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1. General Introduction 

Bacteria are well-known microorganisms that have always had a profound influence on our 

planet. These single-celled organisms have been present on earth since nearly 3.5 billion years 

[1]. They were first described in the 1670s by Van Leeuwenhoek, who made the first 

observations of bacteria with his self-made microscopes [2]. Subsequently, bacteria were 

found in almost every habitat on earth, such as the soil, water, rock and even extreme 

environments like the deep sea, deserts and hot springs. Some bacteria have selected human 

beings and other mammals as their ecological niche. In fact, bacteria in and on the human 

body outnumber the human cells about ten-fold [3]. Many of these bacteria are harmless or 

even beneficial for the human body. For instance, bacteria living in the human gut supply their 

host with essential nutrients [4]. On the other hand, some bacteria are malignant, causing 

severe invasive diseases in humans and animals. Yet other, apparently harmless but 

opportunistic bacteria, can colonize their host asymptomatically for many years, only causing 

infections when given the chance by a weakened immune system or breached integumentary 

barriers. 

Staphylococcus aureus infections 

One of the best-known opportunistic pathogens is the here presented bacterium 

Staphylococcus aureus. This bacterium was first described in 1880 by Alexander Ogston, who 

identified it in the surgical abscess from a patient [5]. S. aureus is a Gram-positive and sphere-

shaped bacterium, with a diameter that ranges between 0.5 – 1.5 µm. This coccoid bacterium 

tends to be arranged in clusters resembling grapes, from which phenotype the name 

Staphylococcus was derived. S. aureus colonizes the anterior nares, skin and/or perineum of 

approximately 30% of healthy people without apparently causing any adverse effects [6]. 

Nonetheless, S. aureus can infect almost every tissue or organ of the human body, which may 

give rise to a wide spectrum of diseases. Most frequently observed are minor skin and soft-

tissue infections, including abscesses, pimples, impetigo, cellulitis, folliculitis and carbuncles. 

However, under certain circumstances, S. aureus may gain access to the bloodstream and 
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ultimately cause severe and life-threatening diseases, such as sepsis, pneumonia and infective 

endocarditis. Furthermore, some enterotoxin-producing strains of S. aureus cause food 

poisoning [7].  

Staphylococcal antibiotic resistance 

Until antibiotics became available, mankind has been powerless against S. aureus infections, 

leading to innumerable deaths. This situation changed dramatically by the discovery of 

penicillin, the world's first clinically effective antibiotic, which has saved approximately 200 

million lives from bacterial infections, including those caused by S. aureus [8]. Unfortunately, 

S. aureus developed resistance against penicillin already two years after its first introduction 

for clinical use. This resistance is mediated by acquisition of the blaZ gene, which encodes a 

β-lactamase that hydrolyzes the β-lactam ring of penicillin, thereby inactivating the drug [9]. 

By the late 1960s, more than 80% of all staphylococcal isolates were resistant to penicillin. 

The growing penicillin resistance in S. aureus motivated the development of methicillin, a 

semisynthetic β-lactamase-resistant penicillin, which was introduced into the clinic in 1960. 

Sadly, one year later the first methicillin-resistant S. aureus (MRSA) isolate was identified. 

MRSA is resistant to all β-lactams due to acquisition of the mecA gene, which encodes for a 

penicillin-binding protein (PBP2a) with lowered affinity for a wide range of β-lactam antibiotics. 

The mecA gene is contained in a mobile genetic element called the ‘Staphylococcal Cassette 

Chromosome’ mec (SCCmec) that is integrated into the bacterial chromosome. As a result, S. 

aureus strains that synthesize PBP2a can grow in the presence of β-lactams, which makes 

MRSA infections difficult to treat and control [10].  

Epidemiology of MRSA 

MRSA isolates were first reported among hospitalized patients in a London hospital in 1961 

[11]. Since then, MRSA has spread among the worldwide population and become renowned 

as a public-health threat, causing increased mortality, morbidity and length of hospital stay 

[12, 13]. In the past decades, the epidemiology of MRSA has changed dramatically with the 

emergence of new lineages. Initially, MRSA was exclusively found in hospitalized patients, 
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becoming a common cause of nosocomial infections, such as surgical wound infections and 

ventilator-associated pneumonia [14]. Such MRSA infections were generally regarded as 

healthcare-associated MRSA (HA-MRSA). However, in the 1980s and 1990s, new MRSA 

lineages emerged that circulate amongst healthy people in the community, outside of hospital 

settings. The most common infections caused by such community-acquired MRSA (CA-MRSA) 

lineages are skin and soft tissue infections (SSTIs), but they may also cause severe invasive 

infections, such as sepsis, necrotizing pneumonia and necrotizing fasciitis [15]. Generally, CA-

MRSA strains tend to carry an SCCmec cassette smaller than the one that is typically found in 

HA-MRSA strains, and most of these strains display low-level resistance to non-β-lactam 

antibiotics. The majority of CA-MRSA strains harbor the lukS-PV and lukF-PV genes, encoding 

the cytotoxin Panton-Valentine leucocidin (PVL), which causes leukocyte lysis and tissue 

necrosis [16]. In addition, most CA-MRSA isolates also express higher levels of cytolytic toxins, 

including α-toxin and phenol-soluble modulins (PSMs), but the contribution of these toxins to 

CA-MRSA virulence is variable [17]. In the 2000s, a serious CA-MRSA outbreak was reported 

in the USA, which was caused by the notoriously infectious USA300 lineage. The numbers of 

infections caused by this MRSA lineage have become even higher than those caused by 

HIV/AIDS and, consequently, it has become the leading cause of death by a single infectious 

agent [18]. Since then, CA-MRSA has been introduced from the community into hospital 

settings, which has led to an important epidemiological change in MRSA infections. CA-MRSA 

clones have, in fact, replaced HA-MRSA clones in many countries, displaying higher 

transmission rates and virulence than HA-MRSA clones [15].  

Over the past 15 years, a third type of MRSA has been identified, typically among livestock 

and humans exposed to livestock. These strains, termed livestock-associated MRSA (LA-MRSA), 

have now spread all over the world [19]. LA-MRSA possesses distinct features that distinguish 

it from the classical HA-MRSA and CA-MRSA lineages. LA-MRSA isolates are commonly 

associated with the multi-locus sequence type (MLST) 398 (ST398), which belongs to the clonal 

cluster 398 (CC398). This type of LA-MRSA is the most prevalent livestock-associated lineage 

causing zoonotic diseases in many counties, primarily in Europe, but also in North America, 
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Africa, and Asia [19]. LA-MRSA CC398 has been isolated from a broad spectrum of livestock 

species, such as cattle, dogs, chickens and horses, but pigs are their primary host. Since its 

discovery, LA-MRSA CC398 has been known to transmit directly or indirectly from livestock to 

humans. In most cases, this resulted in moderate infections, such as SSTIs, and only 

occasionally severe invasive infections were observed. It was proposed that this related to the 

fact that most of these LA-MRSA strains lack the genes for important human-specific virulence 

factors, such as PVL [20]. Since 2009, the epidemiology of LA-MRSA CC398 has changed due 

to the emergence of a livestock-independent ST398 methicillin-sensitive S. aureus (MSSA) 

lineage, which was first observed in community households in Northern Manhattan [21]. Since 

then an increasing number of ST398 MSSA infections, caused by human to human 

transmission, has been reported in China and Northern Europe. Reported cases of colonized 

individuals showed that this new human-originated sub-population of ST398 was capable of 

causing severe and even fatal infections, including necrotizing pneumonia and invasive 

bloodstream infections, especially in young healthy individuals [22]. Genomic analyses 

revealed that a main characteristic of these human-originated ST398 MSSA isolates is the 

acquisition of the β-haemolysin (hlb) converting prophage ϕSa3, which carries the human-

specific immune evasion cluster (IEC) genes chp and scn [22]. The respective encoded proteins, 

the neutrophil chemotaxis-inhibiting protein (CHIPS) and the staphylococcal complement 

inhibitor (SCIN), cause an inhibition of phagocytosis and killing of S. aureus by human 

neutrophils and, thereby, they facilitate the evasion of innate host defense mechanisms. In 

addition, the ϕSa3-borne IEC gene sak, encoding the defensin inhibitor staphylokinase (SAK), 

is also detected in some of these highly infectious ST398 MSSA isolates. The phage-mediated 

acquisition of the IEC genes may explain, at least in part, the more severe infections caused 

by this new sub-population of MSSA with ST398 [23]. Thus, the prevalence of these highly 

host-adaptable ST398 strains, and especially the meteoric rise of the ST398 MSSA clone in the 

community, adds significantly to the public health threat imposed by S. aureus infections. 

Molecular typing of S. aureus 

Molecular typing of clinical S. aureus isolates allows their assignment to the different lineages 
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of this important pathogen. It thus provides crucial information to understand the rapid 

spread, the complex population biology, and the infectious status of this rapidly evolving 

pathogen. Typing also allows the detection of MRSA outbreaks in hospitals and the community, 

or among livestock, providing a rational basis for effective surveillance and control strategies. 

To facilitate the typing of S. aureus, a variety of molecular approaches with highly 

discriminatory power has been developed in the past decades [24]. Among these methods, 

gel-based typing techniques, such as pulsed-field gel electrophoresis (PFGE) and multiple-

locus variable number tandem repeat (VNTR) analysis/fingerprinting (MLVA/MLVF), and 

sequence-based typing techniques, such as staphylococcal protein A (spa) typing, the afore-

mentioned MLST and whole-genome sequencing (WGS) have been, or are being widely used 

for molecular epidemiological analyses in laboratories around the world [24].  

Before introduction of the sequence-based typing techniques, PFGE was regarded as the ‘gold 

standard’ in typing of S. aureus for infection control and outbreak analysis in many countries 

[24]. PFGE is a fingerprinting method based on the restriction of whole DNA with a rare-cutting 

enzyme. The enzyme SmaI is generally used for S. aureus and the digestion products are then 

separated using pulsed-field gel electrophoresis. Based on the resulting banding patterns, 

investigated isolates can be assigned to a specific PFGE profile（e.g. S. aureus USA300, USA400 

and USA500). Although this method has a high discriminatory power, PFGE is relatively labor-

intensive and expensive. MLVF is an easy, rapid and cost-effective typing method, based on 

the analysis of polymorphisms in VNTR regions of seven chromosomal genes (sspA, spa, sdrC, 

sdrD, sdrE, clfA and clfB) [25]. The number of repeated units at the same locus, which varies 

for isolates from different lineages, can be visualized by PCR with flanking primers, and the 

resulting pattern of PCR-amplified fragments is therefore indicative for the relationships 

between isolates [26]. MLVF has the highest discriminative power among PCR-based 

molecular typing methods, and it is highly suitable for the identification of S. aureus outbreaks 

and strain transmission events. However, traditional PFGE and MLVF typing methods are 

based on the separation of PCR fragments using conventional agarose gel electrophoresis or 

microfluidic chips, which limits their reproducibility and accuracy. Moreover, the inter-
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laboratory comparison is challenging since both of these typing methods do not produce 

readily portable data [27].  

The more advanced typing methods are sequence-based, and focus on sequence variations of 

a single locus, multiple loci, or even whole genomes [25]. Spa-typing is a popular method 

based on single-locus sequencing of the S. aureus-specific Staphylococcus protein A gene (spa). 

The spa gene contains a highly polymorphic X-region composed of different short tandem 

repeats. Sequencing of this region allows the designation of investigated S. aureus isolates to 

different spa-types. Major advantages of spa-typing are that it produces portable data and 

that it is easy to compare the results obtained from different laboratories over time via a web-

based spa-server [28]. In addition, spa-typing is also an easy, relatively cheap and rapid typing 

method. However, since spa-typing only addresses a single locus, it is less discriminatory than 

PFGE. Another highly popular sequence-based typing method, MLST, is based on sequencing 

the internal fragments of seven housekeeping genes (arcC, aroE, glpF, gmK, pta, tpi, and yqiL) 

of S. aureus, providing unique allelic profiles defined as sequence types (STs) [29]. Using the 

clustering algorithm BURST (based upon related sequence type), related STs can be further 

grouped into clusters designated as clonal complexes (CC)s [30]. Since MLST is based on DNA 

sequence analyses, and since the data produced with this method can be stored in a large 

central database via the online MLST-server, it allows the exchange of results obtained from 

different laboratories thereby providing a powerful resource for global epidemiological 

studies on the emergence and spread of different S. aureus lineages. However, besides the 

high cost of DNA sequencing and the labor intensity, the major issue for MLST is that this 

method only uncovers variations in the core genome, while many of the accessory genes that 

may be present in the vast majority of different S. aureus isolates remain undetected.  

In recent years, there has been a tendency in the field of bacterial molecular typing to replace 

the traditional Sanger sequencing by next-generation WGS technologies. In WGS the entire 

DNA of a microorganism is analyzed, giving maximal insights into the full diversity of the S. 

aureus genome on a global scale. As shown by Salipante et al, the resolution of WGS-based 

typing methods has exceeded the discriminatory power of PFGE, which was so far regarded 



 

14 
 

as the most discriminative typing method [31]. Moreover, an overwhelming advantage of 

WGS over other molecular typing methods is that the data provides a wealth of genetic 

information, such as putative antibiotic resistances, the pathogen's array of antigens, and 

virulence factors [24]. Since this typing technique provides the best resolution for assessment 

of the genetic relatedness of different isolates, it seems most likely that, in the near future, 

WGS will become the most preferred typing method for epidemiological investigations of S. 

aureus.  

Proteomics studies on S. aureus  

In the last decades, the emergence of the so-called ‘omics’ technologies (e.g. genomics, 

transcriptomics, proteomics, metabolomics), and the subsequent combined ‘multi-omics’ 

application of these technologies, have revolutionized the field of biology. This relates to the 

fact that ‘omics’ techniques provide a molecular perspective on complex biological systems at 

a global scale [32]. In 1995, the first complete genome sequence of a living organism, the 

Gram-negative bacterium Haemophilus influenzae Rd, was published [33]. Since then, an 

increasing number of studies has started to utilize sequence-based approaches for analysis of 

the genetic constitution of a wide range of organisms, including microorganisms, plants and 

even humans. However, a major drawback of DNA sequencing is that it mirrors only the 

genetic ‘blueprint’ of a living creature, whereas the actual transcriptional activity of the 

encoded genes remains unknown. Therefore, a range of transcriptomic methods has been 

developed for measuring the complete set of RNA transcripts that are produced from the 

genomic template. However, the transcriptome is often not fully mirrored by the proteome, 

which represents the final product of genome-wide gene expression. Moreover, the proteome 

is inherently more complex and dynamic than the genome itself. Since it is currently not 

possible to predict the actual protein composition of a cell solely from the genome sequence, 

it is necessary to implement high-throughput proteomics technologies to obtain in-depth 

insights into the actual end products of gene expression. Importantly, these proteomics 

technologies do not only allow global protein identification and quantification, but they can 

also provide information on post-translational modifications, subcellular locations, 
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degradation, and biological functions, thereby ‘bringing to life’ the genome sequence and 

allowing a detailed understanding of gene functions [34].  

The proteomic investigation of S. aureus started when WGS was first applied to characterize 

two related MRSA strains in 2001 [35, 36]. Nowadays, the complete genome sequences of a 

huge number of S. aureus strains are available in various publicly accessible databases. 

However, despite this wealth of information, there are still many S. aureus gene and protein 

functions poorly understood. So far, proteome analyses have been successfully applied for the 

exploration of the cellular functions and processes in S. aureus with particular focus on 

virulence determinants to uncover the diverse mechanisms underlying S. aureus pathogenicity. 

It can thus be foreseen that, in the not too far future, proteomics coupled with DNA-based 

typing approaches will lead to a better understanding of staphylococcal epidemiology, 

virulence and the critical determinants for staphylococcal fitness in hospital-, community-, or 

livestock-specific lineages of S. aureus.  

S. aureus virulence factors 

The various strategies used by S. aureus to cause a broad range of infections in the mammalian 

host are facilitated by a wide array of virulence factors, which allow this pathogen to colonize 

and later infect its host. In general, virulence factors can be divided into cell surface-associated 

and secreted factors according to the pathogenic course of S. aureus infections (Fig. 1). 

Adherence of S. aureus to host cells and tissues to initiate the colonization process is facilitated 

by cell surface-associated proteins, most of which are referred to as 'microbial surface 

components recognizing adhesive matrix molecules' (MSCRAMMs) [35, 36]. These molecules 

are exported from the cytoplasm with an N-terminal signal peptide and enable binding to 

prominent components of the host’s extracellular matrix or blood plasma proteins, as 

exemplified by collagens, fibrinogen and fibronectin [37, 38]. Members of the MSCRAMMs 

family include staphylococcal protein A (SpA), two related fibronectin-binding proteins (FnbpA, 

FnbpB), clumping factors (ClfA, ClfB), a collagen-binding protein (Cna), and serine-aspartate 

repeat-containing proteins (SdrC, SdrD, SdrE). It has to be noted that some MSCRAMMs can 

also interfere with the host immune responses, as exemplified by SpA which is known for its 
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high affinity for the Fc part of immunoglobulins G (IgG). This property of SpA protects S. aureus 

against opsonization, thereby aiding in the bacterial resistance to phagocytic intake by host 

immune cells [39]. Other examples are ClfA and Cna, which mediate the binding of 

complement regulatory proteins to obstruct activity of the complement system [40]. In 

addition, the S. aureus capsular polysaccharide (CP), which is covalently anchored to the cell 

wall peptidoglycan, is also considered as an important cell surface-associated virulence factor 

that protects S. aureus against complement binding and subsequent phagocytic killing by 

neutrophils, allowing bacterial persistence in the bloodstream [41].  

