigated HA-MRSA isolates D17, D22 and D53 share the spa-

type t024 [12,13]. Genome sequences and the exoproteome profiles of these strains 

were previously described [12,13,10].  

Cultivation of bacteria and sample preparation 

The cultivation of bacteria was carried out as described before [10]. Briefly, bacteria were 

grown overnight in Tryptone Soy Broth (TSB). Exponentially growing cultures were used 

to inoculate Roswell Park Memorial Institute-1640 (RPMI) medium supplemented with 

2 mM glutamine (GE Healthcare/PAA, Little Chalfont, United Kingdom) to a final optical 

density at 600 nm (OD600) of 0.05, and growth was continued until mid-exponential 

phase. Exponentially growing cells were then used to inoculate fresh RPMI medium to a 

final OD600 of 0.05. Samples from three independent biological replicates were taken in 

the transition phase between the exponential and stationary growth phases, and two 

hours after entry into the stationary growth phase. Cells were collected by centrifugation 

of 13 ml of culture at 13,000 x g, 10 min, at 4ºC. The cell pellets were immediately frozen 

in liquid nitrogen, and stored at -80ºC until further processing. To extract the cytosolic 

protein fraction, cells were disrupted using FastPrep®. Briefly, bacterial cell pellets were 

re-suspended with an appropriate volume of 1 x urea/ thiourea buffer, and transferred 

to 2 ml screw-cap tubes pre-filled with glass beads (Sigma-Aldrich, St. Louis, USA) in half 

the volume of the suspension. The mixture was disrupted in a FastPrep FP120 (Thermo 
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Fischer Scientific Inc., MA, USA) by shaking at maximal speed for 30 s followed by 3 min 

cooling on ice. After repeating the disruption three times, the protein extract was 

collected by centrifugation at 4ºC, 10,000 x g for 30 min. The supernatant was collected 

in a new reaction tube. Determination of protein concentrations was performed with a 

Bradford assay (Biorad, München, Germany). Four µg of protein extract were digested 

with trypsin (Promega, Madison, WI, US; ratio of 1:25 trypsin to protein) at 37 °C 

overnight. To stop the digestion, a final concentration of 1% v/v trifluoroacetic acid (TFA; 

Merck, Darmstadt, Germany) was added. Finally, peptide samples were purified using 

ZipTip®µ-C18 columns (Merck Millipore, Darmstadt, Germany) and eluted in 5 µl of 50% 

acetonitrile (ACN; Sigma-Aldrich, St. Louis, USA) followed by elution with 5 µl of 80% 

ACN. The 10 µl eluate was first frozen at -80 ºC overnight and then dried by vacuum 

centrifugation.  Finally, the dried peptides were reconstituted in 10 µl buffer A [2% (v/v) 

ACN and 0.1% (v/v) acetic acid in HPLC-grade water (Baker)]. 

Acquisition and processing of mass spectrometry data  

Acquisition of mass spectrometry (MS) data was performed in data-independent mode 

(DIA) mode by shotgun nano-liquid chromatography (LC)-MS/MS on a Q Exactive™ Plus 

(Thermo-Fisher Scientific, Waltham, MA, USA) connected to an Ultimate® 3000 Nano 

LC as described before [14]. DIA measurement parameter settings are provided in 

Supplementary Table 1. Prior to the separation of samples by nano-HPLC, an iRT-spike-

in-mix (Biognosys AG, Schlieren, Switzerland) was added to the samples. To construct 

strain-specific ion libraries, samples were measured in data-dependent mode (DDA) as 

described before [15]. DDA measurement parameter settings are provided in 

Supplementary Table 2. Specific sequences of the respective isolates were used to 

search for the database by MaxQuant [16], and the MaxQuant parameter settings are 

provided in Supplementary Table 3. The Spectronaut™ Pulsar software package (v 

11.0.15038.12.32941, Biognosys AG 2013) was used to analyse the samples in a strain-

dependent manner. The Spectronaut™ settings are provided in Supplementary Table 4. 

The raw MS data and other associated files of the present study can be downloaded 

from the MassIVE repository using the following link: 

https://massive.ucsd.edu/ProteoSAFe/jobs.jsp (username: solomonmekonnen; 

password:  reviewers). 

Analysis of data   

To compare the different strains, a blastP analysis (default parameters, BLAST 2.6.0+) 

was performed to the closely related and well-annotated S. aureus USA300_FPR3757 

strain. The protein annotation of this strain was retrieved from AureoWiki 
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(http://aureowiki.med.uni-greifswald.de/) [17]. The results were filtered for the top hit 

for each individual protein in the BLASTp analysis. Only proteins with a minimum overall 

amino acid sequence identity of 70% were considered for quantification. Importantly, 

this led to the exclusion of only 12 identified proteins that were not mapped to 

USA300_FPR3757 protein sequences but were uniquely mapped to CA-isolates.  

To quantify protein amounts, the ion intensity areas under the respective curves from 

the individual strain reports were used for a global median normalization. Peptide 

intensities were calculated by summing up the normalized ion data for each peptide. To 

compare differences in protein abundance between the investigated CA- and HA-MRSA 

isolates, the mean of the biological replicates per peptide and strain was calculated. Only 

peptides present in both CA- and HA-isolates as well as in a minimum of two out of 

three isolates per group were used for statistical testing. Ratios for each peptide were 

calculated by generating pairwise ratios from each HA- versus CA-isolate at the peptide 

level in all combinations as described previously [15]. The obtained values were tested 

per protein using the Wilcox rank sum test against an absolute fold change of 1.3. 

Proteins with p-values below 0.05 were considered to be present in significantly different 

abundance. Protein annotation and pangene symbols were extracted from AureoWiki 

[17]. A table with all the analyses is provided as Supplementary Table 5. Of note, proteins 

that did not fulfil our inclusion criterion for analysis, i.e. presence of a particular protein 

in a minimum of two out of three isolates led to the exclusion of 46 and 47 proteins that 

were uniquely identified in the CA- or HA-isolates, respectively (Supplementary Table 

6). 

Visualization of proteome data in Voronoi treemaps  

Voronoi treemaps were generated using the Paver 2.0 software (Decodon GmbH, 

Greifswald, Germany) [18]. The regulon assignments of the genes that encoded proteins 

of interest was extracted from AureoWiki in order to generate a treemap. The template 

treemap calculation for each isolate was performed using the free swarm algorithm as 

previously described [15]. 

Extraction of carotenoids  

Carotenoid extraction was done as described previously, with slight modifications [19]. 

Briefly, CA- and HA-isolates were cultured in TSB shaking at 220 rpm at 37° for 24 h. The 

cell densities were adjusted by measuring OD600 to obtain comparable cell amounts with 

a total volume of 1 ml culture, and the cells were collected by centrifugation at 10,000 

× g, 2 min followed by washing with PBS. Cell pellets were suspended in 500 µl of 
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methanol and heated to 55°C for 5 min, followed by a centrifugation at 10,000 × g for 

2 min. The extraction was repeated until no further pigment could be extracted. The 

extracts were collected, and absorption spectra were recorded at 465 nm.  

Results  

Distinction of CA- and HA-MRSA isolates based on cellular proteome profiles 

In a recent study, we performed a comparative genome and exoproteome analysis on 

CA- and HA-MRSA isolates of the USA300 lineage to pinpoint epidemiologically relevant 

distinctive features in these closely related bacteria [10]. In particular, a PCA analysis of 

the exoproteome data identified core isolates of each group. For the CA-MRSA group, 

the core isolates were D15, D32 and D37, and for the HA-MRSA group these were 

isolates D17, D22 and D53. We therefore decided to focus the present comparative 

analysis of the cytosolic proteome on these six isolate. To this end, the different isolates 

were cultured in RPMI medium, because a previous transcriptome analysis with tiling 

arrays had shown that the transcript profiles of S. aureus grown in RPMI closely 

resembled those of S. aureus grown in human plasma [2]. The RPMI growth condition 

thus reflects the particular nutritional challenges encountered by S. aureus when the 

bacteria have become invasive and entered the bloodstream of a patient with 

bacteraemia. Further, we addressed bacteria in the transition phase between the 

exponential and stationary growth phases, where most virulence factors start to be 

expressed, and two hours after entry into the stationary growth phase as these growth 

stages are of the highest clinical relevance. Altogether, 1000 proteins were identified in 

our MS analysis where the criterion for protein identification was the detection of 

minimally two peptides in at least two out of three isolates per CA- or HA-isolate group. 

As expected, per isolate group, rather extensive differences in protein composition were 

detectable between the two time points of sampling (Supplementary Table 5) which also 

resulted in clear separation of transient and stationary phase samples of each strain in 

the first and strongest component of a principal component analysis (PCA, Fig. 1). 

However, it was a surprise that the unbiased PCA analysis also uncovered a sharp 

distinction between the investigated CA- and HA-isolates, irrespective of the time point 

of sampling (Fig. 1). A further inspection of the data revealed that 239 proteins were 

differentially expressed (p< 0.05) between the CA- and HA-isolates in the transition 

phase, and 186 proteins in the stationary phase as graphically represented in the 

Volcano plots in Figure 2. These observations show that cells of these two isolate groups 

with different epidemiological behaviour have a distinct protein composition. 
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Figure 1. Principal component analysis of cytosolic protein intensities in CA- and HA-MRSA isolates. A 

principal component analysis (PCA) was performed on the intensity of proteins identified by mass 

spectrometry using R (version 3.4.3) and the factomineR package (version 1.39). Missing values were removed. 

Data centering was performed by subtracting the column means of the data from their corresponding 

columns, and protein intensities with no protein identification were omitted. To unify the variance scaling of 

data, the (centered) columns of the data were divided by their standard deviations. For each isolate three 

biological replicates were analysed in both transient and stationary phase samples. Dimensions 1 and 2 were 

used to plot the graph. Green and blue circles represent transient (Tr) phase and stationary (St) phase samples 

from CA-MRSA isolates, whilst yellow and red circles represent transient (Tr) and stationary (St) phase samples 

from HA-MRSA isolates, respectively. 

The observed differences in the protein levels between the two groups of isolates could 

potentially relate to differences in gene expression or differences e.g. in protein stability 

due to differences in protein sequences. We, therefore, performed blastP comparisons, 

which showed amino substitutions for 38 proteins, whereas the remainder of the 

proteins with differential abundance in the CA- and HA-isolates showed identical amino 

acid sequences in both isolate groups (Supplementary Fig. 1). This implies that the 
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majority of proteins with differential abundance in CA- and HA-isolates are differentially 

regulated and that only a minor fraction may show differential behaviour based on 

structural differences.  

 

Figure 2. Volcano plots presenting proteins with differential abundance in CA- and HA-MRSA isolates. 

A Wilcoxon rank sum test against a fold change of 1.3 was used to compute the significance level of 

differentially abundant proteins in the cytosolic fractions of CA- and HA-MRSA isolates. (A) transition phase 

samples, (B) stationary phase samples. Each dot represents a particular protein. Red marks a significantly 

higher abundance in HA-isolates, and blue a significantly higher abundance in CA-isolates. Grey marks the 

absence of a significant difference in protein abundance. Top 50 proteins with the highest P-values were 

marked with their corresponding pangene identifier, otherwise with locus ID. 

Regulator-based stratification of differential protein abundance  

Proteins that showed statistically significant different levels in CA- and HA-MRSA were 

categorised based on the known regulators of the respective genes. This revealed that 

proteins encoded by genes under control of the alternative RNA polymerase sigma 

factor B (SigB) and the putative transcriptional regulator (MtlR) were up-regulated 

among the HA-isolates (Figure 3A, B; Supplementary Fig. 2). Notably, this does not only 

apply to the strictly SigB-controlled proteins Asp23, RsbV and RsbW, but also to proteins 

that are controlled by SigB and other regulators (Fig. 3B, D). In contrast, proteins 

encoded by genes that are controlled by the regulator of branched-chain amino acid 
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synthesis (CodY) and the catabolite control protein A (CcpA) were up-regulated among 

the CA-isolates (Fig. 3C, D; Supplementary Fig. 1).   