 

 

Figure 1. Schematic overview of the virulence factors produced by S. aureus 

 

Contrary to the cell-surface associated virulence factors that are generally used in defensive 

strategies during the early stages of infection, the secreted virulence factors are generally 

employed in the more aggressive bacterial strategies for host invasion upon successful 

colonization. These secreted proteins, including cytolytic (pore-forming) toxins, superantigens 

immune evasion factors and various enzymes, are mainly employed to damage host cells or 
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tissues, in order to release nutrients for bacterial growth and spread within the host [42]. 

S. aureus secretes a large number of exotoxins that have cytolytic activity due to their ability 

to form β-barrels or short-lived pores in the plasma membrane of host cells, leading to the 

leakage of cellular content or even host cell lysis. These cytolytic toxins mainly include 

hemolysins (Hla, Hlb, Hlγ) that can insert into host cell membranes and cause osmotic cytolysis 

of macrophages and platelets [43], leukocidins (LukD, LukE, LukM) that are particularly 

cytolytic towards human leukocytes [44], the PVL that is produced by the majority of CA-MRSA 

strains and that is often associated with severe infections [45], and the PSMs that represent a 

more recently discovered family of amphipathic cytolytic peptides with broad activity against 

many human cell types, including polymorphonuclear neutrophils, erythrocytes, and 

leukocytes [46]. Of note, cytolytic activity is exclusively displayed by the α-type PSMs. In 

addition to their cytolytic activity, PSMs also seem to contribute to S. aureus pathogenesis in 

a variety of strategies, including the assistance in biofilm formation, evasion of killing by host 

immune cells, and motility over wet surfaces [47]. 

S. aureus secretes also a special group of exotoxins that exhibit superantigen activity. Such 

superantigens have the ability to trigger excessive immune responses in the host by inducing 

aberrant T-lymphocyte proliferation and, consequently, they cause a massive release of 

inflammatory cytokines that can lead to host cell death [48]. The superantigens include the 

toxic shock syndrome toxin-1 (TSST-1), the staphylococcal enterotoxins (SEA, SEB, SEC, SED, 

SEE, SEG, SEH, and SEI) and the exfoliative toxins (ETA, ETB and ETD). S. aureus strains 

expressing enterotoxins are commonly associated with food poisoning, while TSST-1 is 

associated with the toxic shock syndrome, and exfoliative toxins have been implicated in the 

staphylococcal scalded skin syndrome (SSSS) [49]. 

Immune evasion factors are also secreted by S. aureus [50, 51]. These proteins enable 

suppression of the host’s innate or adaptive immune responses. This group of virulence 

factors includes a variety of proteins, like the afore-mentioned SCIN, CHIPS, SAK and Spa 

proteins, the formyl peptide receptor-like-1 inhibitory protein (FLIPr), the extracellular 

fibrinogen binding protein (Efb) and the extracellular adherence protein (Eap). The SCIN, 
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CHIPS and SAK proteins, encoded by the highly human-specific IEC gene cluster, have 

important effects on the host’s innate immune defenses. SCIN obstructs assembly of so-called 

C3 convertases on the bacterial surface, thereby preventing activation of the complement 

system. CHIPS block the neutrophil formyl peptide receptor (FPR) and the C5a receptor, which 

prevents neutrophils from responding to chemo-attractants. SAK binds to α-defensins and 

prevents the activation of their antimicrobial activity [52]. SpA not only binds IgG, but it also 

inhibits activation of the classical complement pathway and binds to the TNFα receptor [53]. 

Likewise, the second immunoglobulin-binding protein (Sbi) binds IgG and the complement 

protein C3. The Efb protein binds the C3d complement component and, as a consequence, it 

prevents complement activation and opsonophagocytosis [54]. The FLIPr and Eap proteins act 

most likely in concert with the CHIPS protein, since both of them block specific neutrophil 

receptors and prevent neutrophils from responding to the site of infection [55].  

Lastly, S. aureus employs various enzymes to disrupt the host defenses and host cell integrity. 

This is exemplified by the proteases aureolysin and V8 that degrade antimicrobial peptides 

like the cathelicidin LL-37, and by the β-hemolysin that has phospholipase activity and 

hydrolyses the membrane lipid sphingomyelin [56, 57].    

Altogether, the cell surface-associated and secreted virulence factors produced by S. aureus 

play crucial roles in the colonization of host cell surfaces, disruption of host tissues or 

interference with the host immune system. As such, these factors are the key players in the 

subversion of human and animal host cells by S. aureus.  

 

2. Scope of this Thesis 

S. aureus in general, and MRSA in particular, represent a serious threat for public health 

worldwide since the 1960s, causing substantial morbidity and mortality. The epidemiology of 

MRSA has changed drastically over past decades especially due to the emergence of highly 

transmissible community- and livestock- associated lineages, which have made this pathogen 

an even more serious threat. To effectively prevent the spread of highly virulent MRSA 
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lineages in years to come, there is a great need to develop novel approaches to dissect the 

determinants for epidemic behavior and virulence, and to identify markers that distinguish 

the high-risk clones. Therefore, the main objective of the research presented in this thesis was 

to pinpoint the most important lineage-specific virulence factors that can serve as biomarkers 

for infection prevention with the possibility of discovering as yet unknown virulence factors 

of S. aureus. To achieve this objective, a combination of high-throughput proteomics analyses, 

DNA-based typing approaches, and infection models was applied to assess the virulence 

potential of two highly transmissible S. aureus lineages, referred to as S. aureus with spa-type 

t437 and S. aureus ST398. In addition, the research described in this thesis addresses the 

interactions between S. aureus and other bacteria in a chronic wound environment. A general 

introduction to this research with respect to staphylococcal infections, antibiotic resistance, 

epidemiology, molecular typing and virulence is presented in Chapter 1. 

Chapter 2 of this thesis provides a detailed survey of exoproteome heterogeneity among 

closely related S. aureus t437 isolates and its possible implications for virulence. The S. aureus 

lineage with spa-type t437 was previously identified as a predominant and genetically 

homogeneous CA-MRSA clone in Asia that is spreading across Europe. The results presented 

in Chapter 2 show that, despite the high degree of genomic relatedness within this lineage, its 

exoproteome is highly heterogeneous. This relates especially to a differential abundance of 

extracellular cytoplasmic proteins, also known as ECPs. Moreover, the results allowed a 

separation of 20 representative clinical isolates into three groups and nine sub-clusters with 

different exoproteome abundance profiles. This grouping of the clinical isolates can be related 

to the strains’ actual virulence based on assessments in infection models that made use of the 

greater wax moth Galleria mellonella and the HeLa tumor cell line. 

Chapter 3 of this thesis presents the proteomic and virulence signatures that distinguish 

livestock-associated and human-originated isolates of the S. aureus ST398 lineage. A 

remarkable observation was that the exoproteomes of the human-originated strains were 

more similar to each other than the exoproteomes of the LA-ST398 strains, despite the fact 

that the latter strains were more closely related to each other. More importantly, correlation 
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of the identified virulence factors to the strains’ actual virulence uncovered critical 

determinants for the virulence of livestock-associated and human-originated S. aureus ST398 

strains, which may represent relevant targets for future therapeutic interventions against 

staphylococcal infections. 

Chapter 4 of this thesis addresses the question whether pathogen-pathogen interactions in 

the microbiome may soothe virulence. More specifically, this study was aimed at exploring 

bacterial niche adaptations and interactions among pathogenic and commensal bacteria to 

obtain a better understanding of the fitness of S. aureus in the human host. To this end, 

changes in S. aureus gene expression, gene regulation and virulence were investigated upon 

co-culturing of S. aureus with co-resident chronic wound isolates of Klebsiella oxytoca and 

Bacillus thuringiensis. Altogether, the results show that the presence of K. oxytoca or B. 

thuringiensis leads to massive rearrangements in the S. aureus physiology and a substantial 

reduction in virulence.  

At last, Chapter 5 summarizes the main findings and conclusions presented in this thesis. This 

chapter also provides an overall discussion with focus on future perspectives for research into 

the complex network of different cell-associated and secreted proteins that underlies S. 

aureus virulence. 
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Abstract  

Staphylococcus aureus with spa-type t437 has been identified as a predominant community-

associated methicillin-resistant S. aureus clone from Asia, which is also encountered in Europe. 

Molecular typing has previously shown that t437 isolates are highly similar regardless of 

geographical regions or host environments. The present study was aimed at assessing to what 

extent this high similarity is actually reflected in the production of secreted virulence factors. 

We therefore profiled the extracellular proteome, representing the main reservoir of 

virulence factors, of 20 representative clinical isolates by mass spectrometry. The results show 

that these isolates can be divided into three groups and nine sub-groups based on 

exoproteome abundance signatures. This implies that S. aureus t437 isolates show substantial 

exoproteome heterogeneity. Nonetheless, 30 highly conserved extracellular proteins, of 

which about 50% have a predicted role in pathogenesis, were dominantly identified. To 

approximate the virulence of the 20 investigated isolates, we employed infection models 

based on Galleria mellonella and HeLa cells. The results show that the grouping of clinical 

isolates based on their exoproteome profile can be related to virulence. We consider this 

outcome important as our approach provides a tool to pinpoint differences in virulence 

amongst seemingly highly similar clinical isolates of S. aureus.  

 

Key words: S. aureus, ST59, spa-type, t437, exoproteome, virulence, Galleria mellonella, HeLa 

cells 
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Abbreviations used are the following: ACN, acetonitrile; BSL-2, biosafety level 2; CC, clonal 

complex; CFU, colony forming units; DTT, dithiothreitol; ECP, extracellular cytoplasmic 

proteins; IAA, iodoacetamide; LDS, lithium dodecyl sulphate; MLST, multi-locus sequence 

typing; MLVA, multiple-locus variable number tandem repeat analysis; MRSA, methicillin-

resistant S. aureus; MS, mass spectrometry; MTT, 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide; OD600, optical density at 600 nm; PBS, phosphate-buffered 

saline; RPMI, Roswell Park Memorial Institute 1640 medium; ST, sequence type; TCA, 

trichloroacetic acid; TFA, trifluoroacetic acid; TSB, tryptic soy broth 
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Introduction 

The Gram-positive bacterium Staphylococcus aureus is a causative agent of different 

nosocomial and community-acquired diseases that may range from mild superficial skin 

infections to serious invasive disease1. In recent years, S. aureus infections have become 

increasingly difficult to treat due to the acquisition of high-level antibiotic resistance, as 

underpinned by methicillin-resistant S. aureus (MRSA) lineages that are also resistant to other 

classes of antibiotics2.  

To facilitate local surveillance and to monitor the global spread of drug-resistant S. aureus 

lineages, molecular approaches such as multi-locus sequence typing (MLST) and spa-typing 

have been developed. These have shown that certain clones of S. aureus are frequently 

prevalent in particular regions of the world. For example, the clone with sequence type (ST) 

59, which is linked with the spa-type t437, is one of the most dominant community-acquired 

(CA)-MRSA clones in Asia3 and Western Australia4,5. In the period from 2016 to 2017, S. aureus 

ST59-MRSA-t437 was reported as the predominant CA-MRSA clone in Chinese children, which 

appears to relate to a strong ability to form biofilms6. Several studies have shown that the 

ST59 clone has also spread to European countries7,8. In particular, by MLST and multiple-locus 

variable number tandem repeat analysis (MLVA) of 147 S. aureus isolates with spa-type t437 

from 11 different European countries, it was shown that these isolates represent a genetically 

tight cluster irrespective of the country of isolation, the year of isolation or the specific host 

situation8. It was therefore concluded that the S. aureus lineage with spa-type t437 has the 

features of a potentially high-risk clone. 

The ability of S. aureus to cause infections relates to the expression of a wide variety of 

virulence factors9. These proteins play decisive roles in promoting the colonization of the 

human host, invasion of cells and tissues, and evasion of the innate and adaptive immune 

responses. Interestingly, only few staphylococcal virulence factors, such as the toxic shock 

syndrome toxin or exfoliative toxins, can be directly associated with particular disease 

phenotypes10-12. Instead, in most infections a highly potent cocktail of virulence factors is 
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employed by S. aureus to breach the barriers imposed by the skin and mucosal tissues and to 

invade the human body13,14. Early proteomics studies have shown that the assembly of 

virulence factors produced by S. aureus is highly variable for different clonal lineages15. This 

can be attributed in particular to the high genomic plasticity of the S. aureus genome, which 

is shaped by successive events of horizontal gene transfer as exemplified by the presence of 

prophages, staphylococcal pathogenicity islands and the staphylococcal cassette chromosome 

responsible for methicillin resistance. On the other hand, very little is known about possible 

variations in the production of virulence factors by different clinical isolates of one particular 

clonal lineage of S. aureus. Yet, insights in such variations are needed to understand the extent 

to which they determine different degrees of staphylococcal virulence and to assess the health 

risks imposed by individual clinical isolates.  

The extracellular proteome (in short exoproteome) of bacterial pathogens, like S. aureus, 

is considered as the main reservoir of virulence factors9,16. In the present study, we profiled 

the composition of the exoproteomes of 20 clinical S. aureus isolates with spa-type t437 to 

assess the extent to which the production of virulence factors and other secreted proteins 

may vary amongst this genetically highly homogenous group of S. aureus isolates. As a first 

approach to assess the possible implications of the observed variations, we employed larvae 

of the greater wax moth Galleria mellonella, an infection model that was previously shown to 

be susceptible to a range of human pathogens17. Importantly, upon injection into the larvae, 

bacteria are challenged directly by an innate immune system, which is functionally and 

structurally equivalent to that of mammals18. Subsequently, we applied the human HeLa 

cancer cell line for high-throughput profiling of invasion and cytotoxicity of the investigated S. 

aureus t437 isolates in non-professional phagocytic cells. Briefly, the results of our present 

study show that the investigated S. aureus t437 clinical isolates can be divided into three 

groups and nine sub-groups based on their exoproteome profiles, and that isolates belonging 

to particular sub-groups show similarities in virulence when confronted with the innate 

immune defenses of G. mellonella. In contrast, relatively smaller variations were observed in 

the HeLa cell infection model, which assays the efficiency of non-professional phagocyte 
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invasion and subsequent killing. It thus seems that the observed variations in the 

exoproteomes of different S. aureus t437 isolates do not have the same impact in the two 

infection models which, most likely, reflects the fact that these models impose different 

challenges on infecting bacteria. A comparative analysis of the present scale, relating 

staphylococcal exoproteome composition to virulence, is unprecedented. Importantly, this 

approach represents an effective pipeline to define proteomic signatures of S. aureus 

virulence.  

        

Materials and Methods  

Bacterial isolates 

A total of 20 S. aureus spa-type t437 isolates was used for exoproteome analyses in the 

present study (Table 1). Ten of these isolates were selected from the MLVA type (MT) 621 

group which has been shown to represent the most predominant class of S. aureus t437 

isolates; the other ten isolates belong to different MTs as indicated in Table 1.  

 

Isolate MLVA 
complex 

MLVA type Country of Origin Year of 
isolation 

mecA gene pvl gene Source 

Q1-15 621 1870 France 2004 positive positive unknown 

Q1-24 621 621 Denmark 2010 positive positive SSTI 

Q1-54 621 1035 Scotland 2012 positive positive skin 

Q1-57 621 1297 Spain 2011 positive negative SSTI 

Q1-59 621 2075 Hungary 2008 positive positive throat 

Q1-71 621 1875 Netherlands 2005 positive positive SSTI 

Q1-93 621 621 Netherlands 2006 positive positive nose 

Q2-101 621 2322 Netherlands 2007 positive positive nose 

Q2-141 621 4183 Norway  2013 positive positive nose 

Q2-153 621 621 China 2009 negative negative unknown 

Q2-146 none 3560 China 2008-2009 positive positive unknown 

Q2-142 621 621 China 2011 positive positive unknown 

Q2-116 621 1831 Netherlands 2009 negative positive skin 

Q3-143 621 621 China 2008-2009 positive positive unknown 

Q3-147 621 621 China 2010 positive negative unknown 

Q3-66 621 621 Netherlands 2004 positive positive nose 

Q3_32 621 4125 Scotland 2008 negative positive skin 

Q3-107 621 621 Netherlands 2007 positive positive wound 

Q3-104 621 621 Netherlands 2007 positive positive nose 

 

Table1. Genotypic and epidemiological characteristics of the 20 S. aureus t437 study isolates.   
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Bacterial cultivation and collection of extracellular proteins 

Bacterial cultivation and extracellular protein extraction were carried out as described 

previously19. Briefly, all bacterial isolates were grown in triplicate overnight (14-16 h) in 10 mL 

tryptic soy broth (TSB, OXOID, Basingstoke, UK) under vigorous shaking (115 rpm) at 37°C in a 

water bath. The cultures were then diluted into 10 mL pre-warmed Roswell Park Memorial 

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

Chalfont, United Kingdom) to an optical density at 600 nm (OD600) of 0.1 and cultivation was 

continued under the same conditions. Exponentially growing cells with an OD600 of ±0.5 were 

again diluted into 20 mL of fresh pre-warmed RPMI 1640 medium to a final OD600 of 0.1 and 

their cultivation was continued until an OD600 of ±1.3 was reached, which corresponds to the 

stationary growth phase. Then, growth medium fractions were collected by centrifugation. 

Proteins in the growth medium were precipitated overnight with 10% trichloroacetic acid 

(TCA, Sigma-Aldrich, St. Louis, USA) on ice. The precipitated proteins were collected by 

centrifugation. Pellets of precipitated proteins were washed once with ice-cold acetone, dried 

at room temperature and stored at -20°C until further use. 

LDS-PAGE and Western blotting 

To inspect extracellular proteins by lithium dodecyl sulphate (LDS) polyacrylamide gel 

electrophoresis (PAGE), TCA-precipitated proteins were resuspended in LDS sample buffer 

and separated on NuPAGE gels (Life Technologies, Grand Island, NY. USA). The separated 

proteins were visualized by Simply Blue Safe Staining (Life Technologies). The presence of IsaA 

was assessed by Western blotting using Protran nitrocellulose transfer paper (Whatman, 

Germany) and immunodetection using the IRDye 800CW-labeled 1D9 monoclonal antibody 

that is specific for IsaA20. Antibody binding was detected using an Odyssey Infrared Imaging 

System (LI-COR Biosciences, Lincoln, NE. USA).  

Protease activity profiling 

To assess the activity of proteases in the growth medium of the investigated S. aureus t437 

isolates in the stationary growth phase, we applied His6-tagged derivatives of the S. aureus 

IsaA and SCIN proteins that were recombinantly produced in Lactococcus lactis NZ9700 as 



 

32 
 

described previously21. Specifically, 500 μL aliquots of L. lactis growth medium containing 

recombinant IsaA or SCIN were mixed with 500 μL aliquots of spent growth media (RPMI 1640) 

of the 20 investigated S. aureus t437 isolates and incubated overnight at 37°C. Of note, prior 

to this incubation, cells of L. lactis and S. aureus had been removed from the respective growth 

medium fractions by centrifugation. After the overnight incubation, proteins in the incubation 

mixtures were precipitated overnight at 4°C with 10% TCA, and separated by LDS-PAGE. The 

presence of His6-tagged IsaA or SCIN was then assessed by Western blotting using His6-specific 

antibodies (Invitrogen, Canada). 

Sample preparation for mass spectrometry 

Collected extracellular proteins were processed for Mass Spectrometry (MS) analysis 

essentially as described previously22. In brief, the dried protein pellets were re-suspended in 

50 mM ammonium bicarbonate buffer (Fluka, Buches, Switzerland) and reduced with 500 mM 

dithiothreitol (DTT, Duchefa Biochemie, the Netherlands) for 45 min at 60°C. The samples 

were then alkylated with 500 mM iodoacetamide (IAA, Sigma-Aldrich) and incubated for 15 

min in the dark at room temperature. 100 ng of sequencing grade modified trypsin (Promega, 

Madison, USA) were added and the mixture was incubated overnight at 37°C under 

continuous shaking at 250 rpm to completely digest the proteins. Subsequently, the samples 

were acidified with a final concentration of 0.1% trifluoroacetic acid (TFA, Sigma-Aldrich, St. 

Louis, USA) for 45 min at 37°C to inactivate the trypsin. The digested peptides were purified 

with C-18 ZipTips (Millipore, Billerica, USA). The ZipTips were first wetted with 45 μL 70% 

acetonitrile (ACN, Fluka, Buchs, Switzerland) and then equilibrated with 45 μL 3% ACN/0.1% 

acetic acid. Peptides were bound to the ZipTips by pipetting 10 times up and down. After 

washing with 45 μL 0.1% MS-acetic acid, the ZipTips were eluted with 45 μL 60% ACN/0.1% 

MS-acetic acid. Lastly, the eluted peptides were dried in a SpeedVac (Eppendorf, Hamburg, 

Germany) at room temperature. The dried samples were stored at 4°C until further use.  

Mass spectrometry analyses 

Purified peptides were identified by reversed-phase liquid chromatography coupled to 

electrospray ionization mass spectrometry (MS) using an LTQ Orbitrap XL (Thermo Fisher 
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Scientific, Waltham, MA) as described by Stobernack et al.22. In brief, Sorcerer-SEQUEST 4 

(Sage-N Research, Milpitas, USA) was applied for database searching, and raw data files were 

searched with Sequest against a target-decoy database. The non-redundant database that was 

used for protein identifications was based on published genome sequences of the S. aureus 

isolates with ST2147, ST59 or ST338 (downloaded from https://www.ncbi.nlm.nih.gov/), 

which represent the dominant STs of S. aureus t4378. This database includes 7187 protein 

sequences with connected gene names and Uniprot identifiers. Validation of MS/MS-based 

peptide and protein identification was performed with Scaffold V4.7.5 (Proteome Software, 

Portland, USA), and peptide identifications were accepted if they exceeded the 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 all 

higher charged peptides, respectively. Protein identifications were accepted if at least 2 

identified peptides were detected with the above-mentioned filter criteria in 2 out of 3 

biological replicates. Protein data was exported from Scaffold and curated in Microsoft Excel 

before further analyses (Supplementary Tables S1 and S2). Since we observed large 

differences in the total spectral counts, the normalization of the data was not performed over 

all data sets simultaneously, because this would over-represent the quantities of proteins in 

samples with fewer protein identifications. Instead, the data sets for different isolates were 

clustered into three groups (Q1-3) based on the total spectral counts, and each group was 

mean-normalized as recommended in the Scaffold software for spectral counting data sets 

(https://proteomesoftware.zendesk.com/hc/en-us/articles/115002739586-Spectrum-Count-

Normalization-in-Scaffold). 

Assessment of virulence with a Galleria mellonella infection model 

To evaluate the virulence of investigated S. aureus t437 isolates using G. mellonella, larvae of 

~250 mg in the final instar stage were purchased (Frits Kuiper, Groningen, Netherlands) and 

stored in the dark at room temperature. The larvae were used for infection experiments within 

7 days of receipt. Until then, they were fed with wood shavings. Prior to an infection 

experiment, bacteria were grown overnight in TSB medium and collected by centrifugation at 

https://www.ncbi.nlm.nih.gov/
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2700 x g for 10 min at 4°C. The cell pellets were washed by re-suspension in phosphate-

buffered saline (PBS), collected by centrifugation, re-suspended in PBS, and diluted to the 

desired number of colony-forming units (CFU) per ml as approximated based on the optical 

density at OD600 of the overnight culture. Infections were performed by inoculating the larvae 

with 10 μL aliquots of a bacterial suspension in PBS (2.5 × 106 CFU) into the hemocoel via the 

last left proleg using an insulin pen (HumaPen LUXURA® HD, Indianapolis, USA)23. After 

injection, the larvae were kept in petri dishes in the dark at 37°C, and mortality was monitored 

after 24 and 48 h post infection. Larvae were considered dead when they displayed no 

movement after being touched with a sterile inoculation loop. The virulence of each 

investigated S. aureus t437 isolate was tested in triplicate using 15 larvae per experiment 

(n=45), and for each of these three biological replicates larvae from different batches were 

used. Data from all infection experiments were combined to calculate the average mortality. 

For control, one group (n=15) of larvae was injected with 10 μL of PBS to monitor the impact 

of physical trauma, a second group (n=15) was injected with 2.5 × 107 CFU of heat-killed 

bacteria to monitor potentially lethal effects caused by toxic bacterial components, and a third 

group (n=15) received no injection at all.  

To verify possible roles in virulence of the extracellularly identified proteins IsdA, IsdB and 

IsaA, specific single mutant strains and the respective parental strains USA300 LAC (for isaA 

or isdB mutations)24 and SH1000 (for the isaA mutation)25 were used to infect G. mellonella 

larvae. In this case, the larvae were inoculated as described above, but with 1 × 106 CFU of 

bacteria. The larval survival was monitored from 24 h until 96 h post infection. Each bacterial 

isolate was used to inoculate 10 larvae per experiment, and all experiments were performed 

in triplicate.  

Assessment of staphylococcal cytotoxicity with a HeLa cell infection model 

The human cervical cancer HeLa cell line was cultured in DMEM-GlutaMAXTM medium (Gibco, 

UK) supplemented with 10% fetal calf serum (Sigma-Aldrich, USA) at 37°C and 5% CO2. 0.25% 

Trypsin-EDTA (Gibco, UK) was used to detach adherent cells for subculturing. 3×104 HeLa cells 

in a total volume of 100 μL were incubated in 96-well plates for 24 h. Next the HeLa cells were 
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infected with 1.5 × 106 bacteria in PBS (multiplicity of infection [MOI] 50:1), which had been 

obtained from overnight cultures in TSB medium, washed in PBS and resuspended in PBS. The 

infected HeLa cells were then incubated at 37°C and 5% CO2 for 2 h. After 2 h of infection, the 

plates were washed 3 times with PBS to remove unbound bacteria and, subsequently, 

lysostaphin (AMBI Products, NY, USA) was added at a final concentration of 20 μg/ml to 

eliminate the extracellular bacteria. Incubation was continued for another 2 h and, then, 3-

(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide (MTT; Sigma Aldrich, NL) was 

added to a final concentration of 0.5 mg/ml to evaluate the viability of the infected HeLa cells. 

The plates with added MTT were incubated at 37°C and 5% CO2 for 3h. Lastly, the cells were 

resuspended in 150 μL of acidic isopropanol, and the absorbance of the suspension was 

measured at 570 nm. The cytotoxicity of individual S. aureus isolates was expressed as the 

absorbance at 570 nm relative to the control of HeLa cells incubated in the absence of 

infecting S. aureus cells. 

Bioinformatic and statistical analyses 

Bioinformatic tools including TMHMM (version 2.0)26, SignalP (version 4.1)27, LipoP (version 

1.0)28, PsortB (version 3.0.2)29, ProtCompB (version 9.0)30 and SecretomeP (version 2.0)31 were 

used for the prediction of subcellular location of proteins identified by MS analyses. Biological 

processes and gene annotations were assigned based on the previously annotated S. aureus 

strain NCTC8325, using the AureoWiki database (http://aureowiki.med.uni-greifswald.de). To 

visualize protein functions and the respective protein abundances, Voronoi treemaps were 

built using Paver version 2.1 (Decodon GmnH, Greifswald, Germany)32. To elucidate 

relationships between samples of particular groups that had been distinguished based on their 

exoproteome profiles, correlation coefficients were calculated and principal component 

analyses were performed based on the MS data using R version 3.4.233. Spearman correlation 

coefficients were computed with the cor function using a pairwise comparison (R package: 

stats). A k-means clustering analysis was performed by clustering the data with the kmeans 

function (R package: stats) and the outcomes were visualized with fviz_cluster (R package: 

factoextra)34. Significant differences in protein spectral counts between isolates belonging to 
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one group were assessed by ANOVA tests (aov) and subsequently by the Tukey's Honest 

Significant Difference (TukeyHSD) method (R package: stats). The statistical significance of 

differences in the killing of G. mellonella larvae by the S. aureus t437 Q1-3,a-c sub-groups was 

assessed by Wilcoxon tests and a subsequent Bonferroni correction to adjust the p-values 

using the SAS/STAT software package (version 9.4). The statistical significance of differences 

in the killing of HeLa cells by the S. aureus t437 Q1-3 groups was assessed by ANOVA tests, 

and a TukeyHSD test was applied for sub-group comparisons using the SAS/STAT software 

package. 

Biological and chemical safety  

S. aureus is a biosafety level 2 (BSL-2) microbiological agent and was accordingly handled 

following appropriate safety procedures. All experiments involving live S. aureus bacteria and 

chemical manipulations of S. aureus protein extracts were performed under appropriate 

containment conditions, and protective gloves were worn. All chemicals and reagents used in 

this study were handled according to the local guidelines for safe usage and protection of the 

environment. 

Data availability. The mass spectrometry data are deposited in the ProteomeXchange 

repository PRIDE (https://www.ebi.ac.uk/pride/). The dataset identifier is PXD009082.  

 

Results  

Exoproteome quantification distinguishes three groups of S. aureus t437 isolates  

To identify possible variations in the exoproteomes of previously collected S. aureus t437 

clinical isolates, we selected 20 different isolates, cultured them in RPMI medium to the 

stationary phase, and collected the secreted proteins from the growth medium fraction by 

TCA precipitation. Of note, RPMI medium was used for this study, because previous analyses 

had shown that the global gene expression profiles of S. aureus grown in RPMI medium closely 

resemble those of S. aureus grown in human plasma35. As can be expected when working with 

clinical S. aureus isolates, we detected some variations in growth among the investigated S. 
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aureus isolates, but these related mainly to the lag phase (Supplementary Fig. S1). Further, 

extracellular proteins were collected in the stationary phase, because the majority of virulence 

factors are secreted during this particular growth phase36. Interestingly, the banding patterns 

of extracellular proteins and their relative intensities showed clear variations in Simply Blue-

stained LDS-PAGE gels (Supplementary Fig. S2). This was indicative of exoproteome 

heterogeneity among the 20 investigated isolates, a notion that was subsequently verified by 

close inspection of the MS data (Supplementary Table S2). Firstly, among the total of 303 

different identified extracellular proteins, only 23 were found to be shared by all investigated 

isolates, whereas 102 proteins were uniquely identified for one or two isolates. Secondly, 

calculation of total spectral counts revealed substantial variations in the abundance of 

extracellular proteins between the different isolates, ranging from 186 for isolate 15 to 1404 

for isolate 31 (Fig. 1). Since this wide range precluded a reliable normalization of total spectral 

counts, we divided the isolates into three groups (Q1-3) based on the numbers of total spectral 

counts measured for their extracellular proteins (Supplementary Table S2). Specifically, the 

total spectral counts of exoproteins for the Q1 isolates ranged from 186 to 500, for Q2 isolates 

from 730 to 995, and for Q3 isolates from 1009 to 1404. In accordance with this significant 

variation, also the total numbers of identified proteins per group differed substantially, 

ranging between 25 proteins for Q1 (isolate 15) and 198 proteins for Q3 (isolate 31; Fig. 1). 

Further, in the Q1 group, 87 distinct exoproteins were identified for all 7 isolates, while 41.3% 

of the exoproteins were uniquely identified for one or two strains. In the Q2 group, 50% of 

the 220 identified proteins were uniquely identified for one or two isolates. In the Q3 group, 

36.3% of the 303 identified proteins were unique for all 7 isolates. As an alternative to the 

initial grouping based on total spectral counts, we verified the clustering of the investigated 

isolates by the total numbers of identified proteins. This yielded a very similar distribution of 

the investigated isolates over the Q1-3 groups (Supplementary Table S3). However, since the 

total numbers of spectral counts present more information concerning extracellular protein 

abundance, we decided to use the group classification based on spectral counts for our further 

analyses. Together, these findings imply that essentially three different exoproteome 
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abundance types can be distinguished amongst the 20 investigated S. aureus t437 isolates. 

Importantly, this distinction is independent of the country of origin, year of isolation, MLVA 

type and source (Fig. 1, Table 1).   

 

 

Figure 1. Overview of the numbers of identified extracellular proteins of S. aureus t437 isolates and 

their predicted subcellular locations. Based on the numbers of total spectral counts measured for 

their extracellular proteins, the 20 S. aureus t437 study isolates were assigned to three groups 

designated Q1-3. For each identified extracellular protein, the subcellular location was predicted 

bioinformatically and the respective numbers of proteins assigned to each subcellular location are 

indicated in color code. The averaged total numbers of spectral counts measured for the extracellular 

protein samples from each isolate are presented below the isolate numbers. 

 

Exoproteome heterogeneity in S. aureus t437 relates predominantly to differential 

abundance of extracellular cytoplasmic proteins (ECP) 

To assess the nature of the identified proteins, we inspected their predicted subcellular 

localization with different bioinformatics tools. This showed that the largest level of variation 

was related to the extracellular appearance of typical cytoplasmic proteins that lack known 

targeting signals for export from the cytoplasm (Fig. 1). The numbers of observed extracellular 

cytoplasmic proteins were, over all, lowest for the Q1 isolates and highest for the Q3 isolates, 
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ranging from four to 154 (Fig. 1). Conversely, differences in the numbers of predicted 

extracellular proteins with signal peptides for export from the cytoplasm were much smaller. 

Specifically, for the different isolates, we identified 15 to 40 typical secretory proteins, five to 

twelve cell wall-associated proteins, two to twelve lipoproteins, and one to twelve membrane-

associated proteins. The observed exoproteome heterogeneity both in terms of identified 

proteins and their relative abundance based on normalized spectral counts, is reflected in the 

heat maps for the Q1, Q2 and Q3 groups of isolates presented in Figure 2A and Supplementary 

Table S4. These heat maps show that the greatest heterogeneity is observed for exoproteins 

that are present in relatively low abundance. Intriguingly, typical cytoplasmic proteins appear 

to be overrepresented in this heterogeneous group of low abundance proteins (Fig. 2A). In 

contrast, the majority of the 30 most abundant extracellular proteins is known to be exported 

from the cytoplasm with the aid of signal peptides (Fig. 2, A and B). A representative of the 

latter class of proteins is the well-characterized immunodominant staphylococcal antigen A 

(IsaA)25,37, which was used to validate the quantitative proteomics data in a Western blot with 

the aid of a previously developed IsaA-specific monoclonal antibody38. As shown in Figure 2C, 

the relative spectral count measurements for IsaA and the Western blotting data are fully 

consistent, providing conclusive support for the exoproteome heterogeneity as mapped by 

mass spectrometry. Together, these observations show that the exoproteome heterogeneity 

observed for S. aureus t437 isolates is largely related to a differential abundance of 

extracellular cytoplasmic proteins. 
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Figure 2. Exoproteome abundance profiles of the investigated S. aureus t437 isolates within the Q1-

3 groups. (A) Heat-map showing the relative amounts of the identified extracellular proteins within 

the three Q1-3 isolate groups based on normalized total spectral counts. Color-coded bars within each 

heatmap represent identified proteins and the isolate numbers are indicated on top of each lane. The 

black and grey bars flanking each heatmap indicate the relative abundance of extracellular proteins 

with a predicted cytoplasmic location (grey) versus extracellular proteins with a predicted 

extracytoplasmic location; each of the respective clusters represents 30 proteins. (B) The 30 most 

abundant and conserved identified extracellular proteins and their respective descriptions. (C) 

Comparison of the relative spectral count measurements for IsaA and a Western blot decorated with 

the monoclonal antibody 1D9 that is specific for IsaA. (D) Protease activity in the growth medium of 

the investigated S. aureus t437 isolates was assessed by assaying the stability of recombinantly 

produced His6-tagged IsaA and SCIN proteins added to spent growth medium samples and subsequent 

Western blotting with His6-specific antibodies.  
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It was previously shown for another Gram-positive bacterium, Bacillus subtilis, that the 

appearance of extracellular cytoplasmic proteins can be suppressed by protease activity in the 

bacterial growth medium39. To investigate whether proteolytic activity might impact on the 

extracellular protein abundance, we assessed the possible degradation of the recombinantly 

produced S. aureus proteins IsaA and SCIN in spent media of the 20 investigated S. aureus t437 

isolates. The advantage of using these proteins as markers for proteolytic activity is that both 

of them contain a C-terminal His6 tag that allows their distinction from the respective native 

proteins secreted by the investigated S. aureus isolates. Upon overnight incubation in the 

spent media at 37oC, the presence of recombinant IsaA and SCIN was assessed by Western 

blotting with His6-specific antibodies. On balance, the highest levels of IsaA and SCIN 

degradation were observed upon incubation in spent media from isolates of the Q3 group (Fig. 