 

Figure 3. Regulon-based stratification of genes encoding proteins present at statistically significantly 

different levels in the CA- and HA-MRSA isolates. (A) Voronoi treemap of regulon-based stratification of 

proteins present at statistically significantly different levels in the transient phase samples. (B) Bar plot of SigB-

regulated proteins present at statistically significantly different levels in the transient phase samples. (C) 

Voronoi treemap of regulon-based stratification of proteins present at statistically significantly different levels 

in the stationary phase samples. (D) Bar plot of SigB-regulated proteins present at statistically significantly 

different levels in the stationary phase samples. Ratios of protein intensities in HA- and CA-isolates in log2 

were used to create both the Voronoi treemaps and the bar graphs. Individual cells in the Voronoi treemaps 

(A, C) represent particular significantly differentially regulated proteins. Blue cells represent proteins up-

regulated in CA-isolates, and orange cells represent proteins up-regulated in HA-isolates. In the bar graphs 

(B, D), the Y-axis indicates the HA/CA protein ratios in log2, and the X-axis shows the respective pangene 

names or locus IDs of the USA300_FPR3757 strain for the corresponding proteins. The ‘SAUSA300_’ prefix was 

omitted for names starting with ‘RS’ for a better graphical representation of the Figure. 
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Figure 4. Assignment of identified proteins according to their roles in metabolic pathways. Ratios of 

proteins implicated in the glycolysis (A, B), pentose phosphate pathway (C, D), gluconeogenesis (E, F), TCA 

cycle (G, H) and different amino acid biosynthetic pathways (I, J) are presented. Panels A, C, E, G and I relate 

to transition phase samples, and panels B, D, F, H and J relate to stationary phase samples. * Statistically 

significant differences in protein intensity; empty boxes relate to proteins involved in the specified pathway 

that were not identified in the analysis.  

Differential protein abundance in metabolic pathways  

To better understand the physiological changes potentially underlying differences in 

epidemicity, the identified proteins were categorised based on their assignment to 

different metabolic pathways. Interestingly, proteins involved in glycolysis, such as the 

triosephosphate isomerase TpiA, the aldehyde dehydrogenase GapA, the 

phosphoglycerate kinase Pgk and the 2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase Pgm were significantly more abundant in the HA-isolates (Fig. 

4A, B). Similarly, proteins involved in the pentose phosphate pathway such as 

transketolase (Tkt) were more abundant in the HA-isolates (Fig. 4C, D) On the other 

hand, proteins involved in gluconeogenesis, such as the pyruvate carboxylase PycA (Fig. 

4E, F), and the tricarboxylic acid (TCA) cycle, such as CitB and CitZ (Fig. 4G, H), were more 

abundant in the CA-isolates. The latter also applied to proteins involved in the 

biosynthesis of several amino acids, including glutamate, glutamine, homoserine, 

isoleucine, leucine and lysine (Fig. 4I, J), whereas proteins involved in the synthesis of 

proline were less abundant in the CA-isolates. A further potentially important metabolic 

difference was observed for proteins involved in the purine biosynthesis. Interestingly, 
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in the HA-isolates we observed an up-regulation of the purine synthesis repressor PurR, 

and a corresponding downregulation of PurR-regulated proteins PurS, PurL, PurN, and 

PurD (Fig. 5A). Of note, only PurH was upregulated in the HA-isolates, but this may relate 

to an amino acid substitution as PurH is one of the 38 differentially expressed proteins 

with an amino acid substitution (Supplementary Fig. 1).  

 

Figure 5. Correlation between protein levels of purine biosynthesis and isolate pigmentation. (A) The 

HA/CA ratios of proteins involved in purine metabolism are represented in a bar graph. (B) Yellow 

pigmentation of CA- and HA-isolates was assessed upon growth in TSB medium and subsequently pelleting 

the cells by centrifugation. (C) Carotenoids were extracted from pelleted cells by methanol extraction and the 

yellow coloration of the extracted pigment was assessed by OD465 readings. (D) averaged values of the OD465 

readings for pigment extracted from CA- or HA-isolates. *, Statistically significant differences in protein 

abundance or intensity of extracted pigment.  

Impact of metabolic differences on the production of staphyloxanthin  

SigB is known to positively regulate the expression of the crtM gene, which plays a 

crucial role in the biosynthesis of the carotenoid staphyloxanthin, the pigment that gives 

S. aureus its golden appearance [20,21]. In addition, Lan and colleagues have shown that 

inactivation of the citZ gene, which encodes the first enzyme in the TCA cycle, or 

inactivation of the purH gene involved in purine biosynthesis, both lead to increased 

staphyloxanthin production [22]. Since CitZ and several proteins in purine biosynthesis 

are downregulated in the HA-isolates, while PurH contains an amino acid substitution 

in these isolates, we hypothesized that the HA-isolates might display higher-levels of 

staphyloxanthin than the CA-isolates. Indeed, inspection of HA- and CA-isolates grown 
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in TSB showed that the HA-MRSA isolates displayed a stronger pigmentation than the 

CA-isolates, and this qualitative observation was subsequently validated by 

quantification of extracted staphyloxanthin (Fig. 5B, C).  

Discussion 

The Gram-positive bacterium S. aureus requires 13 biosynthetic intermediates [23] to 

synthesize all macromolecules that it needs to be a successful pathogen that conquers 

different niches on and in the human body. These biosynthetic intermediates are derived 

from only three metabolic pathways in central carbon metabolism, namely glycolysis, 

the pentose phosphate pathway and the TCA cycle [23]. This focuses attention on the 

relationships between metabolism and the particular behaviour of this pathogen. In the 

present study, we analysed differences in the cellular protein profiles of two groups of 

genetically closely related, but epidemiologically distinct, isolates of the USA300 lineage 

that had been collected from Danish hospitals or the community in the Copenhagen 

area. A total of 1000 proteins were identified through mass spectrometry analysis of the 

cytosolic fractions of the isolates, many of which have prominent roles in metabolism 

and physiology. Importantly, our data analysis uncovers significant differences in the 

levels of proteins involved in glycolysis, the pentose phosphate pathway and the TCA 

cycle showing that central carbon metabolism is key to understanding staphylococcal 

epidemicity.   

Glycolysis is the main pathway that converts glucose internalized by S. aureus in a 

cascade of ten consecutive steps to pyruvate under aerobic conditions [24]. Intriguingly, 

the here investigated HA-MRSA isolates displayed significantly higher levels of glycolytic 

enzymes such as TpiA, GapA, Pgk and Pgm than the CA-MRSA isolates. This implies that 

the repression of the respective genes by the glycolytic operon regulator GapR is less 

tight in the HA-isolates. In contrast, the HA-isolates contained relatively lower levels of 

the gluconeogenesis enzymes GpmA, FdaB and PycA. These findings imply that, under 

exactly the same growth conditions, the HA-isolates have the ‘notion’ that there is 

sufficient glucose available, while the CA-isolates perceive a shortage in glucose. It thus 

seems that the HA-isolates are geared towards high glucose consumption while the CA-

isolates anticipate glucose deprivation. This may provide the HA- or the CA-isolates with 

selective advantages depending on the availability of glucose in a particular niche of the 

human body.  

The pentose phosphate pathway and TCA cycle are important pathways to maintain 

carbon homeostasis, and provide precursors for amino acid biosynthesis [25]. The 

observed upregulation of the pentose phosphate pathway of HA-isolates suggests that 
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these isolates are better prepared to regenerate fructose-6-P and glyceraldehyde-3-P 

to prime glycolysis, which would be in line with the upregulation of the glycolytic 

pathway. Consistent with this idea, the HA-MRSA isolates showed a significantly higher 

level of the Tkt protein.   

The TCA cycle and the production of virulence factors are both regulated by CodY [23]. 

Therefore, alterations in bacterial metabolism can be directly related to bacterial survival 

and virulence [26,27]. Interestingly, the HA-MRSA isolates contained lower levels of the 

CcpA-regulated TCA cycle enzymes CitB and CitZ than the CA-MRSA isolates. Thus, the 

hospital-adapted isolates of the USA300 lineage could be less virulent than the original 

CA-type, which is an idea that matches well with the clinical presentation of infections 

caused by CA-MRSA. It is also interesting to speculate that this adaptive behaviour 

relates to higher numbers of frail individuals in the hospital setting compared to the 

community. In addition, it has been proposed that down-regulation of TCA cycle 

enzymes could be a consequence of iron starvation [27,28]. Consistent with this idea, 

the here investigated HA-isolates with relatively low levels of TCA cycle enzymes display 

increased levels of the Fur-regulated cytoplasmic SbnABCFGH (Supplementary Fig. 2) 

proteins involved in siderophore-dependent iron uptake. On the other hand, the HA-

isolates display relatively low levels of proteins belonging to the IsdABC system for iron 

acquisition. This would suggest that HA- and CA-isolates preferentially employ different 

systems for iron acquisition, which might be related to a preference for different sources 

of iron available in different host niches. However, in this respect, one should bear in 

mind that molecular iron may also represent a source of oxidative stress through 

Fenton-related chemistry [29]. Accordingly, the apparently differential regulation of iron 

acquisition systems could also relate to the evasion of oxidative stress.    

Amino acids are used for protein biosynthesis, but they can also be applied as an 

alternative source of carbon and nitrogen if these essential elements are insufficiently 

available. Though the RPMI medium used to culture bacteria in the present study is 

supplemented with all 20 essential amino acids, compared to the HA-isolates, the CA-

isolates were found to upregulate proteins needed in the metabolism of several amino 

acids, such as glutamate, homoserine, isoleucine, and lysine. In terms of host adaptation, 

this may indicate that in their preferred niche the CA-isolates are limited in free amino 

acids. This is a plausible assumption as CA-isolates are mostly implicated in skin and soft 

tissue infections.  

Previous studies have shown the role of purine biosynthesis in processes that are 

important for adaptation and fitness. Clearly, purine biosynthesis contributes to the 
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synthesis of DNA and RNA which, in turn, drives the synthesis of proteins. Furthermore, 

purine contributes to S. aureus resistance to lysostaphin [30], fitness and virulence [22]. 

In the current study, we observed that enzymes contributing to purine metabolism were 

down-regulated in the HA- isolates compared to the CA-isolates. In relation to purine 

metabolism, it is noteworthy that the HA-isolates displayed upregulation of proteins 

controlled by SigB, because Lan et al. [22] and Li et al. [31] have shown that limited 

purine biosynthesis leads to SigB activation. Thus, reduced level of purine biosynthetic 

proteins in the HA-isolates would be sufficient to explain the observed upregulation of 

SigB-dependent proteins in these isolates. Like for the amino acid biosynthetic proteins, 

also the adjustment of the purine biosynthetic pathway in HA-isolates may reflect their 

preference for certain niches in the human host where purine is abundantly available. 

Of note, high purine levels are encountered in blood and our proteome data may thus 

reflect the fact that HA-MRSA is mostly implicated in invasive diseases, bacteraemia in 

particular. Importantly, the downregulation of the purine metabolism in HA-isolates is 

not only reflected in the levels of purine biosynthetic proteins, but also in the elevated 

levels of staphyloxanthin, the ‘golden’ pigment. As shown by Lan et al. the upregulation 

of  staphyloxanthin, is one of the consequences of a deficiency in purine biosynthesis 

[22].  

Conclusion  

Altogether, the present analysis of the cytosolic proteome complement of HA- and CA-

isolates of the USA300 lineage shows that part of the adaptation of this CA-lineage to 

the hospital environment takes place at the level of central carbon metabolism. The 

specific changes observed match well with the clinical manifestations of the two 

different groups. CA-MRSA is notorious for skin and soft tissue infections and, 

accordingly, bacteria belonging to this group need to be prepared for propagation and 

survival in an environment where glucose, free amino acids, and purines are limiting 

resources. On the other hand, HA-MRSA has a higher tendency to cause invasive disease 

and bacteraemia in frail patients, which leads the bacteria to niches where there is 

potentially a reduced need for them to synthesize their own glucose, amino acids, and 

purines. These observations spark interest in central carbon metabolism as a key driver 

for adaptations that streamline MRSA for propagation in the community or the hospital.   
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Supplementary Figure 

 

Supplementary Figure 2. Regulon-based stratified proteins present at statistically significantly 

different levels in the CA- and HA-MRSA isolates. Bar graphs were created based on the ratio of protein 

intensities in HA-to-CA isolates in log2 from (A) transition phase samples, and (B) stationary phase samples. 

The Y-axis displays the HA/CA protein ratio in log2, and the X-axis shows the pangene names or the locus ID 

of the USA300_FPR3757 strain. Regulons are marked on top of each bar graph in a grey-shaded box. The 

‘SAUSA300_’ prefix was omitted for names starting with ‘RS’ for a better graphical representation of the Figure. 
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Abstract 

Methicillin-resistant Staphylococcus aureus (MRSA) is the causative agent of serious 

hospital- and community-associated infections. Due to the global rise in community-

associated MRSA, the respective lineages are increasingly introduced into hospitals. This 

raises the question whether and, if so, how they adapt to this new environment. The 

present study was aimed at investigating how MRSA isolates of the USA300 lineage, 

infamous for causing infections in the general population, have adapted to the hospital 

environment. To this end, a collection of community- and hospital-associated USA300 

isolates was compared by RNA-sequencing. Here we report that merely 460 genes were 

differentially expressed between these two epidemiologically distinct groups, including 

genes for virulence factors, oxidative stress responses and the purine, pyrimidine and 

fatty acid biosynthetic pathways. Differentially regulated virulence factors included 

leukotoxins and phenol-soluble modulins, implicated in staphylococcal escape from 

immune cells. We therefore investigated the ability of the studied isolates to survive 

internalization by human neutrophils. This showed that the community-associated 

isolates have the highest neutrophil-killing activity, while the hospital-associated 

isolates are better adapted to intra-neutrophil survival. These findings were reproduced 

in a high-throughput Galleria mellonella infection model, where the hospital-associated 

isolates showed significantly better survival in hemocytes than the community-

associated isolates. Importantly, the survival within professional phagocytes protects 

internalized staphylococci against a challenge with antibiotics. We therefore conclude 

that prolonged intra-neutrophil survival serves as a relatively simple early adaptation of 

S. aureus USA300 to the hospital environment where antibiotic pressure is high. 

Importance 

Recent years have witnessed the rapid emergence of community-associated (CA) MRSA 

lineages, such as USA300. Today, these lineages are also encountered in hospital 

settings, which raises the intriguing question of how exactly they are adapting to this 

new environment? Classical studies have shown that particular genes on mobile 

genomic elements, such as the Panton Valentin leukocidin-encoding genes, are typical 

features of CA-MRSA. Our previous studies have shown that hospital-associated (HA) 

MRSA isolates of the USA300 lineage lack the PVL-encoding genes, suggesting that this 

could be part of their adaptation to the hospital environment. However, one may also 

expect physiological adaptations in HA-MRSA that are reflected by differences in global 

gene regulation. This idea had remained unexplored so far, which is why we decided to 

perform the here described RNA sequencing analysis, combined withvalidation studies 

in human neutrophils and an animal infection model. Altogether, our present 



Chapter 4 
 

 
  
 

 4 

observations highlight unexpected adaptations to the hospital environment in the HA-

isolates of the S. aureus USA300 lineage, which permit ‘antibiotic evasion’ through 

enhanced intra-neutrophil survival and reduced neutrophil killing 
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Introduction  

Staphylococcus aureus is a bacterial pathogen that causes a wide range of infections 

both in hospital and community settings (1). In particular, the disease conditions 

associated with the methicillin-resistant forms of S. aureus (MRSA) represent a major 

public health burden (2–5). MRSA was initially regarded as a hospital-associated (HA) 

pathogen since infections related mostly to prolonged hospitalization, surgery, intensive 

care, hemodialysis, and long-term exposure to antibiotics (6, 7). However, community-

acquired (CA) MRSA infections among healthy individuals with no obvious connection 

to the healthcare system are nowadays encountered with increasing frequency (8–11). 

Consequently, CA-MRSA is more frequently introduced into the hospital, which raises 

the important question whether and, if so, how such isolates adapt to the hospital 

environment. 

The ability of S. aureus to cause many different infections relies on the expression of a 

vast array of cell surface-bound and secreted virulence factors (12). Three types of 

virulence factors have been implicated in CA staphylococcal infections. The first one was 

the Panton Valentin Leukocidin (PVL), which belongs to the bi-component β-channel 

pore-forming toxins. PVL has been associated with severe invasive disease, like 

necrotizing pneumonia and the acute phase of bacteremia (13–15). Subsequently, the 

so-called phenol-soluble modulins (PSMs) were implicated in CA infections (16, 17). 

Importantly, PSMs are highly potent lytic agents that effectively protect S. aureus against 

human neutrophils (18, 19). Published data show that, in general, the investigated CA-

MRSA lineages express significantly higher amounts of PSMs than the HA-MRSA 

lineages (17, 20). Proteins encoded by ‘arginine catabolic mobile elements’ (ACME) 

represent a third group of virulence factors implicated in CA infections. These elements 

promote colonization of the human skin and mucosal membranes, as well as growth 

and survival within the host (21).  

Of note, comparative analyses of genetically closely related CA- and HA-MRSA isolates 

were so far lacking. This makes it difficult to say which physiological adaptations could 

play a role in the different epidemiological behavior. The present study was therefore 

aimed at investigating differences in global gene expression between closely related 

isolates of S. aureus USA300, a clonal MRSA lineage originally implicated in severe CA 

infections, but now also encountered in nosocomial settings (11). Specifically, we applied 

RNA sequencing to compare gene expression patterns in CA- and HA-USA300 isolates 

from Denmark. The CA-isolates belonged to the sequence type ST8 and spa type t008, 

were PVL-positive and carried the ACME element, while the HA-isolates belonged to 
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ST8 and spa type t024, were PVL-negative, and mostly ACME-positive. Importantly, the 

epidemiology of the investigated clinical isolates is well-documented (22, 23), and they 

have no extensive history of cultivation in the laboratory as is the case for most 

commonly investigated model strains of S. aureus. In brief, the results pinpoint a few 

specific differences between the two groups, especially distinct activities for the Agr 

quorum-sensing system, defenses against oxidative stress and several biosynthetic 

pathways. To validate these findings, we first assessed the different isolates for survival 

upon internalization by human neutrophils and neutrophil killing, and the respective 

capabilities for survival within professional phagocytes were subsequently validated in 

a high-throughput Galleria mellonella infection model. Our results highlight specific 

adaptations in the HA-isolates that permit ‘drug evasion’ through enhanced survival 

within and reduced killing of professional phagocytes. 

Results  

Global gene expression profiles of CA- and HA-MRSA isolates 

Recently, we compared the genome sequences and exoproteome profiles of six CA- and 

six HA-MRSA isolates of the USA300 lineage that were collected in Denmark (24). 

Whole-genome sequencing (WGS) revealed a clear distinction of the CA- and HA-

isolates that was mirrored in the exoproteome abundance signatures, irrespective of 

their growth stage (24). Importantly, the exoproteome signatures of all six investigated 

HA-isolates clustered with those of three genetically related HA-isolates from the Dutch-

German border region with sequence type ST8 and spa-types t008 or t024. This 

suggested that the investigated HA-isolates share one or more common features that 

might provide them with a selective advantage in the hospital environment. To pinpoint 

differences in global gene expression that are potentially distinctive for HA-isolates of 

the USA300 lineage, we selected three of the Danish HA-isolates whose exoproteome 

signatures most closely resembled those of the HA-isolates from the Dutch-German 

border region (i.e. isolates D17, D22 and D53) (24) for a first comparison with three 

selected Danish CA-USA300 isolates (i.e. isolates D15, D32 and D37) with an 

exoproteome abundance signature that was typical for the CA-isolates (24). Of note, the 

three HA-isolates carried the ACME element as did the three CA-isolates. 

To assess differences in global transcript levels in the six selected HA- and CA-USA300 

isolates, we applied an RNA-sequencing approach. Bacteria were grown in Roswell Park 

Memorial Institute-1640 (RPMI) medium, which mimics the conditions encountered by 

S. aureus in human blood (25). Total RNA was extracted from cells sampled during the 

mid-exponential growth phase (OD600 of ~0.5) and at 90 min after entering the 
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stationary phase (OD600 of ~1.3). Importantly, the six isolates displayed comparable 

growth rates under the applied conditions (Supplementary Fig. 1). Upon RNA-

sequencing, a principal component analysis (PCA) was performed, which revealed 

separate clusters of CA- and HA-isolates (Fig. 1), consistent with their previous 

separation based on exoproteome abundance signatures.  

 

Figure 1. Principal component analysis (PCA) of transcripts from CA- and HA-MRSA isolates. PCA was 

performed in R (version 3.4.1; 2017-06-30) using the factomineR package (version 1.36). Missing values were 

removed. Data centering was performed by subtracting the column means of the data from their 

corresponding columns, and transcripts with no expression values were omitted. To unify the variance scaling 

of data, the (centered) columns of the data were devided by their standard deviations. For each isolate two 

biological replicates (BR) were analysed. Blue circles relate to CA-MRSA isolates, whereas orange circles relate 

to HA-MRSA isolates. 

To identify genes that were differentially expressed in the HA- and CA-isolates, we 

conducted a generalized linear model test followed by Benjamini–Hochberg multiple 

testing corrections. This revealed only minor differences in transcript levels of 

exponentially growing cells, where merely 30 and 33 genes were expressed at higher 

level (‘upregulated’) in the HA- or CA-MRSA isolates, respectively (Supplementary Fig. 

2). Only a few virulence genes, i.e fnbA, fnbB and sbi, were statistically significantly 

stronger expressed in the exponentially growing CA-isolates compared to the HA-
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isolates. In stationary phase, the number of genes displaying significantly different 

expression was higher; 208 and 227 gene transcripts were present at higher levels in the 

HA- and CA-isolates, respectively (Fig. 2A). The names of these genes and biological 

functions of the respective proteins are summarized in Supplementary Table 1. 

Altogether, during both investigated growth stages, 460 genes were differentially 

expressed in the two groups of isolates with different epidemiology.  

Functions of genes differentially expressed in CA- and HA-MRSA isolates 

To visualize distinguishing gene functions in the investigated HA- and CA-isolates, a 

Voronoi treemap was generated (Fig. 2B). This revealed the upregulation of defenses 

against oxidative stress, DNA repair mechanisms and staphylococcal pathogenicity 

island SaPI-related functions in the HA-isolates. In contrast, genes for ribosomal 

proteins, de novo pyrimidine and purine synthesis, the ATP synthase, and fatty acid 

biosynthesis were upregulated in the CA-isolates. To validate these findings, we 

expanded the RNA sequencing analysis to the previously characterized set of six HA- 

and six CA-USA300 isolates, where one of the HA-isolates (D3) lacked the ACME 

element. This expanded analysis showed that the differential regulation of stress-

responsive and housekeeping pathways as well as virulence factors in HA- and CA-

isolates was conserved across all the investigated isolates (Supplementary Fig. 3). 

A further regulon-based stratification of differentially expressed transcripts revealed 

that, in HA-isolates, genes controlled by the RNA polymerase sigma factor SigB, the 

regulator of the response to peroxide PerR, the regulator of branched-chain amino acid 

synthesis CodY and the accessory gene regulatory system Agr were upregulated (Fig. 