2D). This implies that the respective media contain the highest protease levels, which is 

consistent with the finding that the cysteine protease staphopain A was most abundantly 

identified in media of Q3 isolates, and that the zinc metalloprotease aureolysin and the 

cysteine protease SsaA1 were most abundantly detected in media of Q2 and Q3 isolates 

(Supplementary Table S4). In fact, SsaA1 was not detectable in the media of Q1 isolates. This 

implies that the relatively high abundance of extracellular cytoplasmic proteins in media of 

the Q3 isolates cannot be correlated to protease activity as was previously shown for Bacillus.  

S. aureus t437 groups Q1, Q2 and Q3 include sub-clusters of isolates with distinctive 

exoproteome abundance signatures 

To elucidate possible exoproteome relationships among the isolates of each group, Spearman 

correlation and k-means clustering analyses were performed based on protein identifications 

and the respective protein abundance. For both types of analyses, the normalized total 

spectral counts of proteins that were produced by all the isolates within each group were 

used. The Spearman analysis revealed that isolates within the Q2 group are relatively 

homogeneous with respect to their exoprotein abundance signatures as compared to isolates 

in the Q1 and Q3 groups (Fig. 3A). In the Q1 group, isolate 15 seems relatively less related to 

the other isolates in this group, and in the Q3 group the same applies for isolate 31. As shown 
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in Figure 3B, the k-means clustering analyses provided another angle to elucidate possible 

exoproteome relationships between isolates, showing that each group of S. aureus t437 

isolates (Q1-3) can be sub-divided into three distinct sub-groups (a,b,c). Following this sub-

division based on differences in protein abundance (as assessed by k-means clustering), 

differences in the number of protein identifications for each sub-group were determined. The 

Venn diagrams in Supplementary Figure S3 show the numbers of core and variant extracellular 

proteins identified for each group. Taken together, the results from these analyses show that 

each of the Q1-3 groups, which were initially distinguished based on the total spectral counts 

measured for their exoproteins, is composed of isolates with three different exoproteome 

abundance signatures.  

 

 

Figure 3. Clustering of isolates within each group based on exoproteome abundance signatures by 

Spearman correlation and principal component analysis. (A) Spearman correlation of the normalized 

total spectral counts of identified extracellular proteins within the Q1-3 groups. (B) K-means clustering 

analysis based on the normalized total spectral counts of the identified extracellular proteins. Two-

dimensional k-means plots further divide each Q-group into three sub-groups (a,b,c). 
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The core and variant exoproteomes of S. aureus t437 isolates have apparently distinctive 

roles in pathogenesis and cellular functions  

Despite the heterogeneity observed in the exoproteome profiles of the investigated S. aureus 

t437 isolates, there are nonetheless thirty highly abundant ‘core’ proteins consistently 

detected (≥80%) in the exoproteomes of all three groups of isolates of which about 50% have 

a role in virulence (Fig. 2B). This implies that their dominant expression is characteristic for 

the core exoproteome of isolates from this particular staphylococcal lineage. To further zoom 

in on the collective and variant biological functions of the identified extracellular proteins of 

the Q1-3 groups, a functional classification based on the annotation of S. aureus NTCT8325 

was performed using the Paver algorithm. As shown in the Voronoi treemaps presented in 

Figure 4, the extracellular proteomes of the Q1-3 groups have distinct functional signatures. 

In particular, 19 different functional categories and 95 predicted protein functions were 

distinguished for the Q1 group, the most prominently represented functional categories being 

virulence, disease and defense (30.5%), protein metabolism (13.6%), iron acquisition and 

metabolism (8.4%) and carbohydrate metabolism (7.3%). For exoproteins of the Q2 group, 20 

different functional categories and 240 protein functions were assigned, with protein 

metabolism (19.5%), virulence, disease and defense (18.3%), carbohydrate metabolism 

(16.6%), and iron acquisition and metabolism (4.5%) being the most prominent categories. For 

exoproteins of the Q3 group, 21 functional categories and 308 predicted protein functions 

were assigned, with protein metabolism (21.1%), carbohydrates metabolism (14.9%), 

virulence, disease and defense (13.8%), and nucleosides and nucleotides (5.6%) being most 

prominent. Altogether, the observations presented in Figures 2A, B and 4 imply that, over all, 

the core and variant exoproteomes of the investigated S. aureus t437 isolates have apparently 

distinctive roles in pathogenesis and cellular functions.  
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Figure 4. Functional categories and protein functions of identified extracellular proteins within the 

Q1-3 groups. Voronoi treemaps created with the Paver algorithm show the functional categories 

assigned to extracellular proteins (left panels) and the respective protein names (right panels) for each 

Q1-3 group. The different functional categories are marked in different colors, and each protein is 

represented by a polygon-shaped tile. The size of each category is proportional to the number of 

identified proteins with the respective functions. In the panels on the right, the relative abundance of 

each protein is indicated in color code. Of note, particular proteins may have dual functions as 

exemplified for IsdA and IsdB, which are involved both in iron acquisition and virulence. Accordingly, 

these proteins are represented twice in the panels on the right. 

 

Production of known virulence factors by S. aureus t437 isolates is highly heterogeneous  

Our exoproteome analyses identified in total 35 proteins implicated in staphylococcal 

virulence. The relative abundance of these known virulence factors as produced by the 

individual investigated isolates is represented in Figure 5. Twelve of these proteins are 
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primarily linked with bacterial adhesion to cells and tissues of the human host, including three 

iron-regulated surface determinants (IsdA, IsdB, IsdH), six proteins belonging to the so-called 

‘microbial surface components recognizing adhesive matrix molecules’ (MSCRAMM) family 

(ClfA, ClfB, EbpS, Emp, FnbpA, FnbpB, Map, SpA and vWbp), and SasG. Eighteen identified 

virulence factors are secreted proteins that serve to disrupt host cells and promote spreading, 

including five exoenzymes (Aur, Lip1, Lip2, SC and ScpA), five cytolytic toxins (Hla, Hlb, Hld, 

LukD and LukE), six superantigens (EntC2, EntK, EntQ, SEIX, SSL7 and SSL11) and EsxA. In 

addition, we identified five proteins (CHIPS, Efb, FLIPr, Sbi and SCIN), which are involved in the 

evasion of innate or adaptive immune responses of the host. As shown in Figure 5, the 

expression of these 35 virulence factors by S. aureus t437 isolates was highly heterogeneous 

in the different groups of isolates. In particular, isolates belonging to the Q1 group produced 

on average less known virulence factors than isolates belonging to the other two groups.  

 

Figure 5. Heat map representation of the relative abundance of identified extracellular virulence 

factors. A total number of 34 well-known virulence factors was identified for the Q1-3 groups. Color-

coded bars within each heatmap represent identified proteins and their relative abundance based on 

normalized total spectral counts. The isolate numbers are indicated on top of each lane.  
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Subclustering of S. aureus t437 isolates based on normalized total spectral counts of 

exoproteins is predictive for high or low rates of killing in a larval infection model 

The observed differences in the production of known virulence factors by the different S. 

aureus t437 isolates was suggestive of possible differences in the virulence of these isolates. 

Therefore, we assayed their virulence using a Galleria mellonella larval infection model, where 

the bacteria are solely challenged by innate immune defenses18. Specifically, each of the 20 

investigated S. aureus t437 isolates was used to infect 15 larvae, where a bacterial suspension 

of 10 μL containing 2.5 × 106 CFUs in PBS was used per larval inoculation. Subsequently, the 

larval mortality was assessed at 24 and 48 h post infection (p.i.). As a control, larvae were 

inoculated with heat-killed bacteria equivalent to 2.5 × 107 CFU prior to heat inactivation (i.e. 

a ten-fold higher CFU count than used in inoculations with living bacteria). The vast majority 

of larvae inoculated with heat-killed bacteria survived for 48 h p.i. (Fig. 6). In contrast, 

inoculation with living bacteria resulted in death of the majority of larvae within 48 h p.i. 

Between different S. aureus t437 isolates, the largest variations in larval killing were observed 

at 24 h p.i., while differences in the larval killing rates at 48 h p.i. were relatively smaller. For 

example, inoculation with bacteria from the Q1 group resulted in average killing rates 

between 17.7% (strain Q1-24) and 57.7% (strain Q1-71) at 24h p.i. At 48 h p.i. the larval killing 

due to inoculation with isolates from the Q1 group ranged between 51.1% (strain Q1-15) and 

77.7% (strain Q1-71). Similar larval killing rates were observed upon inoculation with S. aureus 

t437 isolates from groups Q2 and Q3. Of note, the observed variations could not be correlated 

to geographical regions where the S. aureus isolates had been collected, different host 

environments, or particular MLVA types (Table 1). However, for S. aureus isolates from the Q1, 

Q2 and Q3 groups, a clear correlation between the larval killing rates and the k-means 

clustering-based separation of isolates into different sub-clusters was observed. In particular, 

isolates from the Q1a, Q2a, Q2c, Q3a and Q3b sub-clusters displayed relatively low-level killing 

of larvae (i.e. <40% killing at 24 h p.i.), while isolates from the Q1b, Q1c, and Q2b sub-clusters 

showed relatively high rates of larval killing (Fig. 6; Supplementary Table S5). Only amongst 

isolates from the Q3c sub-cluster we observed both high and low rates of larval killing.  
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Figure 6. Virulence of the 20 investigated S. aureus t437 isolates in a G. mellonella infection model. 

(A) Larvae of G. mellonella were inoculated with 2.5 × 106 CFUs of the 20 S. aureus t437 study isolates. 

Killing of the larvae was assessed at 24 and 48 h post inoculation. All values are the mean ± the standard 

deviation of three independent infection experiments. HK, heat-killed bacteria. (B) Statistical 

significance of observed differences in virulence between the identified S. aureus t437 sub-groups as 

assessed using a Wilcoxon test. A p-value < 0.05 was considered significant. 

 

 

 

Figure 7. Assessment of possible roles of IsdA, IsdB and IsaA in staphylococcal virulence in a G. 

mellonella infection model. (A) Effect of the inoculation of G. mellonella larvae (n=30). with 1 × 106 

CFUs of S. aureus USA300 LAC, or isdA or isdB mutant derivatives of this strain on larval survival. (B) 

Effect of the inoculation of G. mellonella larvae (n=30) with 1 × 106 CFUs of S. aureus SH1000 or an isaA 

mutant derivative of this strain on larval survival. The survival rates were monitored from 24 to 96 h 

post infection. The statistical significance of the observed differences was assessed using a Wilcoxon 

test. A p-value < 0.05 was considered significant (isdA vs wild-type, P=0.8621; isdB vs LAC, P=0.1642; 

isaA vs SH1000, P=0.0325). 
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To investigate which extracellular proteins might be involved in the differences in larval killing 

activity per ‘Q-group’, we assessed the statistically significant differences in the abundance, 

as well as the presence or absence, of particular exoproteins in the respective sub-clusters 

with high or low killing activity. This revealed that distinguishing features for Q1 isolates with 

high killing activity (sub-clusters Q1b and Q1c) were the production of a secreted chitinase B 

(ChiB) and the amidase Sle1, relatively high levels of IsaA, and relatively low levels of the IsdA 

and IsdB proteins (Table 2). Interestingly, also for isolates from the Q3 group with mostly high 

killing activity (Q3c), the identification of chitinase B was a distinguishing feature. 

Distinguishing features of isolates with high killing activity in the Q2 group (i.e. sub-cluster Q2b) 

were relatively high levels of IsdB, and the unique identification of Efb, FnbB, IsdE and SdrH 

(Table 2). To verify possible effects of some of these extracellular proteins on virulence, we 

tested isdA, isdB or isaA mutant strains along with the respective parental strains in the G. 

mellonella infection model. Compared to the wild-type, the isdA and isdB mutations in the S. 

aureus USA300 LAC background displayed no significant differences in larval killing (Fig. 7A), 

whereas the rate of larval killing by the investigated isaA mutant was significantly lower 

compared to the respective S. aureus SH1000 wild-type (Fig. 7B). Taken together, these 

observations imply that the k-means clustering analysis based on the normalized total spectral 

counts of exoproteins that were produced by all the isolates within each Q group distinguishes 

those isolates that show comparable levels of virulence, at least in the G. mellonella infection 

model.  

 

Q1 a versus b&c Iron-regulated surface determinant protein B (IsdB) 

Iron-regulated surface determinant protein A (IsdA) 

Immunodominant staphylococcal antigen A (IsaA) 

Chitinase B (ChiB) 

N-acetylmuramyl-L-alanine amidase (Sle1) 

a↑ 

a↑ 

a↓ 

a- 

a- 

b&c↓ 

b&c↓ 

b&c↑ 

b&c+ 

b&c+ 

(P<0.0001) 

(P=0.0002) 

(P<0.0001) 

 

 

Q2 b versus a&c Iron-regulated surface determinant protein B (IsdB) 

Elongation factor G (EF-G) 

Pyruvate kinase (PK) 

Pyruvate dehydrogenase E1 component subunit alpha (PDHA1) 

High-affinity heme uptake system protein (IsdE) 

b↑ 

b- 

b- 

b- 

b+ 

a&c↓ 

a&c+ 

a&c+ 

a&c+ 

a&c- 

(P<0.0001) 
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Extracellular fibrinogen binding protein (Efb) 

ATP synthase subunit beta (ATPases) 

30S ribosomal protein (S10) 

ATP synthase subunit alpha (ATPases) 

1,4-dihydroxy-2-naphthoyl-CoA synthase (DHNA-CoA) 

Ser-Asp rich fibrinogen/bone sialoprotein-binding protein (SdrH)  

Fibronectin-binding protein B (FnbB) 

b+ 

b- 

b- 

b- 

b- 

b+ 

b+ 

a&c- 

a&c+ 

a&c+ 

a&c+ 

a&c+ 

a&c- 

a&c- 

Q3 c versus a&b Chitinase B (ChiB) 

50S ribosomal protein (L7/L12) 

50S ribosomal protein (L5) 

c+ 

c- 

c- 

a&b- 

a&b+ 

a&b+ 

 

Table 2. Extracellular proteins of S. aureus t437 isolates significantly or uniquely associated with high 

or low virulence in the Galleria mellonella infection model. Statistical significance in the amounts of 

particular extracellular proteins per Q1-3 group and the respective a,b,c sub-groups was assessed by 

Anova; "↑" , indicates a significantly higher level of protein abundance and "↓" a significantly lower 

protein abundance level. Proteins consistently present or absent in the respective groups and sub-

groups are indicated with "+" or "- ", respectively. 

 

S. aureus t437 isolates show relatively small variations in cytotoxicity in a HeLa cell infection 

model  

The observed differences in the larval killing activity by the different S. aureus t437 isolates 

mostly reflect the ability of the respective bacteria to survive a challenge by professional 

phagocytes of G. mellonella. This prompted us to also investigate their ability to invade and 

kill non-professional phagocytic cells. To this end, we applied HeLa cells, which were exposed 

to S. aureus at a MOI of 1:50. After 2 h, lysostaphin was added to eliminate the extracellular, 

non-internalized bacteria and an MTT activity assay was applied to evaluate the viability of the 

infected HeLa cells. The results are presented in Figure 8 as the percentage of MTT activity 

relative to that of the uninfected control cells. Interestingly, although some variations in the 

killing of HeLa cells were observed, the differences were mostly not significant (Fig. 8B; 

Supplementary Table S5). Of note, as shown in Figure 8A, a relatively low cytotoxicity was 

observed for three Panton-Valentine Leukocidin (PVL)-deficient isolates (i.e. 57, 147, 153; 

Table 1), and three isolates that seem to lack the adhesin EbpS as judged by the present 

exoproteome analysis (i.e. 15, 71 and 93; Fig. 5). Thus, the substantial differences observed 

for the exoproteomes of the investigated S. aureus t437 isolates are not mirrored in the ability 
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to invade and kill non-professional phagocytic HeLa cells. 

 

 

 

Figure 8. Cytotoxicity of the 20 investigated S. aureus t437 isolates in a HeLa cell infection model. (A) 

Hela cells were infected with bacteria at a MOI of 50:1. Upon 2 h incubation, lysostaphin was added to 

eliminate the extracellular bacteria. After another 2 h incubation, MTT was added to evaluate the 

viability of the infected HeLa cells. The results are shown as the percentage of MTT reduction relative 

to the uninfected control. (B) The statistical significance of differences in the killing of HeLa cells by S. 

aureus t437 PVL- or EbpS-negative isolates was assessed by t-tests. Please note that the absence of 

PVL from particular strains was previously demonstrated (Table 1), and that the EbpS-negative 

designation relates to a lack of identification of EbpS in the present exoproteome analysis. P-values < 

0.05 were considered significant. The P-values for isolate 15 versus isolates 24, 54 and 59 are 0.0036, 

0.0369 and 0.0149, respectively.  