2C, Supplementary Figs. 4 and 5). In contrast, genes controlled by the fatty acid 

biosynthesis regulator FapR, the regulators of iron and zinc homeostasis Fur and Zur, 

and the regulator of multiple virulence factors SaeR were upregulated among the CA-

isolates.  
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Figure 2. Comparison of transcript profiles from CA- and HA-MRSA isolates. A generalized linear model 

test and subsequent Benjamini–Hochberg multiple testing corrections were used to compare the transcript 

levels in CA- and HA-MRSA isolates. (A) Identification of transcripts showing significantly different levels 

among CA- or HA-MRSA. Individual dots on the plot represent particular gene transcripts. Dots within the 

grey-shaded bars relate to transcripts present at similar levels in the CA- and HA-isolates. Dots within the 

white area on the left relate to transcripts that are upregulated in the CA-isolates, and dots in the white area 

on the right to transcripts upregulated in the HA- isolates. Sizes of grey circles around particular dots 

correspond to the absolute gene expression values, where larger circle sizes indicate higher transcript levels. 

(B) Voronoi treemap displaying the functional assignment of transcripts that show significantly different 

abundance in the CA- and HA-MRSA isolates. (C) Voronoi treemap showing a regulon-based assignment of 

transcripts present at significantly different levels in the CA- and HA-MRSA isolates. Ratios of transcript levels 

in HA- and CA-isolates in log2 were used to create the Voronoi treemaps. Individual cells in the two Voronoi 

treemaps represent particular significantly differentially regulated transcripts. Blue cells represent transcripts 

upregulated in CA-isolates (i.e. higher transcript levels in CA than HA in log2), and orange cells represent 

transcripts upregulated in HA-isolates (i.e. higher transcript levels in HA than CA in log2). 

Differential activity of the Agr quorum sensing system in HA- and CA-MRSA 

isolates 

The expression of virulence genes in S. aureus is tightly controlled by particular gene 

regulatory systems (26). Genes controlled by one of these, the Agr regulatory system, 

were significantly upregulated in the investigated HA-MRSA isolates. The Agr system 

regulates mainly the promotors that drive the synthesis of the so-called RNAII and 
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RNAIII transcripts. RNAII codes for the histidine kinase AgrC, the response regulator 

AgrA, the precursor AgrD of the auto-inducing peptide (AIP), and the AIP maturation 

and export protein AgrB. RNAIII is a small regulatory RNA molecule that also codes for 

the δ hemolysin (Hld or PSMγ) (16). As shown in Figure 3A, B (in log2), the agrABCD 

transcript levels were between 1.8- and 2.5-fold higher in the HA- than in the CA-

isolates, while the RNAIII transcript levels in the HA-isolates were about 5.4-fold higher 

than in the CA-isolates. Consistent with the observed upregulation of the agr genes in 

the investigated HA-isolates, the transcript levels of typical Agr-controlled genes, such 

as psmα1, psmα2, psmα3, psmα4, psmβ1 and psmβ2, were between 6- to 9-fold higher 

in the HA-isolates than in the CA-isolates (Fig. 3C, D). A recent study by Pader and 

colleagues correlated an active Agr system and the production of PSMs to sensitivity of 

S. aureus for daptomycin, because the PSMs would alleviate the sequestration of this 

last-resort antibiotic by secreted phospholipids (27). To verify the differences in PSM 

expression as inferred from the RNA sequencing data, we investigated the daptomycin 

sensitivity of the different isolates. Here, we predicted that the investigated HA-USA300 

isolates would be more sensitive to daptomycin than the CA-isolates. Indeed, as shown 

by growing the different isolates in tryptic soy broth (TSB) medium with or without 20 

µg/mL damptomycin, the growth of the HA-isolates was reduced in the presence of 

daptomycin whereas growth of the CA-isolates remained unaffected (Fig. 4). These 

findings were reflected in the respective minimal inhibitory (MIC) concentrations for 

daptomycin (Supplementary Table 2). The differential susceptibility to daptomycin thus 

supports the view that the investigated HA-isolates produce PSMs at higher levels than 

the CA-isolates.   
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Figure 3. Relative transcript levels of genes related to the Agr quorum-sensing system. Mean transcript 

levels for each indicated gene of the CA- or HA-MRSA isolates were calculated based on the RNA sequencing 

data. The relative fold of induction is shown for (A) agrB,D,C,A. (B) RNAIII, (C) psmɑ1-4, and (D) psmβ1 and 

psmβ2.  
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Figure 4. Growth of CA- and HA-MRSA isolates in the presence or absence of daptomycin. CA- and HA-

MRSA isolates were grown in TSB with 20 µg/mL daptomycin or without daptomycin. Growth was monitored 

by OD600 readings. (A) CA-MRSA isolates. (B) HA-MRSA isolates. The presence of daptomycin is indicated by 

color-coding; + marks the supplementation of growth medium with daptomycin. All growth experiments were 

performed three times. 

Bacterial survival upon neutrophil phagocytosis and neutrophil killing 

Importantly, the observed differential regulation of genes in the HA- and CA-isolates 

pointed in the direction that the HA-isolates might be better adapted to meet the 

challenges imposed by professional phagocytes, neutrophils in particular. Firstly, the 

Agr-regulated PSMs, especially PSMα, are known to play a key role in the escape of S. 

aureus from killing by neutrophils upon phagocytosis (19). Secondly, the HA-isolates 

showed enhanced expression of genes for proteins protecting against oxidative stress 

and DNA damage, while genes for iron uptake were relatively downregulated, which are 

all adaptations that help to withstand the oxidative challenge upon phagocytosis. 

Conversely, the CA-isolates might be better equipped for immune evasion, firstly by 

expressing the sak, chp and scn genes that are absent from the HA-isolates. In addition, 

the enhanced activity of the SaeRS system could help to avoid phagocytosis by 

neutrophils as SaeRS-controlled factors were recently shown to suppress neutrophil 

priming by limiting the TNFα production in monocytes (28). We therefore assessed the 

survival of the investigated HA- and CA-isolates inside human neutrophils. Although 

differences in the survival kinetics of individual isolates were evident (Fig. 5A), the HA-

isolates showed a generally better survival upon internalization by neutrophils than the 

CA-isolates (Fig. 5B). This was not related to a difference in the internalization of the HA- 

or CA-isolates, as a flow cytometric measurement of the respective isolates transformed 

with a plasmid for GFP expression revealed no significant differences in neutrophil 

internalization at 1 h post-infection (Supplementary Fig. 6). Of note, low staphylococcal 

survival upon internalization by neutrophils may not only relate to effective killing of the 

staphylococci by the neutrophils, but also to effective escape of the staphylococci from 
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the neutrophils. The latter would be artificially ‘suicidal’ due to the presence of the 

antibiotic gentamicin in the culture medium. We therefore tested to what extent the 

neutrophils are killed by the ingested staphylococci by measuring the levels of lactate 

dehydrogenase (LDH) in the culture medium. LDH is a cytoplasmic protein of the 

neutrophils that will be released into the culture medium upon neutrophil disruption. 

Consistent with the lower survival of CA-isolates in neutrophils, internalization of these 

isolates led to higher LDH levels in the medium than the internalization of HA-isolates 

(Fig. 5C), which means that the CA-isolates are over all more effective in neutrophil 

killing than the HA-isolates (Fig. 5D). We therefore conclude that the lower overall 

survival of the CA-isolates is, at least in part, related to ‘suicidal’ escape from the 

neutrophils under our assay conditions. Conversely, the investigated HA-isolates are 

better adapted for survival inside human neutrophils than the CA-isolates. 
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Figure 5. Survival in and killing of human neutrophils by CA- or HA-MRSA isolates. CA- or HA-MRSA 

isolates used for neutrophil infection were grown in RPMI to an OD600 of ~0.5. Neutrophils were isolated from 

healthy volunteers and infected with bacteria at a MOI of 15:1 (bacteria:neutrophils). Plates were first incubated 

for 30 min to synchronize infection. Subsequently, gentamicin was added at a final concentration of 400 µg/ml 

to eliminate non-internalized bacteria. At 120 min post-infection, the wells were washed with PBS, cells were 

detached from the plastic, and the detached neutrophils were lysed to release the internalized bacteria. The 

resulting suspension with liberated bacteria was plated on blood agar plates at various dilutions. Upon 

overnight incubation at 37ºC, 5% CO2, the percentage of colony-forming units (CFU) was calculated. (A) 

survival of individual neutrophil-internalized CA- or HA-MRSA isolates. (B) Averaged survival of neutrophil-

internalize CA- or HA-MRSA isolates. Lysis of neutrophils due to internalization of CA- or HA-isolates was 

assessed by determining the levels of released lactate dehydrogenase (LDH) at 120 min post-infection. 

Measurements were performed in duplicate for each individual isolate per group of three CA- or three HA-

MRSA isolates as indicated. (C) Neutrophil lysis caused by individual CA- or HA-MRSA isolates. (D) averaged 

neutrophil lysis by CA- or HA-MRSA isolates. Each analysis was repeated three times. Data are presented as 

the mean ± the standard deviation. A non-parametric Mann-Whitney test was performed to determine the 

statistical significance of observed differences. P values < 0.05 (*) are considered significant. 
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In vivo drug evasion of S. aureus in professional phagocytes  

To corroborate the idea that the HA-isolates are better adapted for survival in 

professional phagocytes than the CA-isolates, we infected larvae of the greater wax 

moth Galleria mellonella with HA- or CA-isolates and assessed the bacterial survival 

upon a challenge with gentamicin. Of note, larvae of Galleria mellonella are susceptible 

to S. aureus infection (29) and, for ethical reasons, they are a preferred infection model 

for studies involving large numbers of animals. Importantly, the innate immune system 

of these larvae shares great similarity with that of mammals (30–32). The larval 

phagocytes responsible for bacterial clearance are known as hemocytes, and they reside 

in the so-called hemolymph, which is the Galleria equivalent of mammalian blood (33).  

Specifically, we inoculated larvae with 1x106 CFU of bacteria growing exponentially in 

RPMI, and 90 min post-infection the larvae were injected with 12 mg/kg gentamicin. 

This antibiotic challenge is sufficient to marginalize the presence of bacteria in the 

hemolymph that have not been internalized by host cells for at least 24 h (data not 

shown). At 2 and 24 h after the gentamicin challenge, hemolymph was extracted from 

the larvae and incubated with 25 µg/ml of lysostaphin at 37°C for 20 min to eliminate 

any remaining non-internalized bacteria. The intracellular bacterial survival was 

subsequently assessed by lysing the hemocytes with 0.1% triton X-100 and plating. 

Significantly higher numbers of HA-isolates were found to be internalized by hemocytes 

than was the case for CA-isolates at 24 h post-gentamicin treatment (Fig. 6A, B). 

Importantly, the numbers of hemocytes in larvae infected with CA-isolates were 

relatively low at 24 h post-gentamicin challenge, whereas the CFU numbers of HA-

isolates internalized by the hemocytes at this time point were relatively high (Fig. 6B, C). 

This implies that the CA-isolates have a higher propensity for escape from hemocytes 

than the HA-isolates, which is apparently reflected in the somewhat higher rates of larval 

killing by the CA-isolates (Fig. 6D). To verify that bacteria were really internalized by 

hemocytes of infected larvae, we peformed confocal microcospy. As shown in Figure 7 

and the respective Z-stacks in Supplementary Movies 1 and 2, internalized CA- and the 

HA-isolates were indeed detectable within hemocytes. Together, these observations 

show that, also in an in vivo infection setting, the HA-isolates have a higher capability 

to evade an antibiotic challenge inside professional phagocytes than the CA-isolates.  
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Figure 6. Infection of Galleria mellonella with CA- or HA-MRSA isolates and intracellular staphylococcal 

survival in hemocytes. G. mellonella larvae were inoculated with CA- or HA-MRSA isolates. 90 min post-

infection the larvae were injected with 12 mg/kg gentamicin. At 2 and 24 h post-gentamicin challenge, 

hemocytes were extracted from infected larvae. Upon lysis, the numbers of intracellularly surviving bacteria 

were determined by plating and CFU counting. The CFU counts for individual CA- or HA-isolates are shown in 

(A), and the respective averaged CFU counts are shown in (B). The numbers of hemocytes in the hemolymph 

of infected larvae were counted with a hemocytometer (C). The mortality of infected larvae was assessed at 

24 h intervals for up to 72 h (D). Each analysis was repeated three times. Data are presented as the mean ± 

the standard deviation. Mann-Whitney tests were performed to determine the statistical significance of 

observed differences; p-values ≤ 0.05 (*) are considered significant. 
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Figure 7. Confocal microscopy of internalized CA- or HA-MRSA isolates in hemocytes of Galleria 

mellonella. Hemocytes were isolated from the hemolymph of larvae infected with CA-MRSA (A) or HA-MRSA 

(B) at 24 h post-gentamicin challenge. Subsequently, images were recorded by confocal microscopy. DNA of 

the hemocytes was stained with DAPI (blue), and bacteria were detected based on the expression of GFP from 

plasmid pGFPARopt (green). The panels show, from left to right, the merged image, DAPI staining and GFP 

fluorescence. Z-stacks of the images in A and B are shown in Supplementary Movies 1 and 2, respectively. 