 

Discussion   

In the present study, we have performed a first comparative exoproteome profiling analysis 

for S. aureus with the spa-type t437, including 20 isolates from eight different countries. In a 

previous study, we described this clone as a genetically tight cluster belonging to the CC59 
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clonal complex8. Nonetheless, our analysis uncovered substantial exoproteome heterogeneity 

among these strains, and only relatively few proteins were found to be produced by all 

investigated isolates. In contrast, a large number of proteins was found to be unique for one 

or two strains under the conditions tested. Of note, we have previously uncovered substantial 

exoproteome heterogeneity for the S. aureus species by investigating clinical isolates derived 

from one hospital, but belonging to different clonal lineages15. This was attributed to the large 

plasticity of the S. aureus genome, which is continuously reshaped by the acquisition and loss 

of mobile genomic elements, as well as strain-specific differences in gene expression, 

translation, protein secretion and post-translational protein modifications40. On the other 

hand, we demonstrated more recently that the exoproteomes of S. aureus USA300 isolates 

from the Copenhagen area in Denmark display fairly homogeneous exoproteomes, of which 

the composition could be associated to their epidemicity41. This appears to be different for 

the closely related S. aureus t437 isolates in our present study, which were collected in 

different European countries and China. Although it is suggestive that the geographical 

distribution could play a role in the observed exoproteome heterogeneity, it was not possible 

to associate particular exoproteome profiles to particular countries or even to particular sub-

types of S. aureus t437 as distinguished by MLVA or MultiLocus Variable-number tandem 

repeat Fingerprinting. A similar observation was reported by Liew et al., who compared pairs 

of S. aureus isolates belonging to ST1, ST8 and ST3342. To date, it was difficult to explain this 

exoproteome heterogeneity. Importantly however, our present data do shed light on possible 

underlying mechanisms, in particular because a large extent of the observed variation relates 

to the release or excretion of typical cytoplasmic proteins, whereas the variations observed 

for proteins secreted with the aid of Sec-type signal peptides were relatively small. 

In addition to proteins which are actively exported from the cytoplasm via different secretion 

systems, the Sec system in particular, the exoproteomes of S. aureus and many other bacteria 

contain large numbers of typical cytoplasmic proteins (Supplementary Table S6)43,44. 

Consequently, the numbers of detectable extracellular proteins of S. aureus may become very 

large as exemplified by >1300 exoprotein identifications in a recent study45. The mechanisms 
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by which these proteins are released from the cytoplasm have been enigmatic for a long time. 

However, in recent years a general picture has emerged where this so-called alternative 

secretion46 or excretion of cytoplasmic proteins (ECP)47 is the end result of different processes, 

involving cell lysis caused by autolysins48, phage activity, the production of cytolytic toxins49, 

and/or proteolytic activity50. In the present study, we observed a massive variation in the 

amounts of extracellular proteins to the extent that we had to distinguish three groups (i.e. 

Q1, Q2 and Q3) based on the total number of spectral counts of extracellular proteins 

detected by MS. Interestingly, the variation in ECP could not be correlated to the production 

of the major autolysin Atl, which was detectable in comparable amounts in the exoproteomes 

of the different isolates (Supplementary Table S4). On the other hand, we did observe a phage 

coat protein in the exoproteomes of isolates belonging to groups Q2 and Q3 that displayed 

high levels of ECP. In addition, amongst the exoproteomes of these isolates we detected the 

phospholipase C, which is encoded by the hlb gene into which the so-called β-haemolysin-

converting bacteriophages are usually integrated51. Such phages encode immune evasion 

factors, like SCIN and CHIPS, which were abundantly detected in the exoproteomes of the here 

investigated S. aureus t437 isolates. Hence, we consider it likely that the observed 

exoproteome heterogeneity in groups Q2 and Q3 can be attributed at least to some extent to 

(pro)phage activity. Intriguingly, we detected higher amounts of the extracellular protease 

staphopain A in media of Q3 isolates, and of the proteases aureolysin and SsaA1 in media of 

Q2 and Q3 isolates, where the Q3 isolates show the highest levels of ECPs. This is different 

from the situation encountered in B. subtilis where overproduction of secreted proteases led 

to complete degradation of ECPs, whereas the deletion of multiple genes for secreted 

proteases led to highly increased levels of ECPs39,52. The latter was due both to decreased 

turnover of ECPs and enhanced autolysin activity as secreted proteases are needed to control 

autolysin activity. Likewise, a recent study using S. aureus USA300 LAC showed that increased 

protease production due to a sarA mutation resulted in a substantial reduction in the number 

of identified extracellular proteins45. Thus, despite the fact that extracellular proteases have 

been described as modulators of virulence factor stability53, it seems that other mechanisms 
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like prophage activity are more dominant in the appearance of ECPs in the investigated S. 

aureus t437 isolates.   

Irrespective of the precise mechanisms underlying ECP, it has become increasingly clear that 

certain cytoplasmic proteins can play decisive roles in host colonization and infection. These 

multifunctional proteins are usually described as ‘moonlighting proteins’. In many cases, 

moonlighting proteins are evolutionarily well-conserved metabolic enzymes or molecular 

chaperones54. For instance, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the first 

identified moonlighting bacterial enzyme, was found to serve not only as a glycolytic enzyme 

in the cytoplasm, but also as a virulence-enhancing protein when associated with the cell 

surface of pathogenic streptococci55. In the exoproteomes of the S. aureus t437 lineage, we 

identified 3 well-known moonlighting proteins, namely fructose-bisphosphate aldolase, alkyl 

hydroperoxide reductase and elongation factor Tu. In fact, all investigated isolates showed 

relatively high extracellular levels of these three proteins. The cytoplasmic form of fructose-

bisphosphate aldolase is a glycolytic enzyme but, upon ECP by Candida albicans and Neisseria 

meningitides, this protein was shown to be involved in plasminogen binding and adhesion to 

human cells56,57. The alkyl hydroperoxide reductase is generally responsible for detoxification 

of reactive oxygen species, but it was also implicated in heme-binding by Streptococcus 

agalactiae58. The cytoplasmic form of elongation factor Tu catalyzes the binding of aminoacyl-

tRNA to the ribosome but, when exposed on the surface of Mycoplasma pneumoniae and 

Streptococcus gordonii, it can also play roles in fibronectin- and mucin-binding, 

respectively59,60. It thus seems that the release of cytoplasmic proteins into the extracellular 

environment, either by lysis or other mechanisms, can be regarded as an altruistic mechanism 

for the bacterial population. On this basis, it can be anticipated that several of the presently 

identified ECPs may serve additional roles in host colonization and infections caused by S. 

aureus t437.  

One of the major challenges in understanding and predicting the virulence of S. aureus is 

imposed by the multitude of virulence factors produced by this pathogen, all of them serving 

different but sometimes overlapping, redundant or even synergistic roles during different 

https://en.wikipedia.org/wiki/Aminoacyl-tRNA
https://en.wikipedia.org/wiki/Aminoacyl-tRNA
https://en.wikipedia.org/wiki/Ribosome
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stages of infection. Accordingly, it has thus far been close to impossible to correlate clinical 

data to particular exoproteome profiles. We therefore made a first attempt to correlate our 

exoproteome data to bacterial virulence in a simple high-throughput animal model involving 

the larvae of Galleria mellonella. Of note, in this model bacteria are injected into the larvae, 

which means that early stages in the infection process, like adhesion, colonization and 

breakage of barriers for infection are bypassed. Instead, the bacteria are directly confronted 

by the innate immune response of the larvae18. Furthermore, for a number of opportunistic 

human pathogens good correlations were observed between infection of mice and G. 

mellonella61,62. Importantly, the Galleria model has already been successfully applied in the 

identification of virulence factors of S. aureus, and the efficacy of anti-staphylococcal 

agents63,64. Intriguingly, we observed that particular quantitative proteomic signatures within 

each Q-group of investigated S. aureus t437 isolates correlated well with high or low virulence 

in the Galleria model, irrespective of the numbers of different extracellular proteins produced. 

Instead, certain proteins such as IsaA, IsdB, IsdA, IsdE, IsdH and chitinase B could be related to 

the observed killing of larvae. For instance, the housekeeping protein IsaA, which has been 

identified as a major antigen of S. aureus and a potential candidate for antibody-based 

therapy65, was a distinctive feature of the exoproteome profile of the highly virulent 

subgroups Q1b and Q1c. Consistent with this notion, an isaA deletion mutant was found to be 

attenuated in the G. mellonella infection model. A role of IsaA in staphylococcal virulence had 

not yet been reported, but it would in fact explain why this protein is invariantly produced in 

all investigated clinical S. aureus isolates15,66. Also, the hydrolytic enzyme chitinase B was 

uniquely present in the exoproteomes of the highly virulent sub-groups Q1b, Q1c and Q3c. 

The impact of the latter enzyme could in principle be due to the degradation of larval chitin67. 

However, it has to be noted that chitin and chitinases were previously proposed to serve as 

important regulators of innate and adaptive immune responses68. It is thus conceivable that 

the produced chitinase B also serves a function in immune evasion and infection, not only in 

the Galleria model, but even in the human body from which all investigated S. aureus t437 

isolates included in our study were originally derived. Clearly, this will require further in-depth 

https://en.wikipedia.org/wiki/Enzyme
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analyses. Confidence that the observed exoproteome abundance profiles may be meaningful 

for virulence of the investigated S. aureus isolates can be derived from the fact that multiple 

proteins involved in iron homeostasis were found to be associated with virulence, albeit in a 

differential manner. The latter may explain why we did not observe a distinctive effect of 

individual isdA or isdB mutations on virulence in the G. mellonella model. Nonetheless, the 

importance of iron homeostasis determinants for virulence would be consistent with the fact 

that both humans and G. mellonella represent an iron restricted environment for S. aureus, 

where iron deprivation may impose a need for high virulence whereas a good ability to acquire 

iron may to some extent obviate the need to be virulent. Thus, the fact that we can correlate 

certain S. aureus t437 exoproteome abundance profiles to high or low virulence in the G. 

mellonella model implies that these profiles may also be relevant for the potential to cause 

infection in particular niches of the human body. In this respect, one has to bear in mind that 

animal models, such as the larvae of G. mellonella, reflect the human setting only partially. 

Furthermore, different bacterial traits are required to infect different niches in the human 

body. Consistent with this view, the investigated S. aureus t437 isolates behaved differently 

in the HeLa cell infection model, where we essentially assayed their ability to invade and kill 

non-professional phagocytic cells. In the latter infection scenario, it appears that the presence 

or absence of the adhesin EbpS or the toxin PVL may have a greater impact on the viability of 

infected host cells than the major differences that we observed in the composition of the 

exoproteomes of the individual investigated S. aureus t437 isolates.       

 

Conclusion 

The present study provides a detailed survey of the extracellular proteome and virulence 

assessment of the S. aureus lineage with spa-type t437. The results allowed a separation of 20 

representative clinical isolates into three groups and nine sub-clusters with different 

exoproteome abundance profiles. This shows that, despite the high degree of genomic 

relatedness within this lineage, its exoproteome is highly heterogeneous. This has important 

bearings on the virulence of these isolates as was shown using a G. mellonella larval infection 
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model. On the other hand, the virulence of the investigated isolates as assayed in the HeLa 

cell toxicity assay most likely mirrors the relatively few variations observed for a core set of 

about 20 known extracellular virulence factors that typify the S. aureus t437 lineage. Here one 

has to bear in mind that S. aureus requires different virulence factors to invade, thrive and 

survive in different niches of the human body. Thus, the present data provide novel leads for 

further dissection of the roles of particular exoproteome profiles or individual extracellular 

proteins in staphylococcal virulence.  
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Abstract  

Staphylococcus aureus with the sequence type (ST) 398 was previously associated with 

livestock carriage. However, in recent years livestock-independent S. aureus ST398 has 

emerged, representing a potential health risk for humans especially in nosocomial settings. 

Judged by whole-genome sequencing analyses, the livestock- and human originated strains 

belong to two different S. aureus ST398 clades but, to date, it was not known to what extent 

these clades differ in terms of actual virulence. Therefore, the objective of this study was to 

profile the exoproteomes of 30 representative S. aureus ST398 strains by mass spectrometry, 

to assess clade-specific differences in virulence factor secretion, and to correlate the identified 

proteins and their relative abundance to the strains’ actual virulence. Although the human-

originated strains are more heterogeneous at the genome level, our observations show that 

they are more homogeneous in terms of virulence factor production than the livestock-

associated strains. To assess differences in virulence, infection models based on larvae of the 

wax moth Galleria mellonella and the human HeLa cell line were applied. Correlation of the 

exoproteome data to larval killing and toxicity towards HeLa cells uncovered critical roles of 

the staphylococcal Sbi, SpA, SCIN and CHIPS proteins in virulence. These findings were 

validated by showing that sbi or spa mutant bacteria are attenuated in G. mellonella and that 

the purified SCIN and CHIPS proteins are toxic for HeLa cells. Altogether, we show that 

exoproteome profiling allows the identification of critical determinants for virulence of 

livestock-associated and human-originated S. aureus ST398 strains.   

 

 

Key words: S. aureus, ST398, exoproteome, virulence, Galleria mellonella, HeLa cells 
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Abbreviations used are the following: CC, clonal complex; CFU, colony forming units; ECP, 

extracellular cytoplasmic proteins; IEC, immune evasion cluster; LDS, lithium dodecyl 

sulphate; MGE, mobile genetic element; MLST, multi-locus sequence typing; MLVA, multiple-

locus variable number tandem repeat analysis; MOI, multiplicity of infection; MRSA, 

methicillin-resistant S. aureus; MS, mass spectrometry; MTT, 3-(4,5-Dimethylthiazol-2-yl)-

2,5-Diphenyltetrazolium Bromide; OD600, optical density at 600 nm; PBS, phosphate-buffered 

saline; PCA, principal component analysis; RPMI, Roswell Park Memorial Institute 1640 

medium; ST, sequence type; TSB, tryptic soy broth
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Introduction 

Staphylococcus aureus is one of today’s major nosocomial and community-acquired 

pathogens. Infections caused by this pathogen are associated with substantial morbidity and 

mortality, and S. aureus therefore represents a major threat for public health [1]. 

Nevertheless, about 20–30% of the healthy human population carries S. aureus 

asymptomatically [1]. Infections with S. aureus have become increasingly difficult to treat due 

to the emergence of antibiotic resistant lineages, as underpinned by methicillin-resistant S. 

aureus (MRSA) [2].  

Over the past 20 years, the epidemiology of MRSA has changed dramatically. Initially, MRSA 

was almost exclusively identified as a hospital-acquired (HA) pathogen. Subsequently, 

community-associated (CA) MRSA lineages were identified that caused severe infections in 

individuals with no apparent healthcare contacts [3]. Over the last decade, livestock-

associated (LA) MRSA was identified in livestock and individuals exposed to livestock, 

especially in pig farms [4]. S. aureus with the sequence type 398 (ST398), which belongs to the 

clonal cluster 398 (CC398), is the most prevalent livestock-associated lineage causing zoonotic 

disease in Europe, North America, and Asia [5].  

Intriguingly, recent whole-genome sequence analyses have revealed that the current S. aureus 

CC398 isolates represent two distinct phylogenetic clades, where one harbors truly livestock-

associated strains (here designated as LA-ST398), while the other represents strains 

originating from humans (here referred to as human-originated ST398) [6-8]. The LA-ST398 

strains can be exchanged between livestock and humans, where they may cause moderate 

infections and occasionally severe infections [9, 10]. In contrast, the human-originated ST398 

strains are able to spread by human-to-human transmission, and have been implicated in 

acute and even fatal infections [8, 11]. Some distinguishing features of the two CC398 clades 

have been identified [6-8]. In particular, most LA-ST398 strains are MRSA and tetracycline-

resistant, whereas the human-originated ST398 isolates are mostly methicillin-sensitive S. 

aureus (MSSA) and tetracycline-sensitive [6, 8, 11]. Further, human-originated isolates often 
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harbor the β-haemolysin (hlb) converting prophage ϕSa3, which encodes the immune evasion 

cluster (IEC) genes chp and scn. The respective encoded proteins, the neutrophil chemotaxis-

inhibiting protein (CHIPS) and the staphylococcal complement inhibitor (SCIN), allow S. aureus 

to evade phagocytosis and killing by human neutrophils [12]. In addition, the ϕSa3-borne IEC 

gene sak, encoding the defensin inhibitor staphylokinase, is present in some subclades of the 

human-originated CC398 [6]. The phage-mediated acquisition of the IEC genes may thus 

explain how some CC398 strains adapt to the human host, and why these strains can cause 

more severe infections. Lastly, a recent study showed that the LA-ST398 and human-

originated CC398 isolates possess distinctive single-nucleotide polymorphisms (canSNP_748, 

canSNP_1002 and canSNP_3737) [7]. 

To date, the majority of studies on S. aureus ST398 isolates were focused on variations in the 

core genome and mobile genetic elements (MGEs). In contrast, variations in the actual 

production of virulence factors have not been investigated systematically. This raises the 

question how similar or different isolates belonging to the LA-ST398 or human-originated 

ST398 clades are in terms of virulence factor production? An answer to this question would 

be relevant for assessment of the infection risks associated with particular S. aureus ST398 

isolates. High-throughput proteomics is a particularly powerful tool to explore bacterial 

virulence factor production, especially since most virulence factors are secreted into the 

extracellular milieu of the bacteria [13]. Upon their export from the bacterial cytoplasm, these 

virulence factors play crucial roles in the different stages of host infection, especially adhesion, 

colonization, immune evasion and invasion [14-16]. Accordingly, the bacterial exoproteome 

should be regarded as a major reservoir for virulence factors [15, 17]. 

The aim of the present study was to investigate variations in the exoproteomes of different 

LA-ST398 and human-originated ST398 isolates, and to assess possible correlations between 

identified exoproteome differences and virulence. To this end, we profiled the exoproteomes 

of 30 different S. aureus ST398 isolates, which are representative for the two major clades 

that make up the CC398. Further, possible implications of the observed exoproteome 

variations for overall virulence were evaluated by infection experiments with larvae of the 
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greater wax moth Galleria mellonella, which represent a facile model to assess bacterial 

virulence [18, 19]. In addition, the cytotoxic effects of the different S. aureus ST398 isolates 

were investigated using a human HeLa cell infection model. In brief, our results show that the 

investigated LA-ST398 isolates display a higher level of exoproteome heterogeneity than the 

human-originated ST398 isolates. This finding is mirrored by a more homogeneous behavior 

of the human-originated isolates in the two infection models, where the human-originated 

isolates display on average higher virulence and cytotoxicity. While it remains difficult to 

directly associate particular patterns of produced virulence factors with the actual virulence 

of particular ST398 isolates observed in our two infection models, clear associations between 

the Sbi and SpA proteins and larval killing, and between the CHIPS and SCIN proteins and 

cytotoxicity in HeLa cells could be demonstrated.  

 

Materials and Methods  

Bacterial isolates 

Relevant features of the 30 S. aureus strains with ST398 used in this study are presented in 

Table 1. All strains were isolated, typed and whole-genome sequenced by Illumina sequencing 

as previously described [20], allowing their phylogenetic distinction as LA-ST398 or human-

originated ST398 using RAxML v7.0.4. The respective FASTA protein files are presented as 

Supplementary Data File S1.   

Bacterial cultivation and collection of extracellular proteins 

S. aureus strains were grown overnight at 37°C in tryptic soy broth (TSB; OXOID, Basingstoke, 

UK) under vigorous shaking (115 rpm) in a water bath. The cultures were then diluted into 10 

mL pre-warmed Roswell Park Memorial Institute 1640 (RPMI) medium supplemented with 2 

mM glutamine (GE Healthcare/PAA, Little Chalfont, United Kingdom) to an optical density at 

600 nm (OD600) of 0.1 and cultivation was continued under the same conditions. Exponentially 

growing cells with an OD600 of ±0.5 were again diluted into 15 mL of fresh pre-warmed RPMI 

1640 medium to a final OD600 of 0.1 and their cultivation was continued until an OD600 of ±1.2 
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was reached, which corresponds to the stationary growth phase. Then, cells were separated 

from the growth medium by centrifugation, and proteins in the growth medium were 

precipitated overnight at 4° C using 10% trichloroacetic acid (Sigma-Aldrich, St. Louis, USA). 

The precipitated proteins were collected by centrifugation, washed once with ice-cold 

acetone, dried at room temperature, and stored at -20°C until further use.  

 

 

Table 1. Phylogeny and main characteristics of the 30 investigated S. aureus ST398 study isolates. 

The phylogeny was based on the core genomes of the different S. aureus ST398 isolates included in 

the present study. The presence (+) or absence (-) of particular virulence genes is indicated. Col, 

colonization; inf, infection; ND, not determined. 

 

Sample preparation for the extracellular proteome analysis by LC-MS/MS 

The collected extracellular proteins were processed for mass spectrometry (MS) analysis 

essentially as described previously [21]. In brief, the dried protein pellets were re-suspended 

in 50 mM ammonium bicarbonate buffer (Fluka, Buches, Switzerland) and reduced with 500 

mM dithiothreitol (Duchefa Biochemie, the Netherlands) for 45 min at 60°C. The samples were 

then alkylated with 500 mM iodoacetamide (Sigma-Aldrich) and incubated for 15 min in the 
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dark at room temperature. 100 ng of sequencing grade modified trypsin (Promega, Madison, 

USA) were added and the mixture was incubated overnight at 37°C under continuous shaking 

at 250 rpm to completely digest the proteins. Subsequently, the tryptic peptides were 

acidified with a final concentration of 0.1% trifluoroacetic acid (Sigma-Aldrich, St. Louis, USA) 

for 45 min at 37°C to inactivate the trypsin. The digested peptides were purified using ZipTips-

C18 material (Millipore, Billerica, USA) and eluted in 60% acetonitrile/0.1% MS-acetic acid. 

Lastly, the eluted peptides were dried in a SpeedVac (Eppendorf, Hamburg, Germany) at room 

temperature and stored at 4°C until further use.  

Mass spectrometry and data analyses 

Purified peptides were identified by reversed-phase liquid chromatography coupled to 

electrospray ionization MS using an LTQ Orbitrap XL (Thermo Fisher Scientific, Waltham, MA) 

as described by Stobernack et al. [22]. Sorcerer-SEQUEST 4 (Sage-N Research, Milpitas, USA) 

was applied for database searching, and raw data files were searched with Sequest against a 

target-decoy database with a set of common laboratory contaminations. The database used 

for protein identifications was based on whole genome sequences of the 30 S. aureus study 

isolates. The RAST annotation file of the 30 study isolates was used to create a non-redundant 

database comprising protein sequences of all isolates (Supplementary Data File S1). This 

database includes a total of 3915 protein sequences with connected gene names and Uniprot 

identifiers. Protein sequences that differed in only 1 amino acid were included in this 

database. Finally, the gene names and uniprot identifiers were added. Validation of MS/MS-

based peptide and protein identification was performed with Scaffold V4.7.5 (Proteome 

Software, Portland, USA), and peptide identifications were accepted if they exceeded the 

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 all higher charged peptides, respectively. Protein identifications were accepted if at least 

2 identified peptides were detected with the above-mentioned filter criteria in 2 out of 3 

biological replicates. With these filter parameters, no false-positive hits were obtained, as was 

verified by a search against a concatenated target-pseudo-reversed decoy database. 
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Quantitative values of protein abundances were obtained by summing up all spectra 

associated with a specific protein within a sample, which includes also those spectra that are 

shared with other proteins. To allow comparisons, spectral counts were normalized by 

applying a scaling factor for each sample to each protein adjusting the values to normalized 

spectral counts [23]. Of note, some proteins are easier to detect than others, which may affect 

the comparison of abundance levels of different proteins. The normalized spectral count data 

were exported from Scaffold and to Microsoft Excel for further analysis (Supplementary Table 

S1).  

Assessment of virulence with a Galleria mellonella infection model 

G. mellonella larvae in their final instar stage were purchased (Frits Kuiper, Groningen, 

Netherlands), maintained on wood chips in the dark and used within 7 days of receipt. Larvae 

of ~250 mg in weight and 2 cm in length were employed in all assays. Ten randomly chosen 

larvae were used for assessing the virulence of each investigated S. aureus ST398 isolate, with 

each infection experiment repeated at least 3 times. Before inoculation into G. mellonella, S. 

aureus cells were harvested in the exponential growth phase from a culture in RPMI, following 

the same protocol for bacterial culturing as was used for the proteome analyses. An insulin 

pen (HumaPen LUXURA® HD, Indianapolis, USA) [24] was used to inject 10 μl aliquots of a 

diluted bacterial suspension (2.5 × 105 CFU) into the hemocoel via the last proleg. Control 

larvae were either injected with 10 μl of PBS in order to monitor the impact of physical trauma, 

or underwent no manipulation whatsoever. After injection, the larvae were kept in petri 

dishes in the dark at 37°C, and mortality was monitored after 48 h post infection. Larvae were 

considered dead when they displayed no movement in response to touch. 

Assessment of staphylococcal cytotoxicity with a HeLa cell infection model 

Human cervical cancer HeLa cells were cultured in DMEM-GlutaMAXTM medium (Gibco, UK) 

supplemented with 10% fetal calf serum (Sigma-Aldrich, USA) using a humidified CO2 

incubator (37°C, 5% CO2). For infection experiments, aliquots of 3×104 HeLa cells were 

resuspended in 100 μL fresh DMEM-GlutaMAXTM medium in wells of a 96-well tissue culture 

plate and the plate was subsequently incubated for 24 h (37°C, 5% CO2). The cells were then 
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infected at a multiplicity of infection (MOI) of 50 with PBS-diluted S. aureus cells that had been 

cultured in RPMI medium as described above. Next, the infected cells were incubated for 3 h 

(37°C, 5% CO2). Non-internalized bacteria were eliminated 3 h post-infection by two washes 

with PBS and the subsequent addition of 20 μg/ml of lysostaphin (AMBI Products, NY, USA). 

To quantify the viability of the infected HeLa cells, the 3-(4,5-Dimethylthiazol-2-yl)-2,5-

Diphenyltetrazolium Bromide (MTT; Sigma Aldrich, NL) dye reduction assay was applied. To 

this end, the infected HeLa cells were incubated with MTT at a final concentration of 0.5 mg/ml 

for 3h (37°C, 5% CO2). Lastly, the cells were resuspended in 150 μL of acidic isopropanol to 

solubilize crystals of formazan produced by mitochondrial activity, and the absorbance at 570 

nm was determined using a BioTek Synergy 2 plate reader. In this MTT assay, the amount of 

color produced is proportional to the number of viable cells. The cytotoxicity of individual S. 

aureus isolates was expressed as the absorbance at 570 nm relative to the control, where 

HeLa cells were incubated in the absence of infecting S. aureus cells.  

Expression of staphylococcal SCIN, CHIPS and LysM proteins in L. lactis 

To investigate the cytotoxicity of the SCIN and CHIPS proteins of S. aureus, these proteins were 

expressed with a His6-tag in Lactococcus lactis as described before [25]. As a control, the LysM 

domain of the S. aureus protein Sle1 was also expressed with a His6-tag in L. lactis and purified. 

To this end, the LysM domain-encoding sequence was amplified from chromosomal DNA of S. 

aureus NCTC8325 (isolated with the innuPREP kit; Analytik Jena), using the primers LysM-F (5'- 

ATATGGATCCGCTACAACTCACACAGTAAAAC) and LysM-R (5'- ATATGCGGCC GCTTAGTTCGTA 

GATGCATTACCAG) and the PWO-polymerase (Roche Diagnostics). The PCR-amplified LysM 

domain-encoding fragment was cleaved with NotI and BamHI (New England Biolabs), and 

ligated to plasmid pNG4210 that was cleaved with the same restriction endonucleases. The 

resulting ligation mixture was used to transform electrocompetent L. lactis PA1001 [26]. L. 

lactis containing pNG4210-lysM were selected on M17 plates supplemented with 0.5 % 

glucose (w/v), 0.5M sucrose and chloramphenicol (5 μg/ml) at 30 °C and the correct plasmid 

construction was verified by sequencing (Eurofins MWG Operon, Ebersberg, Germany).  

To produce the His6-tagged SCIN, CHIPS and LysM protein, L. lactis cells carrying the respective 
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expression plasmids were grown in M17 broth (Oxoid Limited, Hampshire, UK) supplemented 

with 0.5 % glucose (w/v) and chloramphenicol (5 μg/ml). The production of SCIN, CHIPS or 

LysM in exponentially growing cultures of L. lactis (OD600≈0.5) was induced by the addition of 

nisin (3 ng/ml, SigmaAldrich, St. Luis, MO). Growth medium fractions were harvested after 

overnight culturing at 30 °C, and the His6-tagged proteins were purified from the supernatant 

fractions using HisLink™ Protein Purification Resin (Promega Corporation, Madison, WI. USA). 

Lastly, the three purified proteins were analyzed by LDS-PAGE and Simply Blue Safe Staining. 

Bioinformatic and statistical analyses 

Virulence genes were identified from the genome sequences of the 30 investigated ST398 

strains using the ABRicate program with VFDB database 

(https://github.com/tseemann/abricate). Bioinformatic tools including TMHMM (version 2.0) 

[27], SignalP (version 4.1) [28], PsortB (version 3.0.2) [29], and SecretomeP (version 2.0) [30] 

were used for prediction of the subcellular location of proteins identified by MS analyses. 

Gene annotations and functional categories were assigned using TIGRfam (version 15.0) and 

the AureoWiki database (http://aureowiki.med.uni-greifswald.de). For visualization of 

identified protein functions and the respective protein abundances, Voronoi treemaps were 

built using Paver version 2.1 (Decodon GmnH, Greifswald, Germany) as described [31]. To 

assess the overall relationships between isolates of two ST398 subgroups in terms of their 

exoproteome profiles, a principal component analysis (PCA) was performed based on the MS 

data using ClustVis [32]. Significant differences in protein spectral counts between isolates 

belonging to sub-clades were assessed by multiple t tests and a subsequent Holm-Sidak 

correction to adjust the P-values. The statistical significance of differences in the killing of G. 

mellonella larvae by the S. aureus ST398 was assessed by Wilcoxon tests. The statistical 

significance of the observed differences in the killing of HeLa cells by was assessed using one-

way ANOVA with Dunnett’s multiple-comparison test. 

Biological and chemical safety  

S. aureus is a biosafety level 2 microbiological agent and was accordingly handled following 

appropriate safety procedures. All experiments involving live S. aureus bacteria and chemical 
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manipulations of S. aureus protein extracts were performed under appropriate containment 

conditions, and protective gloves were worn. All chemicals and reagents used in this study 

were handled according to the local guidelines for safe usage and protection of the 

environment. 

Data availability. Supplementary Data File S1 includes the FASTA protein files for all S. aureus 

ST398 isolates used in this study, as well as a non-redundant database that was used for 

protein identifications. The mass spectrometry data are deposited in the ProteomeXchange 

repository PRIDE (https://www.ebi.ac.uk/pride/). The dataset identifier is PXD013951 

(Username for review: reviewer61954@ebi.ac.uk; Password: kfpwiIhT). 

 

Results 

Features of the selected S. aureus ST398 study isolates 

The 30 S. aureus isolates used in this study were selected from a previous collection of 182 

ST398 isolates that had been derived from food, pigs, pig handlers or humans. The isolates in 

this collection had been characterized by multi-locus sequence typing and spa-typing. In 

addition, the whole genome sequences of these isolates had been determined. This allowed 

the distinction of LA-ST398 and human-originated ST398 isolates in the collection, and it 

guided the present selection of representative isolates of the different clades and sub-clades 

of S. aureus ST398 as identified by whole-genome sequencing. The phylogeny of the selected 

strains is shown in Table 1, along with relevant features. Specifically, seventeen of the selected 

strains are LA-ST398 strains isolated in Europe, Canada or the USA from pigs or pig handlers. 

The other thirteen strains belong to the human-originated ST398 clade. Eleven of the latter 

strains had been collected from humans without livestock contact, and two had been isolated 

from food and pig. Most human-originated ST398 strains were isolated in China (Table 1). 

Further, most of the selected LA-ST398 strains were MRSA, while most human-originated 

ST398 strains were MSSA. Only three of the human-originated ST398 strains were MRSA, of 

which two had been isolated in the Netherlands. Lastly, all of the LA-ST398 strains harbor the 
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hlb gene, while the majority of the human-originated ST398 strains carry the IEC genes chp, 

scn and sak. Only three strains belonging to the human-originated sub-clade 1.6b carried the 

pvl genes (Table 1), while the tsst-1 gene for the toxic shock syndrome toxin was absent from 

the selected strains. Altogether, the selected strains represent the diversity as encountered in 

the global S. aureus ST398 population.  

LA-ST398 strains display higher exoproteome heterogeneity than human-originated ST398 

strains  

To identify possible exoproteome variations across the 30 selected LA-ST398 and human-

originated ST398 strains, they were cultured in RPMI medium since a previous study had 

shown that the global gene expression profiles of S. aureus grown in RPMI medium or in 

human plasma are highly similar [33]. Further, secreted proteins of the selected strains were 

collected in the early stationary growth phase, where the majority of virulence factors is 

produced and secreted [34]. To this end, the growth medium was separated from the bacterial 

cells by centrifugation and the secreted proteins in the growth medium fractions were 

precipitated with trichloroacetic acid. The thus collected extracellular proteins were then 

analyzed by LC-MS/MS analysis and label-free quantification. In total, 495 different proteins 

were identified in the combined exoproteome samples of all 30 investigated strains. Among 

the 495 extracellular proteins, 40 proteins were found to be produced by all 30 strains and a 

further 80 proteins were identified in at least 80% of these strains. As judged by label-free 

quantification, these 120 most common proteins contribute to 73.5% of the identified protein 

abundance in the combined exoproteomes of the 30 investigated strains, high-lighting their 

dominant expression in the ST398 lineage of S. aureus (Supplementary Table S2). Importantly, 

these highly conserved and abundant proteins thus represent the core exoproteome of the 

two main ST398 clades. In contrast, the remaining 375 proteins were highly variable, 

representing only 26.5% of the total exoproteome abundance. Lastly, 131 of the latter 

proteins were uniquely identified in only one or two strains. All identified proteins as assigned 

to the core or variable exoproteomes and their respective abundance values are listed in 

Supplementary Table S2, and the total numbers of identified protein per strain are indicated 
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in Figure 1.  

 

Figure 1. Numbers of identified extracellular proteins of the investigated S. aureus ST398 isolates 

and their predicted subcellular locations. For all identified extracellular proteins of the investigated 

strains, the subcellular locations were predicted bioinformatically. Subsequently, the respective 

numbers of proteins assigned to the different subcellular locations were determined per strain 

(marked in color code). The different clades of the investigated LA-ST398 and human-originated S. 

aureus ST398 strains are indicated. 

 

With the help of different bioinformatic tools, the subcellular location of the identified 

proteins was predicted. The vast majority of the identified extracellular proteins (n=313) were 

predicted as cytoplasmic proteins (63%). This is a commonly observed feature among 

staphylococci and the respective proteins are now mostly referred to as extracellular 

cytoplasmic proteins (ECPs) [35]. Furthermore, 52 proteins (11%) were predicted to have an 

extracellular localization based on the presence of a secretory signal peptide, 64 (13%) were 

predicted membrane proteins, 21 (4%) were predicted to be cell wall-associated, and 12 

proteins (2%) were predicted lipoproteins. Interestingly, the predicted subcellular location of 

the different proteins suggests that the proportion of cell wall proteins (16%) is higher in the 

core exoproteome than in the variable exoproteome (2%). Conversely, the variable 

exoproteome includes a higher proportion of cytoplasmic proteins (66%) than the core 

exoproteome (55%) (Supplementary Figure S1).  
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The numbers of identified proteins and their predicted subcellular location for each of the 30 

investigated ST398 strains are indicted separately in Fig. 1. The results show that the numbers 

of identified proteins differed largely between the strains belonging to the two S. aureus 

ST398 clades. This was mostly due to large variations in the numbers of identified ECPs. 