Discussion 

Recent years have witnessed the emergence of CA-MRSA lineages, such as USA300. 

Today, these lineages are also encountered in hospital settings, which raises the 

question how exactly they are adapting to this new environment? Classical studies have 

shown that particular genes on MGEs, such as the PVL-encoding genes, are typical 

features of CA-MRSA (10, 21, 34, 35). Our previous studies have shown that HA-MRSA 

isolates of the USA300 lineage lack the PVL-encoding genes, suggesting that this could 

be part of their adaptation to the hospital environment (22–24). However, one may also 

expect physiological adaptations in HA-MRSA that are reflected by differences in global 

gene regulation. This idea had remained unexplored so far, which is why we decided to 

perform an RNA sequencing analysis on closely related HA- and CA-MRSA isolates of 

the USA300 lineage.  
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A decisive feature of the successful pathogen S. aureus is its large arsenal of virulence 

factors that allows it to colonize the human body, to breach primary barriers against 

infection like the skin and mucosa, to conquer new niches within the body, and to 

effectively mislead or evade our immune defenses (12, 36). Several potent virulence 

factors, like PVL, are encoded by MGEs (37), but many are actually encoded by the core 

genome. On this basis, it seemed likely that important distinctions between HA- and 

CA-MRSA might be encountered at the level of expression of virulence factors 17,33. 

Consistent with this notion, we show that the here investigated HA-USA300 isolates 

produce larger amounts of PSMs than the respective CA-isolates. Nonetheless, the CA-

USA300 isolates were found to be more effective in neutrophil escape and killing than 

their HA-counterparts. A similar trend was observed for the CA- and HA-isolates in our 

Galleria mellonella infection model, where we observed higher rates of intra-hemocyte 

survival of the HA-isolates. 

Our present findings provide several clues as to why the investigated CA-isolates are 

more effective in killing and escaping phagocytic cells than the HA-isolates, despite the 

apparently higher levels of psm expression in the latter isolates. In the first place, this 

may relate to an overall balance in the production of virulence factors that can have 

synergistic and antagonistic interactions. In this respect, the presence of the PVL-

encoding genes in the CA-MRSA isolates is noteworthy, because PVL is a potent toxin 

for neutrophils that may outweigh the relatively lower level of psm expression (36, 39). 

In addition, PSMα3 was shown to enhance the potential of PVL to lyse human 

neutrophils (40). It further seems likely that apart from PVL other virulence factors that 

are expressed at higher levels in the CA-isolates contribute to the higher neutrophil 

killing and escape. In particular, the CA-MRSA isolates are richer in MGEs, which carry 

the sek, seq, ear genes for superantigens, and the sak, chp, scn immune evasion genes. 

A further factor that could perhaps overrule any differences in PSM production by the 

CA- and HA-isolates is the presence of 10% of the neutrophil donors’ serum in the 

medium used for the neutrophil infection assays, since a previous study has shown that 

PSMs may be neutralized by human lipoproteins (41). Yet, the observed differences in 

PSM expression could be highly relevant in other infection-specific settings, such as 

intracellular survival through the escape from phagosomes upon internalization by 

phagocytic cells. Indeed, our infection assays clearly indicate that the HA-isolates are 

better adapted to intracellular survival. Importantly, this improved survival of the HA-

isolates may be enhanced by their elevated expression of genes that protect against 

oxidative stress and DNA damage and a downregulation of iron uptake systems to avoid 
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iron-mediated generation of reactive oxygen species.  

Lastly, the present infection assays provide a simple answer to the important question 

why enhanced intracellular survival could be an effective adaptation to the hospital 

environment. In these assays, bacteria escaping from the neutrophils are killed by the 

antibiotics in the growth medium. Clearly, this is a true reflection of the situation in a 

hospital setting where immune-compromised patients and patients who undergo 

surgery are prophylactically and therapeutically treated with antibiotics. The respective 

antibiotic levels are high in extracellular environments, but remain relatively low at 

intracellular locations. In fact, this has been the incentive to develop an anti-S. aureus 

antibody-antibiotic conjugate where the antibiotic is activated only upon internalization 

of targeted bacteria with the bound conjugate by phagocytic cells (42).  

Altogether, we conclude that, through fairly simple physiological adaptations, HA- 

isolates of the USA300 lineage are better equipped to escape short periods of 

antimicrobial treatment, which has improved their fitness in the hospital setting and may 

lead to relapse of the infection. To this end it would suffice that only a fraction of the 

population of internalized bacteria survives the neutrophil challenge as observed in our 

present study.  

Materials and Methods 

Bacterial isolates 

All USA300 isolates investigated in the present study were previously collected at the 

Statens Serum Institut (Copenhagen, Denmark) in the period between 1999 to 2006 (23). 

Their genetic makeup was previously described (22, 24). 

RNA isolation and sequencing 

Bacterial isolates were grown in duplicate overnight (14-16 h) in 25 mL Tryptic Soy Broth 

(TSB; Oxoid) under vigorous shaking (115 rpm) at 37°C in a water bath. The cultures 

were then diluted into 25 mL pre-warmed RPMI medium supplemented with 2 mM 

glutamine (GE Healthcare/PAA, Little Chalfont, United Kingdom) to an OD600 of 0.05 and 

cultivation was continued under the same conditions. Exponentially growing cells with 

an OD600 of ~0.5 were re-diluted into 120 mL fresh, pre-warmed RPMI medium to a final 

OD600 of 0.05. The cultivation was continued till 90 min into the stationary growth phase, 

where the cultures had an OD600 of ~1.3. Herein, two time points were selected, i.e. 

exponential growth phase, corresponding to an OD600 of ~0.5, and 90 min into the 

stationary growth phase, corresponding to an OD600 of ~1.3. At these two time points, 

culture aliquots corresponding to 15 OD600 units were collected for RNA isolation.  
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RNA was isolated from bacterial cells as described previously (24). In brief, ½ volume of 

frozen killing buffer (20 mM Tris-HCl [pH 7.5], 5 mM MgCl2, 20 mM NaN3) was added to 

the bacterial culture, and bacterial cells were collected by centrifugation for 3 min, 8000 

rpm at 4°C. The supernatant was discarded, and pellets were frozen in liquid nitrogen 

and stored at -80°C until further processing. Cell pellets were re-suspending in ice-cold 

killing buffer and transferred into a Teflon vessel filled with liquid N2 for disruption. Cells 

were then mechanically disrupted with a Mikro-Dismembrator S (Sartorius) for 2 min, 

2600 rpm. The resulting powder was re-suspended in lysis solution that was pre-warmed 

at 50°C (4 M guanidine thiocyanate, 25 mM sodium acetate [pH 5.2], 0.5% N-

laurylsarcosinate 40 [wt/vol]) by repeated up- and down-pipetting. Then, lysates were 

transferred into pre-cooled micro-centrifuge tubes, and frozen at -80°C.  

Total RNA was isolated by phenol-chloroform extraction as described previously (24). 

Samples were processed twice with an equal volume of acid phenol solution (Sigma-

Aldrich, Zwijndrecht, The Netherlands), and mixed thoroughly on an Eppendorf tube 

shaker until completely thawed. The resulting suspension was then centrifuged for 5 

min, 12000 rpm, and the supernatant was transferred into a fresh microcentrifuge tube. 

Next, samples were processed once with one volume of Chloroform/isoamyl alcohol, 

mixed well, and centrifuged for 5 min, 12000 rpm. RNA was precipitated from the 

supernatant by the addition of 1/10 volume of 3 M Na-Acetate, pH 5.2, and 0.8 ml of 

isopropanol. The precipitated RNA was washed once with 80% RNase-free Ethanol, and 

dissolved in RNase-free water. Lastly, residual DNA was removed by treating the RNA 

sample with the RNase-Free DNase Set (Qiagen) and the RNA was purified using the 

RNA Clean-Up and Concentration Micro Kit (Norgen).  

Purified RNA was sequenced at Otogenetics Corporation (Atlanta, GA USA). In brief, the 

integrity and purity of total RNA were assessed using an Agilent 2100 Bioanalyzer or 

Tapestation and by determining the OD260/280 ratio using a Nanodrop. Subsequently, 

rRNA was depleted and 100ng - 1µg of the depleted RNA was used to prepare an 

Illumina library using the NEBnext Ultra Directional RNA library prep kit (New England 

Biolabs, Ipswich, USA). The quality, quantity and the size distribution of the Illumina 

library was determined using an Agilent Bioanalyzer or Tapestation. The library was then 

submitted for Illumina HiSeq2500 and MiSeq sequencing according to the standard 

operation protocols. Paired-end 100 nucleotide (nt) reads were generated and checked 

for data quality using FASTQC (Babraham Institute, Cambridge, UK). Read FASTQ files 

were mapped against the genome of S. aureus USA300_FPR3757 (Accession number 

NC_007793) to make the SAM file using the Bowtie2 tool (43). The four psmα genes 

were manually curated, and added to the database. Subsequently, SAMtools (44) was 
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used to convert the SAM into BAM format. Lastly, coverageBed (45) was used to calculate 

the RPKM values, and normalized RPKM values were used for data analysis.  

Data analysis  

The RNA-sequencing data was analyzed using the online accessible Genome2D pipeline 

(46). Statistical analyses using the Mann-Whitney test, and graphical data representation 

were performed with GraphPad Prism version 6. 

Visualization of transcript profiling data using Voronoi treemaps 

Voronoi treemaps were created using the Paver 2.0 software (Decodon GmbH, 

Greifswald, Germany) (47). The functional annotation data used to generate the treemap 

was extracted from the latest “theSeed.org” build (48) (extraction date: 23 February 

2017) for S. aureus USA300_FPR3757. The template treemap calculation for each strain 

was performed using the free swarm algorithm.  

Minimal inhibitory concentration (MIC) and sensitivity of MRSA isolates to 

daptomycin 

MIC values for daptomycin were determined by using the M.I.C. Evaluator Strip (Thermo 

Scientific; Germany) according to the manufacturer’s instructions. Briefly, 100 μl of 

culture suspension adjusted to OD600 of 0.08 was plated on a tryptic soy agar plate and 

left to dry for 30 min. Then, the evaluator strip was placed on top of the agar with the 

reading scale facing the agar. MIC values were recorded upon overnight incubation at 

37°C.  

To test their daptomycin sensitivity, the MRSA isolates were inoculated in TSB and grown 

overnight at 37°C. The next morning, bacteria were diluted to an OD600 of 0.05 in fresh 

TSB with or without 20 µg/mL of daptomycin (Sigma, Germany) as previously described 

(27). Growth was subsequently monitored by OD600 readings. 