Particularly, the numbers of ECPs in the investigated LA-ST398 strains ranged from 70 (8#11) 

to 246 (6#54), and for the human-originated ST398 strains from 51 (8#67) to 189 (8#92). 

Notably, on average, the numbers of detected ECPs were higher in the LA-ST398 isolates 

(n=136) than in the human-originated ST398 strains (n=110). Conversely, no major differences 

between the LA-ST398 and human-originated ST398 strains were observed in the numbers of 

predicted ‘genuine’ extracellular proteins that possess signal peptides for export from the 

cytoplasm. Altogether, these data imply that the investigated LA-ST398 and human-originated 

ST398 strains show a somewhat different behavior in terms of the numbers of detectable 

ECPs.  

Using the identified extracellular proteins from the LC-MS/MS analysis, as well as the 

respective label-free quantification data, a principal component analysis (PCA) was performed 

to elucidate the overall exoproteome relationships among isolates from the two distinct 

phylogenetic ST398 subgroups. Of note, this PCA analysis was based on the normalized 

spectral counts of the 407 proteins that were identified both in the LA-ST398 and the human-

originated groups of strains. As shown in Figure 2A, this revealed that the investigated LA-

ST398 strains are relatively more heterogeneous with respect to their exoproteome 

abundance signatures than the human-originated ST398 strains. This observation was 

unexpected since the phylogeny of the investigated ST398 strains, as based on core genome 

comparisons, implies a higher diversity amongst the human-originated ST398 strains (Table 

1). The latter is all the more remarkable as many of the LA-ST398 strain were isolated from 

very diverse reservoirs in different geographical regions.  

To investigate whether the ECPs impact on the observed exoproteome relationships, a PCA 

was also performed on all proteins shared between the LA-ST398 and human-originated 

ST398 groups of strains, but without the ECPs. Interestingly, this PCA based on 182 common 
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proteins revealed an even higher exoproteome variance for the LA-ST398 isolates (Figure 2B). 

Moreover, it can be concluded that the main distinction between the two ST398 subgroups is 

based on differences in the exoproteome abundance of typical extracytoplasmic proteins that 

are exported from the cytoplasm with the aid of a signal peptide. These include membrane 

proteins, lipoproteins, cell wall-bound proteins and proteins that are secreted into the 

extracellular milieu. 

 

 

Figure 2. Principal component analysis (PCA) based on the normalized spectral counts of identified 

extracellular proteins. Two-dimensional PCA plots are displayed for extracellular proteins of the 

investigated LA-ST398 and human-originated S. aureus strains. The PCA analysis was performed on (A) 

all identified extracellular proteins, and (B) all identified extracellular proteins except the extracellular 

cytoplasmic proteins (ECPs). 

 

The exoproteomes of LA-ST398 and human-originated ST398 strains serve distinct roles in 

metabolism and pathogenesis  

To determine the overall exoproteome functions of the investigated S. aureus ST398 strains, 

a functional classification was performed based on the respective TIGRfam and Aureowiki 

annotations. As shown by the Voronoi treemaps in Figures 3A and 3B, the 495 identified 

extracellular proteins can be grouped according to seven top-level functions and sixteen sub-
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level functions.  

 

 

Figure 3. Functional categories and relative abundance of identified extracellular proteins from the 

investigated LA-ST398 and human-originated ST398 S. aureus strain. Voronoi treemaps in the panels 

on the left show the “top level functions” (TIGRfam level 1) and “sub level functions” (TIGRfam level 

2). The different functional categories are marked in different colors, and the size of each functional 

category is proportional to the number of identified proteins with the respective function. Voronoi 

treemaps on the right represent the relative abundance of individual extracellular proteins from LA-

ST398 strains (top-right panel) or human-originated ST398 strains (bottom-right panel). Each protein 

is represented by a polygon-shaped tile and its relative average protein abundance is indicated in color 

code. 

 

The vast majority of identified extracellular proteins were involved in metabolism (27.4%), 

followed by genetic information processing (26.8%), cellular functions (19.8%), cell envelope 

(9.3%) and environmental interaction (5.2%). The relative abundances of different identified 

proteins corresponding to the different functional categories are shown for the LA-ST398 and 

human-originated groups of strains in Figures 3C and 3D, respectively. The most abundant 
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proteins in both groups of strains are the well-characterized immunodominant staphylococcal 

antigen A (IsaA), the DNA-binding protein HU, the immunoglobulin-binding protein (Sbi), the 

extracellular fibrinogen-binding protein (Efb), thermonuclease, and the iron-regulated surface 

determinant proteins A and B (IsdA, IsdB). These proteins all belong to the ST398 core 

exoproteome, displaying a diverse range of functions, such as iron acquisition and 

metabolism, cell wall and capsule biogenesis, DNA metabolism, and immune evasion. Their 

dominant expression as observed in this study is likely to be important for most S. aureus 

isolates as has been described before [36-38]. Among the 52 identified typical secretory 

proteins, 27 are known toxins and superantigens, while 6 are involved in pathogenicity and 

host colonization. Notably, the abundance of some identified toxins or virulence factors differs 

largely between the two groups of ST398 strains. In particular, the LA-ST398 strains produced 

on average higher amounts of Phospholipase C (Hlb) and the von Willebrand binding protein 

(vWbp). In contrast, the human-originated ST398 strains produced on average higher amounts 

of the CHIPS and SCIN proteins. In addition, a higher number of identified extracellular 

proteins (n=114) from the LA-ST398 strains was involved in metabolic functions as compared 

to the human-originated ST398 isolates (n=84). Collectively, these differences most likely 

reflect the different requirements for competitive success in the different ecological niches 

occupied by the LA-ST398 and the human-originated ST398 strains investigated in this study.  

Distinctive virulence factor signatures of LA-ST398 and human-originated ST398 strains 

To obtain more comprehensive insights into the pathogenic traits of the two groups of ST398 

strains, the presence and levels of known virulence factors identified in the exoproteomes of 

the different investigated strains were inspected in detail. The relative abundance of these 

known virulence factors per exoproteome is presented in Figure 4. Overall, 47 distinct 

virulence factors were identified ranging from bacterial adhesion factors, exoenzymes, and 

immune evasion factors to toxins. Twenty of these factors are expressed to similar levels by 

at least 80% of the investigated strains, including Aur, ClfB, EbpS, IsdA, IsdB, MntC and SpA, 

with MntC being expressed at close to identical levels by all investigated isolates (Figure 4, top 

row). The remaining 27 virulence factors displayed a highly heterogeneous expression pattern 
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among the investigated strains and this concerned, in particular, cytolytic toxins, such as Hlb, 

Hld, LukD, LukE, PSMβ1 and PSMβ2. Further, it is noteworthy that the three pvl-positive 

strains of clade 1.6b did not detectably produce the Panton-Valentine leukocidin (PVL)-toxin, 

which specifically affects human neutrophils and is commonly present among community-

acquired MRSA strains. Likewise, the only strain carrying the enterotoxin gene sea, also 

belonging to clade 1.6b, did not detectably express this superantigen that has been implicated 

in food poisoning. On the other hand, several toxins (SSL1, SSL2, SSL7 and SSL11) belonging to 

the staphylococcal superantigen-like (SSL) family, which actually exhibit no super-antigen 

activity [39], were detected among the virulence factors produced by the investigated ST398 

strains (Fig. 4). 
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Figure 4. Extracellular virulence factors of the investigated LA-ST398 and human-originated ST398 

strains. (A) A total number of 48 virulence factors was identified in all the investigated S. aureus ST398 

isolates. Color-coded bars represent the identified proteins and their relative abundance based on 

normalized spectral counts. (B) The presence of the SCIN protein was assessed by Western blotting 

using the SCIN-specific monoclonal antibody 6D4. 

 

Most of the human-originated ST398 isolates were previously shown to harbor the β-

hemolysin-converting prophage ϕSa3, which may carry the human-specific immune evasion 

cluster genes chp, scn and sak [6]. Indeed, the CHIPS protein was only detected in 9 of the 13 

(70%) investigated human-originated ST398 strains. Further, the SCIN protein was identified 

in 7 (54%) of the human-originated strains and SAK was identified in 6 (46%) of the human-

originated ST398 strains. Together, these observations imply that the CHIPS and SCIN proteins 

may be regarded as proteomic markers for the human-originated S. aureus ST398 population. 

This idea was verified by Western blotting with the SCIN-specific monoclonal antibody 6D4, 

using the same protein samples that were used for the MS analyses [25]. As shown in Figure 

4B, the SCIN protein was only detectable in human-originated isolates. In fact, the Western 

analysis detected SCIN also among the extracellular proteins of the human-originated strain 

8#68, where this protein remained undetected by MS. However, in this respect one should 

bear in mind that a lack of identification of a particular protein by MS does not necessarily 

mean that this protein is completely absent from the respective sample. In contrast to the IEC 

proteins, the phospholipase C encoded by the hlb gene was identified in all of the LA-ST398 

strains, whereas it was detected only in 2 (15%) of the human-originated ST398 strains. This 

implies that the phospholipase C may be regarded as a marker of the LA-ST398 population. A 

virulence factor that was predominantly detected in the LA-ST398 strains is the von 

Willebrand factor binding protein, which was identified in 10 (59%) of the LA-ST398 strains, 

whereas it was detected in only one of the investigated human-originated ST398 strains. 

Remarkably, the gene for this protein is present in all LA- and human-originated ST398 strains, 

so its detectable expression under the present experimental conditions is a more frequently 

occurring feature of the investigated LA-ST398 strains.   
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A Galleria mellonella infection model reveals heterogeneity in the virulence of LA-ST398 and 

human-originated ST398 strains 

Since substantial exoproteome differences were observed between the LA-ST398 and the 

human-originated ST398 strains, we asked the question to what extent this exoproteome 

heterogeneity is reflected in the virulence of strains belonging to either of these two groups. 

As a first approach to answer this question, a Galleria mellonella larval infection model was 

employed in which the bacteria are challenged primarily by the innate immune system of the 

larvae. To this end, bacteria were cultured in RPMI medium to an OD600 of 0.5, collected by 

centrifugation, and washed and resuspended in PBS. Next, 10 μL aliquots of each strain (2.5 × 

105 CFU) were used to inoculate 30 larvae. As shown in Figure 5, at 48 h post infection the 

different investigated strains displayed substantial heterogeneity in larval killing. While 

isolates belonging to some particular sub-clades showed comparable larval killing within the 

respective sub-clade (e.g. 2.4b, 2.2b, 1.6a/b, and 1.2), strains belonging to other sub-clades 

showed quite distinct larval killing rates. To investigate which proteins could be associated 

with the observed intra-sub-clade differences in larval killing, the MS data of the respective 

strains were subjected to pairwise comparisons. Interestingly, a limited number of the 

identified extracellular proteins were significantly correlated with the killing of G. mellonella 

larvae. In particular, comparison of extracellular proteins from the more virulent LA-ST398 

clade 2.2b with those from the less virulent clades 2.2a, 2.4b, 2.1 and 2.3 highlighted elevated 

extracellular levels of the immunoglobulin-binding protein Sbi, the MHC class II analog protein 

Map, coagulase and the N-acetylmuramoyl-L-alanine amidase Sle1 for strains of clade 2.2b 

(Supplementary Table S3). Also, the strains of clade 2.2b were the only ones to detectably 

produce the FPRL1 formyl peptide receptor-like 1 inhibitor FLIPr (Figure 4A). Furthermore, 

comparison of extracellular proteins from the more virulent LA-ST398 clade 2.6 with those 

from the less virulent clades 2.2a, 2.4b, 2.1 and 2.3 highlighted elevated extracellular levels of 

Sbi, Sle1, and aureolysin for strains belonging to clade 2.6 (Supplementary Table S3). In 

contrast, comparisons of human-originated ST398 strains with different virulence resulted 

only in the detection of significantly elevated extracellular aureolysin levels for strains 
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belonging to clade 1.2. 

 

 

Figure 5. Virulence profile of the 30 investigated S. aureus ST398 isolates in G. mellonella. To profile 

the virulence of the investigated S. aureus ST398 strains, three independent G. mellonella infection 

experiments were performed. Per experiment, each investigated S. aureus ST398 strain was used to 

inoculate 10 G. mellonella larvae (30 larvae/strain in total). Each individual larva was inoculated with 

2.5 × 105 CFUs of the respective S. aureus ST398 strain. Larval killing was assessed at 48 h post 

inoculation. All values are the mean ± the standard deviation of the three independent infection 

experiments. 

 

 

Figure 6. Attenuation of Sbi- and SpA-deficient S. aureus strains in the G. mellonella infection model. 

(A) Survival curves of G. mellonella larvae (n=30) inoculated with 2.5 × 106 CFUs of S. aureus strain USA 

300 or the isogenic sbi mutant strain. (B) Survival curves of G. mellonella larvae (n=30) inoculated with 

2.5 × 106 CFUs of S. aureus strain Newman or the isogenic spa mutant strain. Larval survival was 

assessed at 24, 48 and 72 h post infection. The statistical significance of the observed differences in 

the larval survival was assessed using a Wilcoxon test (Δsbi versus USA 300, P=0.0484; Δspa versus 

Newman, P=0.0068). 
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To verify possible effects of some of these extracellular proteins on virulence, we tested sbi 

and spa single mutant strains along with the respective parental strains in the G. mellonella 

infection model. Specifically, each of the investigated strains was used to infect 30 larvae, 

where a bacterial suspension of 10 μL containing 2.5 × 106 CFUs in PBS was used per larval 

inoculation. Subsequently, the larval mortality was monitored over 72 h. As shown in Figure 

6, both the sbi and spa mutants displayed significant lower killing rates compared to the 

respective wild-type. This implies that both the SpA and Sbi proteins contribute to larval killing 

activity, as was predicted based on the correlation of the present exoproteome data to the 

killing of G. mellonella larvae. 

Human-originated ST398 strains are on average more cytotoxic than LA-ST398 strains in a 

HeLa cell infection model  

To gain insights into the cytotoxicity of LA-ST398 strains and human-originated ST398 strains 

in a non-professional phagocyte infection model, we employed HeLa cells. These cells were 

challenged at a MOI of 50 with PBS-diluted S. aureus that had been cultured in RPMI medium 

as described above for the G. mellonella infection experiments. Upon 3 h incubation, any non-

internalized bacteria were eliminated by washing the cells twice in fresh medium, and by 

bacterial killing with lysostaphin immediately after the last washing step. Subsequently, the 

cell viability was assayed by measuring the reduction of MTT. As shown in Figure 7, the LA-

ST398 strains displayed on average a higher cytotoxicity than the human-originated ST398 

strains. Further, in both groups of strains we observed heterogeneity in cytotoxicity, but a 

greater extent of heterogeneity was observed for the LA-ST398 strains. Intriguingly, the 

observed variations in cytotoxicity cannot be directly reconciled with the patterns of virulence 

factors as presented in Figure 4A. This most likely means that the observed cytotoxicity relates 

to the combined effects of multiple virulence factors, which obscures the impact of individual 

virulence factors.  

Notably, contrary to the results obtained in the G. mellonella infection model, isolates 

belonging to most investigated sub-clades showed comparable levels of cytotoxicity within 

the respective sub-clade (e.g. 2.4a, 2.3, 2.1, 2.2a, 1.6b, 1.3 and 1.4). Only strains belonging to 
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the sub-clades 2.6, 2.4b, 2.2b and 1.2 displayed highly distinct cytotoxicity in the HeLa cell 

infection model. To investigate which proteins could be associated with the observed intra-

sub-clade differences in cytotoxicity, the MS data of the respective strains were first subjected 

to pairwise comparisons. In particular, a comparison of the extracellular proteins from the 

more cytotoxic LA-ST398 clade 2.3 and 2.2b with those from the less virulent clade 2.1 

highlighted elevated extracellular levels of the proteins Map, Sbi and coagulase 

(Supplementary Table S3). However, other comparisons did not pinpoint particular virulence 

factors as being critical for cytotoxicity of the LA-ST398 or human-originated ST398 strains. 

 

 

Figure 7. Cytotoxicity profile of the 30 investigated S. aureus ST398 isolates in HeLa cells. Hela cells 

were infected with bacteria at a MOI of 50:1. Upon 3 h incubation, the non-internalized bacteria were 

eliminated by washing the cells twice in fresh medium, and by bacterial killing with lysostaphin 

immediately after the last washing step. Subsequently, the HeLa cell viability was assayed by 

measuring the reduction of MTT. The results are presented as the percentage of MTT reduction relative 

to the uninfected control. The cytotoxicity of each S. aureus ST398 strain was assessed in three 

independent experiments. The two red lines mark the average MTT reduction upon HeLa cell infection 

with the investigated LA-ST398 or human-originated ST398 strains, respectively. 

 

HeLa cell killing by purified SCIN and CHIPS proteins 

As is clearly evident from Figure 4, a common feature of many human-originated ST398 

isolates is the production of the IEC proteins SCIN and CHIPS. Therefore, we investigated to 
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what extent these two virulence factors may contribute to the staphylococcal cytotoxicity in 

our HeLa cell infection model. To this end, the SCIN and CHIPS proteins were heterologously 

overexpressed with a His6-tag in L. lactis and purified by metal affinity chromatography as 

shown in Figure 8A. As a control, the LysM subdomain of the S. aureus Sle1 protein was 

similarly overproduced in L. lactis and purified (Fig. 8A). Of note, it was anticipated that this 

LysM domain would not be cytotoxic based on previous studies where possible medical 

applilcations of LysM domains were investigated [40]. Subsequently, HeLa cells were 

incubated for 24 h with different amounts of the purified proteins and MTT reduction was 

subsequently assayed to evaluate the HeLa cell viability. As shown in Figure 8B, the incubation 

of HeLa cells with either SCIN or CHIPS resulted in a significant reduction of HeLa cell viability 

compared to the negative control protein LysM, and this effect was concentration-dependent. 