Isolation of neutrophils from whole blood 

To isolate neutrophils from healthy volunteers, a venous blood sample was collected in 

EDTA-coated tubes using a vacutainer technique. The sample was diluted 1:1 with 

phosphate-buffered saline (PBS). The PBS-diluted blood sample was then layered onto 

a half volume of Lymphoprep™ (Axis-Shield, Oslo, Norway) and centrifuged at 2500 rpm, 

4°C for 20 min without using the brake. 10 mL of ammonium chloride buffer (UMCG, 

Hospital Pharmacy, the Netherlands) was added to the cell pellet, and this mixture was 

incubated on ice for 10 min with gentle mixing to lyse red blood cells. Next, the mixture 

was centrifuged at 2500 rpm, 4°C for 3 min without using the brake, and the incubation 
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with 10 ml of ammonium chloride was repeated one more time. Lastly, the suspension 

was centrifuged at 2500 rpm, 4°C for 3 min without using the brake, and the pellet was 

resuspended in RPMI supplemented with 2 mM glutamine plus 10 % serum from the 

donor.   

Survival of bacteria upon neutrophil phagocytosis    

Bacterial isolates were grown overnight in TSB. The next day cells from the overnight 

culture were used to inoculate RPMI supplemented with 2 mM glutamine and growth 

was continued under vigorous shaking (115 rpm) at 37°C until an OD600 of ~0.5, which 

represents the mid-exponential growth phase. Cells from this pre-culture were 10-fold 

diluted in fresh pre-warmed RMPI with 2 mM glutamine and growth was again 

continued till an OD600 of ~0.5. In parallel, ~3 x 105 neutrophils in a total volume of 250 

µl of RPMI supplemented with 2 mM glutamine + 10 % donor serum were seeded in 

24-well plates (TPP Techno Plastic Products, Switzerland). Plates were incubated on ice 

for 30 min to allow the adherence of cells to the plates and to prevent neutrophil 

activation. To these wells were added ~4.5 x 106 bacteria (multiplicity of infection [MOI] 

15:1) in 250 µl RPMI supplemented with 2 mM glutamine + 10 % donor serum. The 24-

well plates were centrifuged at ~350 g for 5 min at 4°C to synchronize phagocytosis. 

Next, all the plates were incubated at 37°C with 5% CO2 for 30 min. After 30 min of 

incubation, gentamicin (400 µg/ml final concentration) was added to eliminate the non-

phagocytosed bacteria, and bacteria released upon neutrophil lysis. The plates were 

then again incubated at 37°C with 5% CO2 for different periods of time. Then, the plates 

were washed with PBS to remove the antibiotic, and 200 µl of Trypsin-EDTA (Thermo 

Fisher Scientific, the Netherlands) was added to detach all the adhered cells from the 

plates during a 10 min incubation at 37°C with 5% CO2. Subsequently, 500 µl of 1% 

saponin (Sigma Aldrich, USA) was added to the mixtures for 5 min to liberate 

phagocytosed bacteria from the neutrophils. Lastly, the suspensions with freed bacteria 

were plated on blood agar plates (MediaProducts, Groningen, the Netherlands), and 

incubated overnight at 37°C with 5% CO2.   

Neutrophil killing upon S. aureus infection 

The killing of neutrophils following S. aureus infection was determined with the standard 

assay for release of lactate dehydrogenase (LDH) as described by the manufacturer 

(Cytotoxicity Detection kit, Roche Applied Sciences, Penzberg, Germany). The release of 

LDH is a measure for cell lysis.  



Drug evasion by hospital-adapted S. aureus USA300 
 

110 

 

Infection of Galleria mellonella larvae 

Galleria mellonella infection experiments were performed with CA- or HA-USA300 

isolates containing plasmid pGFPARopt, which carries a chloramphenicol resistance 

marker. Bacteria were grown overnight in TSB with 10 µg/ml chloramphenicol. The 

overnight culture was used to inoculate RPMI supplemented with 2 mM L-glutamine, 

and growth was continued under vigorous shaking at 37°C until an OD600 of 0.5. The 

main culture was inoculated with cells from this pre-culture by 10-fold dilution in fresh 

pre-warmed RPMI with 2 mM L-glutamine and growth was continued till mid-

exponential phase (OD600 of ~0.5). Bacteria were harvested by centrifugation at 8000×g 

for 20 min. After washing with 1x PBS, the bacteria were resuspended in PBS to a 

concentration of 1x105 CFU/µL. Galleria mellonella larvae of ~250 mg in the final instar 

stage were purchased (Frits Kuiper, Groningen, Netherlands) and placed in petri dishes 

without nutrition. Larvae were inoculated in the last left proleg with 10 µL of the bacterial 

suspension to a total of 1x106 CFU per larva, using an insulin pen (NovoPen 5 of Novo 

NordiskTM) coupled to a BD Micro-FineTM Ultra 4 mm needle. 90 min post-infection, 

larvae were injected with 10 µL of gentamicin at a final concentration of 12 mg/kg. Each 

bacterial isolate was used to inoculate 16 larvae per experiment, and all experiments 

were performed in triplicate. 

To assess the presence of S. aureus in hemolymph, at 2 and 24 h post-gentamicin 

challenge hemolymph was extracted from three surviving larvae per group. Each sample 

containing approximately 100 µL of hemolymph was homogenized, centrifuged at 

500×g for 10 min, serially diluted in 1x PBS and plated on Tryptic Soy Agar (TSA) plates 

with 10 µg/mL chloramphenicol. Plates were incubated at 37°C overnight. Colonies were 

counted, and the CFU/mL hemolymph was calculated.  

To assess the internalization of S. aureus in Galleria mellonella hemocytes at 2 and 24 h 

post-gentamicin challenge, hemolymph was extracted from three surviving larvae per 

group and incubated with 25 µg/ml of lysostaphin at 37°C for 20 min. After 

homogenization of the hemolymph, the pellet was resuspended in 100 µL of 0.1% Triton 

X-100 for 5 min to lyse the hemocytes. Each sample was again homogenized, serially 

diluted in 1x PBS and plated on TSA plates with 10 µg/mL chloramphenicol. Plates were 

incubated at 37°C overnight, and the CFU/mL hemolymph extract was calculated.   

The number of hemocytes in hemolymph was determined at 2 and 24 h post-gentamicin 

challenge. At each time point, hemolymph was extracted from three surviving larvae per 

group and collected to a final volume of approximately 100 µL. After homogenization 

of the hemolymph, the pellet was fixed in 500 µL of 4% paraformaldehyde (PFA) for 10 
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min at room temperature. Then, the sample was again centrifuged at 500×g for 10 min 

and the pellet was resuspended in 100 µL of 1x PBS. The total number of hemocytes/ml 

was determined using a hemocytometer. 

The survival of Galleria mellonella upon infection with CA- or HA-isolates was assessed 

based on 10 larvae per isolate. Two larval control groups of 10 larvae were included in 

each experiment: one group was injected with 1x PBS to assess the impact of physical 

trauma, and the other group received no injections as a control for general viability. 

Experiments with more than two dead larvae in either control group were discarded. 

The larvae were incubated in the dark in a 37°C incubator, and their survival was assessed 

every 24 hours for up to 72 hours.   

Confocal microscopy 

Hemocytes were fixed as described for the Quantification of Galleria mellonella 

hemocytes. For visualization by confocal microscopy, 5 µL of the fixed sample were 

mounted with 2.5 µL 4',6-diamidino-2-phenylindole (DAPI; Roche Applied Sciences) and 

VECTASHIELD (Vector Laboratories Ltd, Peterborough, UK) on glass slides. Image 

acquisition was performed with a Leica TCS SP8 confocal microscope. The recorded 

images were processed using Image J software (National Institutes of Health, Bethesda, 

USA). 

Data availability 

Whole-genome sequencing read files for the investigated strains are available in the 

European Nucleotide Archive (ENA) under accession number ERP018940. Both the raw 

and processed RNA-sequencing data from this study are available through the Gene 

Expression Omnibus (GEO) under accession number GSE89394. 
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Supplementary Figures  

 

Supplementary Figure 1. Growth curves of the investigated CA- and HA-MRSA isolates. Bacteria were 

initially grown in TSB. The next morning, pre-cultures were started by inoculating pre-warmed RPMI1640 with 

aliquots from the overnight cultures and growth was continued to an OD600 of 0.5. Lastly, aliquots from each 

culture were transferred to fresh pre-warmed RPMI1640 for the main culture from which samples were 

withdrawn for OD600 readings at the indicated time points. Samples for RNA sequencing were withdrawn from 

the main culture during exponential growth (OD600 of ~ 0.5) and after 90 min into the stationary phase. 
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Supplementary Figure 2. Transcript profiling of exponentially growing CA- and HA-MRSA isolates. The 

transcript levels of CA- and HA- MRSA isolates were compared by a generalized linear model test followed by 

Benjamini–Hochberg multiple testing corrections. Individual dots on the plot represent the transcript of a 

particular gene. Individual dots on the plot represent particular gene transcripts. Dots within the grey-shaded 

bars relate to transcripts present at similar levels in the CA- and HA-isolates. Dots within the white area on the 

left relate to transcripts that are upregulated in the CA-isolates, and dots in the white area on the right to 

transcripts upregulated in the HA- isolates. Sizes of grey circles around particular dots correspond to the 

absolute gene expression values, where larger circle sizes indicate higher transcript levels.  
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Supplementary Figure 3. Voronoi treemaps displaying the functional assignment of transcripts that are 

present at significantly different levels in CA- and HA-MRSA isolates. The transcript levels in CA- and HA-

MRSA isolates were compared using a generalized linear model test followed by Benjamini-Hochberg multiple 

testing corrections. (A) Significantly differentially regulated transcripts in six CA- and six HA- isolates. The 

investigated CA-isolates were D15, D29, D32, D37, D61, D69, and the investigated HA-isolates were D3, D17, 
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D22, D30, D53, D66. (B) For comparison, the treemap with significantly differentially regulated transcripts in 

the three initially investigated CA- and the three initial HA-isolates is shown as in Figure 2B. Ratios of transcript 

levels in HA- and CA-isolates in log2 were used to create the Voronoi treemaps. Individual cells in the Voronoi 

treemaps represent significantly differentially regulated transcripts. Blue cells represent transcripts 

upregulated in CA-isolates (higher ratio of transcript levels of CA to HA in log2), and orange cells represent 

transcripts upregulated in HA-isolates (higher ratio of transcript levels of HA to CA in log2). 
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Supplementary Figure 4. Voronoi treemaps showing a regulon-based assignment of transcripts present 

at significantly different levels in the CA- and HA-MRSA isolates. (A) Regulon-based assignment of 

transcripts present at significantly different levels in the CA-isolates D15, D29, D32, D37, D61, D69, and the 

HA-isolates D3, D17, D22, D30, D53, D66. (B) For comparison, the treemap with regulon-based assignment of 

differentially regulated transcripts in the three initially investigated CA- and the three initial HA-isolates is 

shown as in Figure 2C. Ratios of transcript levels in HA- and CA-isolates in log2 were used to create the 

Voronoi treemaps. Individual cells in the two Voronoi treemaps represent particular significantly differentially 

regulated transcripts. Blue cells represent transcripts upregulated in CA-isolates (i.e. higher transcript levels in 

CA than HA in log2), and orange cells represent transcripts upregulated in HA-isolates (i.e. higher transcript 

levels in HA than CA in log2).  
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Supplementary Figure 5. Relative fold changes of transcripts of regulon-based stratified genes that 

were identified at significantly different levels in the CA- and HA-MRSA isolates. Mean transcript levels 

for each indicated gene of the CA- or HA-MRSA isolates were calculated based on the RNA sequencing data. 

Genes were stratified based on their regulons. In some cases, a particular gene could have more than one 

regulator. (A) Genes that are regulated by AgrA (accessory gene regulator), CcpA (catabolite control protein 

A), CodY (the regulator of branched-chain amino acid synthesis), FapR (fatty acid biosynthesis transcriptional 

regulator), Fur (ferric uptake regulator protein), GapR (glycolytic operon regulator), GltC (LysR family 

regulatory protein), LexA, MepR, MntR, MtlR, NrdR, PerR, SaeR and Zur (zinc uptake regulator protein). (B) 

Genes that are regulated by SigB (the alternative sigma factor B). The Y-axis displays the relative fold change 

of transcripts of HA to CA in log2, and the X-axis shows the pangene names or the locus ID of the 
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USA300_FPR3757 strain. The ‘SAUSA300_’ prefix was omitted for names starting with ‘RS’ for a better graphical 

representation of the Figure. Bars with negative fold change values presented in blue represent transcripts 

upregulated in CA-MRSA isolates, and positive values in orange represent transcripts upregulated in HA-

MRSA isolates.  

 

Supplementary Figure 6. Flow-cytometric analysis of CA- and HA-isolates 1 hour post-infection. The 

CA-isolates D15, D32 and D37, as well as the HA-isolates D17, D22 and D53 were transformed with plasmid 

pGFPARopt to allow the tracking of their neutrophil internalization by flow cytometry. All isolates were grown in 

RPMI1640 to an OD600 of ~0.5. Neutrophils were isolated from six healthy volunteers and infected with bacteria 

at a MOI of 15:1 (bacteria:neutrophils). Plates were first incubated for 30 min to synchronize infection. 

Subsequently, gentamicin was added at a final concentration of 400 µg/ml to eliminate non-internalized 

bacteria. At 1 hour post-infection, the wells were washed with PBS, cells were detached from the plastic with 

trypsin-EDTA, and subjected to flow cytometry. Typical flow cytometry histograms recorded for neutropils 

without (A) or with (B) internalized GFP-expressing CA- or HA-MRSA isolates are presented. (C) The percentage 

of GFP positive neutrophils at 1 hour post-infection was determined by measuring the median GFP intesity. A 

non-parametric Mann-Whitney test was performed to determine the statistical significance of observed 

differences. The P value was ≥ 0.05 showing that the difference was not significant (NS).
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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 breached. Intriguingly, the identified 

exoproteome clusters differ in the abundance of typical cytoplasmic proteins, 
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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 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, 
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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. 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 
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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.   

 

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

phylogenetic analyses 9, 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 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 



Chapter 5 
 

131 

 

 5 

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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Nederlandse samenvatting, conclusies en perspectief voor 

toekomstig onderzoek 

Samenvatting  

De meticilline-resistente vorm van de bacterie Staphylococcus aureus, beter bekend als 

de 'ziekenhuisbacterie' MRSA, vormt een serieuze bedreiging voor de gezondheid en 

het welzijn van de mens. MRSA-infecties zijn namelijk moeilijk te behandelen, doordat 

de MRSA-bacteriën ongevoelig zijn voor veel verschillende antibiotica. Oorspronkelijk 

kwamen MRSA-infecties vooral voor bij patiënten in een ziekenhuisomgeving, maar 

tegenwoordig worden ze ook waargenomen bij gezonde personen in de gemeenschap. 

De varianten van MRSA die in ziekenhuizen gevonden worden staan bekend als 

'hospital-associated MRSA' ofwel ‘HA-MRSA’ en de varianten die in de gemeenschap 

gevonden worden als 'community-associated' ofwel ‘CA-MRSA’. Doordat CA-MRSA 

steeds meer voorkomt in de gemeenschap wordt deze vorm van MRSA ongewild ook 

vaker in ziekenhuizen geïntroduceerd. Dit is zeer riskant voor kwetsbare patiënten, 

omdat de CA-MRSA bacteriën vaak nog agressiever zijn dan de HA-MRSA bacteriën. 

Het is daarom van belang om CA-MRSA infecties en mogelijke ziekenhuisuitbraken van 

CA-MRSA vroegtijdig te herkennen. Hiertoe is het nodig om diagnostische merkers te 

identificeren, waarmee onderscheid gemaakt kan worden tussen HA- en CA-MRSA, 

zoals in het kort beschreven in hoofdstuk 1 van dit proefschrift. De oorspronkelijk 

geïdentificeerde merkers voor CA-MRSA zijn specifieke genen op overdraagbare 

(mobiele) genomische elementen (MGEs), zoals de genen voor het zogenaamde 

Panton-Valentine leukocidine (PVL)1. Dergelijke merkers zijn recentelijk ook 

waargenomen in HA-MRSA varianten, waardoor het belangrijk wordt om meer 

robuuste, niet-overdraagbare nieuwe merkers te identificeren op grond waarvan CA- 

and HA-MRSA onderscheiden kunnen worden2–4.  

Verschillende eerdere studies hebben de mechanismes beschreven die MRSA-bacteriën 

gebruiken om het menselijke lichaam te koloniseren en binnen te dringen en waarmee 

ze het afweersysteem kunnen misleiden5. Daarentegen is erg weinig bekend over de 

eigenschappen die bepalen of een MRSA-bacterie beter in staat is om infecties bij 

patiënten in een ziekenhuis te veroorzaken of bij gezonde personen in de gemeenschap. 

Hoe kunnen we deze twee MRSA-varianten op moleculair niveau onderscheiden? Dit is 

niet slechts een intrigerende vraag voor fundamenteel wetenschappelijk onderzoek, 

maar ook voor de ziekenhuispraktijk, waar de agressieve CA-MRSA erg veel schade kan 

aanrichten. Het vroegtijdig herkennen van CA-MRSA-varianten wordt nog belangrijker, 
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doordat deze varianten nu ook in ziekenhuizen opduiken, waar ze zich aanpassen aan 

de voor hen nieuwe condities. Dit laatste fenomeen is onlangs gerapporteerd voor de 

zogenaamde USA300 MRSA-variant die oorsrpronkelijk als  een CA-MRSA in de 

Verenigde Staten van Amerika is geïdentificeerd6, maar die nu ook wereldwijd infecties 

in ziekenhuizen veroorzaakt7–9. Deze eerdere waarneming vormde de feitelijke 

aanleiding om de aanpassingen van de USA300 bacterie aan de ziekenhuisomgeving in 

het onderhavige promotieonderzoek te bestuderen. Hiertoe werd gebruik gemaakt van 

een gecombineerde genomics, transcriptomics en proteomics benadering.  

Zoals beschreven in hoofdstuk 2, laat de vergelijkende genoomanalyse van CA- en HA-

USA300-isolaten zien, dat de onderscheidende eigenschappen van deze isolaten 

voornamelijk gerelateerd zijn aan het zogenaamde variabele genoom, dat bestaat uit 

voornoemde MGEs. Een opmerkelijke bevinding van de parallel uitgevoerde proteoom-

analyses is dat de CA- en HA-isolaten ook te onderscheiden zijn op basis van de eiwitten 

die ze in het extracellulaire milieu uitscheiden en dat dit verschil niet alleen een 

voorspellende waarde heeft voor hun epidemiologische gedrag in de gemeenschap of 

het ziekenhuis, maar ook voor hun groei en overleving in humane epitheelcellen10. 

Vooral de laatstgenoemde waarneming lijkt zeer relevant, omdat CA-MRSA vaak 

infecties van de huid en zachte weefsels veroorzaakt, waarbij het epitheel de eerste 

verdedigingslijn van het menselijke lichaam is die de bacterie moet doorbreken. Verder 

is het intrigerend, dat de geïdentificeerde extracellulaire eiwitten, die het verschil maken 

tussen CA- en HA-USA300 isolaten vooral typische cytoplasmatische eiwitten zijn. Het 

was al bekend dat dergelijke 'moonlighting' eiwitten verschillende functies vervullen op 

intracellulaire en extracellulaire locaties van de S. aureus bacterie en dat ze een rol 

spelen in het vermogen van S. aureus om ziekte te veroorzaken11,12. Een totaal nieuwe 

bevinding is, dat deze 'moonlighting' eiwitten ook verschillen bij de nauw-verwante CA- 

en HA-USA300 isolaten.  

De waarnemingen beschreven in hoofdstuk 2 vormden de aanleiding om een 

diepgaand onderzoek naar de cel-geassocieerde eiwitten van de CA- en HA-USA300-

isolaten te starten. De resultaten van dit onderzoek zijn beschreven in hoofdstuk 3. Ze 

laten zien, dat de aanpassingen van de CA-USA300-isolaten aan het ziekenhuismilieu 

ten dele plaatsvinden op het niveau van het centrale koolstofmetabolisme. De 

verschillen die waargenomen werden in de onderzochte CA- en HA-isolaten waren 

vooral te relateren aan eiwitten die betrokken zijn bij de glycolyse, de 

pentosefosfaatroute, de gluconeogenese, de citroenzuurcyclus en het metabolisme van 

aminozuren en purines. De glycolyse en de pentosefaatroute blijken sterker tot 

expressie te komen in de HA-isolaten, terwijl de gluconeogenese, citroenzuurcyclus en 
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het aminozuur- en purinemetabolisme in deze isolaten relatief minder actief lijkt. Deze 

aanpassingen in metabole routes zijn opmerkelijk goed te relateren aan de klinische 

manifestaties van de twee bestudeerde groepen van USA300-isolaten. HA-MRSA 

veroorzaakt met name invasieve infecties in kwetsbare personen en patiënten. In een 

dergelijk scenario, bereiken de bacteriën veelal de relatief voedselrijke bloedbaan, waar 

het voor hen minder belangrijk is om zelf glucose, aminozuren en purines te 

synthetiseren. De CA-MRSA veroorzaakt daarentegen veel vaker infecties van de huid 

en zachte weefsels, waar dergelijke voedingsstoffen minder beschikbaar zijn voor de 

bacterie. Dienovereenkomstig lijken de bestudeerde CA-MRSA-isolaten beter 

voorbereid op een milieu waar glucose, vrije aminozuren en purines in beperkende mate 

voorhanden zijn. Deze waarnemingen suggereren, dat het centrale 

koolstofmetabolisme een bepalende factor is voor het gedrag van MRSA in de 

gemeenschap of het ziekenhuis. 

Succesvolle kolonisatie en invasie van het menselijke lichaam door S. aureus vereist 

aanpassingen in de bacteriële genexpressie door transcriptieregulatie. Om te 

onderzoeken in welke mate de transcriptie in de onderzochte CA- and HA-USA300-

isolaten verschilt werd een RNA-sequentieanalyse ('RNAseq') uitgevoerd. De resultaten 

van deze analyse zijn beschreven in hoofdstuk 4 van dit proefschrift. Hieruit blijkt dat 

meerdere processen in de CA- en HA-USA300-isolaten op transcriptieniveau 

verschillend gereguleerd zijn. Dit geldt met name voor het Agr ‘quorum-sensing’ 

systeem, waarmee S. aureus de expressie van virulentiefactoren reguleert, systemen die 

bescherming bieden tegen oxidatieve schade en meerdere biosynthetische routes. 

Genen die coderen voor de synthese van histidine, purines, pyrimidines en vetzuren 

blijken bijvoorbeeld in verschillende mate tot expressie te komen in de onderzochte CA- 

en HA-isolaten. Hetzelfde geldt voor genen die coderen voor belangrijke 

virulentiefactoren van S. aureus, zoals leukocidines en fenol-oplosbare modulines 

('phenol-soluble modulins'; PSMs). Deze virulentiefactoren spelen een belangrijke rol bij 

de ontwijking van het menselijke immuunsysteem door S. aureus en het overleven van 

fagocytose door immuuncellen. Het is voor S. aureus met name belangrijk om 

fagocytose door neutrofielen te vermijden en zo mogelijk te overleven, omdat deze 

immuuncellen de belangrijkste verdedigingslinie vormen nadat de bacterie de primaire 

barrières gevormd door de menselijke huid of slijmvliezen heeft doorbroken13. Om deze 

reden werd het vermogen van de CA- en HA-isolaten om fagocytose door humane 

neutrofielen te overleven onderzocht. Uit deze analyse blijkt, dat de CA-isolaten een 

veel hoger vermogen hebben om neutrofielen te doden dan de HA-isolaten, terwijl de 

HA-isolaten beter aangepast zijn voor overleving in het oxidatieve milieu binnen in de 
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neutrofielen. Dit suggereert dat de HA-MRSA-isolaten zich aan de omstandigheden in 

het ziekenhuis, met name de hoge antibioticumdruk, hebben aangepast door de 

condities binnen in fagocyterende cellen beter te weerstaan. Veel antibiotica worden 

namelijk slecht opgenomen door immuuncellen. Deze veronderstelling werd bevestigd 

door experimenten in een diermodel, te weten de larves van de grote wasmot Galleria 

mellonella, waaruit blijkt dat de HA-isolaten inderdaad beter uitgerust zijn om eliminatie 

door het antibioticum gentamicine te voorkomen dan de CA-isolaten door een 

verbeterde overleving binnen fagocyterende cellen. 

Een opmerkelijke waarneming was, dat de PSM-genen in verschillende mate tot 

expressie komen in de twee groepen van isolaten, waarbij de CA-MRSA-isolaten relatief 

lagere PSM-expressieniveaus vertonen dan de HA-MRSA-isolaten. Dit resultaat was 

onverwacht, aangezien eerdere analyses door andere groepen hadden laten zien, dat S. 

aureus de PSMs juist nodig heeft om aan neutrofielen te ontsnappen14. Daarom werd 

de verschillende expressie van PSMs in de twee groepen bacteriën geverifieerd door de 

resistentie tegen het antibioticum daptomycine te bepalen. Recent onderzoek heeft 

namelijk laten zien, dat verlaagde PSM-niveaus S. aureus resistent maken tegen 

daptomycine, doordat dit antibioticum dan weggevangen wordt door gesecreteerde 

fosfolipides15. Op grond van de RNAseq data werd verondersteld, dat de CA-USA300-

isolaten minder gevoelig zouden zijn voor daptomycine dan de HA-USA300-isolaten. 

Dit bleek inderdaad het geval te zijn, hetgeen de RNAseq data bevestigt. Bij deze 

waarnemingen dient opgemerkt te worden, dat daptomycine een zogenaamd reserve-

antibioticum is, dat betrekkelijk weinig ingezet wordt om S. aureus-infecties te 

bestrijden. De hogere gevoeligheid van de HA-isolaten voor daptomycine is daarom 

waarschijnlijk een indirecte consequentie van hun aanpassing aan het ziekenhuismilieu.   

Conclusies  

Staphylococcus aureus manifesteert zich bij de meeste mensen als een commensaal, 

maar als deze bacterie de kans krijgt, laat hij zijn volle potentieel als gevaarlijke 

ziekteverwekker zien. Dit weerspielgelt het sterke vermogen van deze bacterie om zich 

aan te passen aan verschillende milieus en om adequaat te reageren op de stress die op 

hem uitgeoefend wordt door het humane immuunsysteem. MGEs met genen die 

resistentie veroorzaken tegen verschillende antibiotica of die coderen voor 

virulentiefactoren spelen een sleutelrol bij zulke aanpassingen. De kneedbaarheid van 

het S. aureus genoom, veroorzaakt door MGEs, draagt derhalve in belangrijke mate bij 

aan de fitness en continue evolutie van de S. aureus bacterie. Dit beeld wordt bevestigd 

door een fylogenetische analyse van verschillende S. aureus isolaten, die laat zien dat 
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de USA300-lijn, die oorspronkelijk als CA-MRSA werd geidentificeerd, is voortgekomen 

uit een vooroudelijke MSSA-lijn door de acquisitie van MGEs (Figuur 1). De 

daaropvolgende uitwisseling van MGE-gecodeerde genen heeft geresulteerd in de 

verschillende virulentieniveaus van de hier onderzochte CA- en HA-isolaten (Figuur 2). 

Aan het begin van het onderhavige promotieonderzoek waren de moleculaire 

eigenschappen die ten grondslag liggen aan de verschillende epidemiologie van CA- en 

HA-MRSA nog grotendeels onbekend. De resultaten, beschreven in dit proefschrift laten 

zien, dat CA- en HA-isolaten van de USA300-lijn verschillende karakteristieke 

eigenschappen bezitten die weerspiegeld worden in de samenstelling van de 

respectievelijke transcriptomen en proteomen. Deze moleculaire verschillen hebben 

voorspellende waarde voor de groei en overleving van de CA- en HA-isolaten in 

epitheelcellen en fagocyten. Voorts impliceren de verkregen resultaten dat het 

verschillende epidemiologische gedrag van de onderzochte USA300-isolaten 

aanpassingen op drie verschillende niveaus vereisen, namelijk (i) het centrale 

koolstofmetabolisme, (ii) de expressie van virulentiefactoren en (iii) bescherming tegen 

oxidatieve stress. De aanpassingen in de niveaus van eiwitten betrokken bij het centrale 

koolstofmetabolisme maken de HA- of CA-isolaten optimaal fit voor groei en overleving 

in bepaalde niches van het humane lichaam en de respectievelijke veranderingen in de 

expressie van virulentiefactoren helpen hen om deze niches te bereiken. Bovendien 

kunnen de HA-isolaten profiteren van de aangepaste expressie van hun 

virulentiefactoren, die ze in staat stelt zich tegen antibiotica te laten beschermen door 

de immuuncellen die hen gefagocyteerd hebben. De antibioticumconcentratie binnen 

in de immuuncellen blijft namelijk lager dan daarbuiten. De CA-isolaten hebben deze 

bescherming niet echt nodig en ze hebben dientengevolge waarschijnlijk meer voordeel 

bij het doden van de hen fagocyterende immuuncellen. Tenslotte verhoogt de 

aanpassing van de beschermingsmechanismen tegen oxidatieve stress het vermogen 

van de HA- isolaten om te overleven in fagocyterende immuuncellen. Alzo hebben de 

onderhavige studies een aantal moleculaire eigenschappen aan het licht gebracht die 

wellicht voorspellende waarde hebben voor het epidemiologische gedrag van 

verschillende MRSA isolaten.   
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Figuur 1. Stamboom van verschillende S. aureus isolaten. Het Geneious programma versie 11.1.2, de 

MAUVE tool en het rapidRaXML programma versie 8.2.1 werden gebruikt om de stamboom op te stellen op 

basis van complete genoomsequenties16.  
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Figuur 2. Model voor de evolutie van virulentie in CA- en HA-USA300-isolaten. Op grond van recente 

fylogenetische anlayses (ref) lijkt het aannemelijk dat de meticilline-gevoelige klonale S. aureus-lijn ST8 in 

verschillende successievelijke stappen de PVL-genen, het ACME-element, SCCmec type IV en enterotoxine-

genen (bijvoorbeeld seq) door horizontale overdracht van MGEs heeft verkregen. Dit leidde tot het ontstaan 

van de CA-USA300-lijn die zich in de gemeenschap vermenigvuldigde. Bij her-introductie van de in dit 

proefschrift beschreven USA300-isolaten in het ziekenhuis pasten deze isolaten zich aan de nieuwe situatie 

aan door bepaalde MGEs te vervangen. Dit leidde tot het verlies van de PVL-genen, het verkrijgen van 

enterotoxine genen (bijvoorbeeld sej) en tot verschillende fysiologische aanpassingen, zoals in dit proefschrift 

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

Valentine Leukocidine6,10,17,18. 

Perspectieven voor toekomstig onderzoek 

De epidemiologische classificatie van MRSA-isolaten als CA of HA is gebaseerd op het 

tijdstip na ziekenhuisopname (normaliter 48 uur), waarop patiënten symptomen van een 

S. aureus-infectie vertonen. Als zo’n infectie binnen 48 uur na opname optreedt is er 

zeer waarschijnlijk sprake van een CA-infectie. Dit is echter een tamelijk zacht criterium. 

Dientengevolge is er een sterke behoefte om meer robuuste moleculaire merkers te 

identificeren waarmee CA- en HA-MRSA isolaten te onderscheiden zijn. Tot dusver was 

slechts een beperkt aantal onderscheidende karakteristieken bekend, zoals de PVL-
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coderende genen. Deze merkers verliezen helaas hun voorspellende waarde, omdat de 

oorspronkelijke CA-MRSA-lijnen nu ook in ziekenhuizen ge(her)ïntroduceerd worden, 

waar ze zich aanpassen aan de aldaar heersende omstandigheden, met name de hoge 

antibioticumdruk. In dit proefschrift zijn meerdere nieuwe eigenschappen beschreven 

waarin CA- en HA-isolaten van de USA300-lijn verschillen. Deze verschillen vormen een 

veelbelovende  leidraad voor de ontwikkeling van merkers voor het epidemiologische 

gedrag van MRSA. Een kernvraag die nog beantwoord moet worden is, of de 

geïdentificeerde verschillen ook onderscheid maken tussen minder nauw verwante CA- 

en HA-MRSA isolaten die behoren tot verschillende klonale S. aureus-lijnen en 

afkomstig zijn van verschillende geografische locaties. De hier gepresenteerde data 

duiden er op, dat onbevooroordeelde benaderingen, zoals sequentieanalyse van het 

bacteriële genoom, transcriptomics of proteomics waarschijnlijk superieur zijn ten 

opzichte van benaderingen die gebaseerd zijn op  individuele merkergenen, RNA-

transcripten of eiwitten voor identificatie van MRSA-isolaten met een epidemiologische 

voorkeur voor de gemeenschap of het ziekenhuis. Dit is in overeenstemming met het 

vermoeden, dat het epidemiologische gedrag van S. aureus een multi-factoriële 

eigenschap is. De logische consequentie van dit inzicht is, dat we voor adequate 

infectiepreventie een sterkere nadruk op de implementatie van 'omics'-technieken 

zouden moeten leggen. Dit is overigens een trend die reeds in gang is gezet met de 

introductie van bacteriële genoomsequentieanalyses om uitbraken en de bijbehorende 

transmissielijnen van resistente microorganismen te detecteren en in kaart te brengen19. 

Een ander voorbeeld van ‘omics voor infectiepreventie’ is de inzet van MALDI-TOF 

massaspectrometrie voor de identificatie van bepaalde ziekteverwekkers in de 

routinediagnostiek20,21.  Een vraag van meer fundamentele aard die nog beantwoord 

moet worden is, hoe de in dit proefschrift beschreven eigenschappen van CA- and HA-

MRSA-isolaten de interacties met humane gastheer-eiwitten en weefsels bepalen. Dit is 

vooralsnog een belangrijk hiaat in onze kennis, zoals duidelijk werd uit de recente 

bevinding, dat een ‘corona’ van humane serumeiwitten die gebonden zijn aan het 

bacteriële oppervlak de localisatie van S. aureus-eiwitten drastisch kan beïnvloeden22. 

Voor een gedetailleerd begrip van de factoren die het gedrag van S. aureus in de 

gemeenschap of het ziekenhuis bepalen zal het derhalve van belang zijn de interacties 

van de humane eiwit-corona op de pathofysiologie van deze bacterie in detail te 

ontleden. De resultaten van dergelijke analyses kunnen wellicht al in de nabije toekomst 

leiden tot de rationele ontwikkeling van geheel nieuwe preventieve of therapeutische 

interventies die patiënten en andere kwetsbare individuen beschermen tegen MRSA-

infecties.  
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 A 

በመጨረሻም ዉድ ባለቤቴና የልጆቼ (ማርኮንና ዳዔል) እናት ለሆንሽዉ ብሩኬ ፥ እጅግ ከፍ ያለዉ ምስጋናዬ 

ይድረስሽ። ለሰጠሽኝ ድጋፍና ወደር የለሽ ፍቅር ፥ እኔ ከጎንሽ ሳልኖር እንደ አባትም እንደ እናትም ሆነሽ ልጆቻችንን 

ስላሳደግሽ እጅጉን አመሠግንሻለሁ። ለዓመታት ካጠገብሽ ዕርቄ ለመማር ስሄድ ስለታገስሽኝ ብድሩን በቀጣይ 

የአብሮ መኖር ህይወታችን ዉስጥ ታጋሽና ታዛዥ ባል በመሆን እክስሽ ዘንድ ፈጣሪ ይርዳኝ። ሁሌም እወድሻለሁ 

አፈቅርሻለሁ  
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