This observation shows that both SCIN and CHIPS are cytotoxic for HeLa cells, and it implies 

that these two proteins contribute to some extent to the higher cytotoxicity of the 

investigated human-originated ST398 strains.  

 

Figure 8. Cytotoxicity of the SCIN and CHIPS proteins. (A) LDS-PAGE analysis of the purified S. aureus 

SCIN and CHIPS proteins, and the LysM domain of the S. aureus Sle1 protein. (B) To assay the 

cytotoxicity of SCIN, CHIPS and LysM domain, HeLa cells were incubated with different amounts of the 

purified proteins for 24 h. Subsequently, the viability of the HeLa cells was assayed by measuring the 

reduction of MTT. The statistical significance of the observed differences in the killing of HeLa cells was 
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assessed using one-way ANOVA and a subsequent Dunnett correction to adjust the P-values (SCIN 5 

μg/ml vs. LysM 5 μg/ml, P<0.0001; CHIPS 5 μg/ml vs. LysM 5 μg/ml, P<0.0001; SCIN 2 μg/ml vs. LysM 

2μg/ml, P=0.0053; CHIPS 2 μg/ml vs. LysM 2μg/ml, P=0.0003; SCIN 1 μg/ml vs. LysM 1μg/ml, P=0.0102; 

CHIPS 1 μg/ml vs. LysM 1μg/ml, P=0.0006). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; 

P < 0.05 was considered significant. 

 

Discussion   

The successful adaptation of S. aureus ST398 to different host niches in combination with the 

acquisition of genes for a wide range of different virulence factors has turned this 

staphylococcal lineage into a serious threat for public health. This is underscored by 

epidemiological and genetic studies, which uncovered considerable variations in 

staphylococcal ST398 isolates, especially with respect to MGEs, such as prophages, plasmids 

and pathogenicity islands [6, 8, 11]. Nevertheless, our understanding of the actual expression 

of virulence factors by strains belonging to the ST398 lineage and their collective impact on 

overall pathogenicity is still limited. Therefore, in the present study, we performed a large-

scale exoproteome comparison for 30 clinical S. aureus ST398 strains in combination with an 

assessment of their virulence. These 30 strains, which were isolated in Europe and China 

represent a wide range of epidemiological and genomic backgrounds. An important outcome 

of the present study is the identification of proteomic signatures for staphylococcal virulence 

and host adaptation. In addition, the comparative analyses guided the identification of the 

Sbi, SpA, SCIN and CHIPS proteins as important staphylococcal virulence factors in different 

infection scenarios.  

While the 30 investigated strains show a high degree of genomic relatedness, our MS analyses 

still revealed substantial heterogeneity in their exoproteomes. In fact, merely 40 extracellular 

proteins were found to be produced by all investigated ST398 isolates, whereas 131 proteins 

were identified in only one or two of these isolates. This is reminiscent of what was previously 

observed for a set of genetically tightly related isolates of S. aureus with the spa type t437 

from Europe and China [38]. However, the S. aureus isolates with spa type t437 showed also 

substantial variation in the overall numbers of identified extracellular proteins, whereas this 
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variation was not observed for the here investigated S. aureus ST398 isolates. On the contrary, 

rather homogeneous exoproteome patterns were previously observed for isolates of the 

USA300 lineage from the Copenhagen area in Denmark. Nonetheless, the variations that were 

observed in the exoproteomes of these USA300 isolates distinguished HA-MRSA isolates from 

CA-MRSA isolates [41]. Together, the previous and present observations suggest that the 

degree of exoproteome heterogeneity displayed by strains belonging to particular S. aureus 

lineages depends, most likely, on the respective lineage, their geographical distribution, and 

the host from which they were isolated.  

Of note, the observed exoproteome heterogeneity in strains belonging to S. aureus ST398 or 

spa type t437 was mostly related to a differential abundance in the identified ECPs. The 

release of typical cytoplasmic proteins into the culture supernatant is a common physiological 

feature of clinical isolates of S. aureus and many other microorganisms [22, 42, 43]. Among 

the 495 extracellular proteins that we identified for S. aureus ST398, ~63% were predicted to 

be located in the cytoplasm, and these ECPs represented ~48% of the extracellular protein 

abundance. Of note, the numbers of identified ECPs differed substantially among the 30 

investigated ST398 isolates, ranging from 51 to 246. In contrast, a recent exoproteome 

comparison for 18 S. aureus isolates belonging to CC8, CC22 and CC398 revealed a rather 

homogeneous protein pattern with 607 identified cytoplasmic proteins accounting for ~70% 

of the identified proteins, but only for ~13% of the extracellular protein abundance [36]. Such 

variations may reflect the existence of different mechanisms in the excretion of ECPs, which 

include destabilization of the cell envelope caused by autolysins like Atl, prophage activity 

and/or cytolytic toxins [44]. In the present data set, variations in the numbers of different 

identified ECPs cannot be correlated to Atl because the exoproteomes of the different 

investigated strains contained comparable amounts of Atl (Supplementary Table S1). This 

implies that Atl is not a major contributor to the excretion of ECPs by ST398 strains. On the 

other hand, three phage-associated proteins, namely the major tail protein (B9DJ00), the 

major capsid protein (M1SVC5) and the phage infection protein (Q5HKT0), were exclusively 

detected in those isolates that displayed the highest abundance of ECPs (Supplementary Table 



 

90 
 

1). This observation is fully in line with our previous observation that the detection of ECPs of 

S. aureus strains with spa t437 was correlated with phage activity. Clearly, this is not the case 

for all S. aureus lineages, as Pasztor et al. demonstrated that the elimination of prophages 

ϕ11, 12 and 13 from the S. aureus strain 8325-4 had no marked influence on the release of 

ECPs [44]. Another mechanism that facilitates the appearance of ECPs concerns the expression 

of α-type phenol-soluble modulins (PSMα), which weaken the cytoplasmic membrane of the 

producing bacteria, resulting in the release of not only ECPs, but also lipids, nucleic acids and 

ATP [45]. At present, we cannot exclude the possibility that the PSMα toxins also contribute 

to the release of ECPs by ST398 strains, because these very small proteins (20-30 residues) are 

difficult to detect by MS. Lastly, it is important to note that it was recently shown for isolates 

of the USA300 lineage that specific patterns of ECPs reflect metabolic niche adaptations that 

are governed by differential activity of major staphylococcal regulators of gene expression 

[46]. It is well conceivable that differential gene regulation is, at least in part, also responsible 

for the here observed exoproteome heterogeneity.   

Presumably, the S. aureus ST398 lineage has gone through at least two host changes in its 

evolutionary history, being transmitted from humans to livestock and, more recently, back to 

the human host [7]. The accompanying adaptations were driven by the specific conditions in 

the ‘new’ host and the challenges imposed by the new host’s immune defenses. This imposed 

the need for altered expression of virulence factors and/or the acquisition of new virulence 

factors necessary for successful adaptation to the new host. This appears to be reflected by 

the combined genomic and proteomic data. For instance, the phylogeny of the investigated 

ST398 strains based on the core genome as presented in Table 1 suggests that the human-

originated strains are genetically more diverse than the LA-ST398 strains, whereas the 

exoproteomes of the human-originated strains are less diverse.   

A major aim of our current study was to pinpoint critical changes in the exoproteome that 

reflect specific host adaptations to the animal or human host settings. Thus, we made a first 

attempt to correlate our exoproteome data to the bacterial virulence as determined with the 

help of two different infection models, namely the larvae of the wax moth G. mellonella and 
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the human HeLa cell line. Infection outcomes observed in the G. mellonella infection model 

were previously shown to correlate well with the outcomes in murine infection models for a 

number of different opportunistic human pathogens [19]. However, in contrast to mice, G. 

mellonella is only capable of mounting innate immune responses with the aid of phagocytic 

cells [18]. Consistent with this view, it was intriguing to see that the correlation of quantitative 

proteomic signatures to virulence in the G. mellonella infection model highlighted the Sbi 

protein as an important virulence factor, a cue that was subsequently confirmed by infecting 

larvae with a sbi mutant strain that was shown to be attenuated in larval killing. Sbi is an 

immunoglobulin-binding protein produced by many strains of S. aureus, which was previously 

characterized as an immune evasion factor that helps bacteria to avoid innate immune 

defenses via interfering with opsonophagocytosis [47]. Possibly, this is also the case when S. 

aureus infects G. mellonella, although indirect effects due to the absence of Sbi on the surface 

of infecting bacteria cannot be excluded. Similar to Sbi, also the SpA protein was associated 

with larval killing in the G. mellonella model and a role for SpA in the infective process was 

subsequently verified by showing that S. aureus cells lacking the spa gene were attenuated. In 

fact, this result is consistent with previous studies showing that SpA is an important 

determinant for S. aureus virulence in a murine septic arthritis model [48]. For the HeLa cell 

model, it turned out somewhat harder to link particular extracellular virulence factors to 

cytotoxicity, but it is noteworthy that similar to the G. mellonella model the Sbi protein was 

recognized as one of the distinguishing features for HeLa cell cytotoxicity. Importantly, the 

HeLa cell infection model also allowed validation of the involvement in cytotoxicity of the S. 

aureus CHIPS and SCIN proteins, which are exclusively produced by human-originated ST398 

strains. Consistent with the view that the human-originated ST398 strains are overall more 

cytotoxic than the LA-ST398 strains, it was observed that the purified CHIPS and SCIN proteins 

are toxic for HeLa cells, unlike the purified control protein. While the latter two proteins are 

very well-characterized as immune evasion proteins [12], the observation that they may have 

cytotoxic properties is novel. 
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Conclusion 

The present study highlights the proteomic signatures that distinguish strains belonging to the 

livestock-associated and human-originated S. aureus ST398 lineage. A remarkable observation 

was that the exoproteomes of the human-originated strains were more similar to each other 

compared to the exoproteomes of the LA-ST398 strains, despite the fact that the latter strains 

were more closely related to each other. This is suggestive of particular proteomic adaptations 

being crucial for the reintroduction of S. aureus ST398 from livestock into the human 

population. Among these adaptations, but apparently not strictly required, is the acquisition 

of the immune evasion proteins CHIPS, SCIN and Sak. Of note, our present study shows that 

at least CHIPS and SCIN do have some cytotoxic properties next to their established roles in 

immune evasion by, respectively, inhibiting chemotaxis and complement. Further, the here 

presented experiments with the G. mellonella infection model uncovered a, thus far, 

overlooked involvement of the immune evasion proteins Sbi and SpA in the staphylococcal 

killing of larvae. Whether this reflects direct or indirect effects of Sbi and SpA remains to be 

shown, but the observed effects are fully consistent with the established roles of these 

proteins in staphylococcal infection in humans.  
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Abstract  

The rise of multi-drug resistance in bacterial pathogens imposes the need to study these 

organisms from new angles. A little explored outset is to scrutinize bacterial niche adaptations 

and interactions among pathogenic and commensal bacteria, because they can provide a 

better understanding of the fitness of pathogens in their human host. We have previously 

shown that co-culturing of the pathogen Staphylococcus aureus with co-resident Klebsiella 

oxytoca or Bacillus thuringiensis wound isolates resulted in reduced levels of virulence factor 

secretion, suggesting that the presence of these co-resident bacteria would modulate S. 

aureus virulence. In the present study, we performed an in-depth investigation of changes in 

S. aureus gene expression upon co-cultivation with K. oxytoca and B. thuringiensis under 

infection-mimicking conditions. To this end, we profiled the cellular proteomes of the co-

existing bacteria with special focus on S. aureus. In parallel, we employed RNA sequencing to 

highlight global changes in staphylococcal behaviour. The results imply that co-colonizing 

bacteria from chronic wounds can pacify S. aureus, and this conclusion was verified in a 

Galleria mellonella infection model. Altogether, our findings show that the presence of K. 

oxytoca and B. thuringiensis leads to massive rearrangements in S. aureus physiology and 

substantial reduction in virulence. 
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Introduction  

With the rise of highly antibiotic-resistant bacterial strains − sometimes referred to as 

‘superbugs’ (1, 2) − due to the indiscriminate use of antibiotics and the versatility of bacterial 

genomes, there is a need to study human pathogens from new and different angles. An 

essential but little explored outset is to scrutinize bacterial niche adaptations and the 

interactions among commensal and pathogenic bacteria, since they may hold the key to better 

understanding their use of resources, coexistence, and perpetuation in the host. 

Staphylococcus aureus is an excellent example of an opportunistic bacterium that can thrive 

in different environments and hosts as a result of its ability to swiftly adapt. The methicillin 

(MRSA) and vancomycin resistant (VRSA) strains have raised the alarm as a public health 

concern (3-6), with presently no descry of an effective vaccine to tackle the issue (7-10) . 

Hence, persuaded by these facts, in a previous study we examined S. aureus relations with co-

existing bacteria (11). In particular, we isolated bacteria from the same chronic wound of a 

patient with epidermolysis bullosa, a congenital disease characterized by blistering of the skin 

and mucosae resulting in extensive injuries. The investigated strains included two S. aureus 

isolates with spa types t111 and t13595, one Klebsiella oxytoca isolate (Ko) and one Bacillus 

thuringiensis isolate (Bt). After learning that these bacteria allowed each other’s colonies close 

and even overlapping growth on solid agar, we investigated their exoproteomes in mono and 

co-cultures. An overall reduction of proteins identified in the staphylococcal extracellular 

proteome when cultured with Ko or Bt was observed. This included a noticeable decline of 

known virulence factors and so-called ‘extracellular cytoplasmic proteins’ (ECPs), which are 

cytosolic proteins that can be released into the extracellular milieu through different 

mechanisms (12-16). Furthermore, even though the genomes of the two S. aureus strains 

were highly related, their exoproteomes displayed a different constellation of proteins that 

did not change upon co-cultivation. In fact, this pointed to a cooperative behaviour, where 

the t111 strain displayed a specialization towards the acquisition of iron, and the secretion of 

virulence factors and cell adhesion proteins, while the extracellular proteins of the t13595 
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isolate were predominantly related to cell-redox and homeostasis processes and the 

promotion of persistence (11) 

Contrary to previous observations on in vitro co-cultures with Pseudomonas aeruginosa (17, 

18), the exposure of S. aureus to Ko or Bt did not result in an upregulation of virulence factors. 

This raised the question whether the presence of Ko or Bt was indeed modulating S. aureus 

virulence. Based on these observations, we were motivated to thoroughly investigate the 

changes in staphylococcal gene expression upon co-cultivation with the above-mentioned 

wound-colonizing bacteria. In the present study, we therefore profiled the cytosolic 

proteomes of the co-existing bacteria with special focus on S. aureus. In parallel, we employed 

RNA sequencing to highlight the global changes in staphylococcal behaviour upon co-

cultivation employing different infection- and wound colonization-mimicking conditions. 

Lastly, we applied a Galleria mellonella infection model with the purpose of verifying our 

hypothesis that co-colonizing bacteria from a chronic wound environment may actually pacify 

S. aureus. In brief, the present observations show that the co-cultivation of S. aureus with Ko 

or Bt leads to massive rearrangements in the staphylococcal physiology and a substantial 

reduction in virulence. 

 

Materials and methods  

Strains and growth conditions 

Wound isolates of S. aureus (t111 and t13595), K. oxytoca (Ko) and B. thuringiensis (Bt) were 

obtained in a previously documented study (11). To obtain protein extracts and RNA, bacteria 

were grown overnight on Tryptic Soy Broth (TSB) under vigorous shaking at 37ºC. The next 

morning, cultures were diluted to an optical density at 600 nm (OD600) of 0.05 in pre-warmed 

Roswell Park Memorial Institute 1640 medium (RPMI; GE Healthcare) without phenol red, and 

culturing was continued in a water bath under constant shaking (80–85 rpm) at 37ºC until an 

OD600 of ±0.5 was reached. Main cultures were started under the same conditions in 120 mL 

pre-warmed RPMI medium. The monocultures were initiated with an OD600 of 0.05 while co-
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cultures were inoculated with an OD600 of 0.025 of each isolate to a total of 0.05. Given that 

an OD600 of 0.5 contained a total of ~200⨯106 colony-forming units (CFU) per mL for t111, 

t13595 and Ko, and ~15⨯106 CFU/mL for Bt, the inoculated cultures corresponded to ~20⨯106 

CFU/mL for t111, t13595 and Ko and to ~1.5⨯106 CFU/mL for Bt. To mimic biofilm conditions 

as encountered in a chronic wound environment, serial dilutions were performed with 

monocultures or mixed cultures of t111, t13595, Bt plus Ko, and these were plated onto RPMI 

agar and incubated at 37ºC for 24 h to form a homogeneous plate with covalescent individual 

colonies. 

Preparation of protein extracts 

For proteome isolation, samples were collected at mid-exponential phase (2-2.5 h, OD600 ±0.5) 

and at 90 min within the stationary growth phase (4-5 h, OD600 ±1.0). The ratios of different 

bacteria sampled from the co-cultures remained nearly the same with the exception of the 

co-cultures of S. aureus and Ko, where Ko grew 1.5 times faster than S. aureus t111 and 1.7 

times faster than S. aureus t13595. Cell pellets from pure and mixed cultures were collected 

by centrifugation (10 min, 8000 x g, 4ºC) from 2 mL culture aliquots, resuspended in 500 L of 

TE buffer (50 mM Tris, 10 mM EDTA, pH 7.5), lysed with glass beads, and centrifuged (2 min, 

1400 rpm, 4ºC). The supernatant was transferred into a new cup and centrifuged again (10 

min, 1400 rpm, 4ºC). Protein concentration measurement was performed with the Bio-Rad 

DC Protein Assay. Protein enrichment was carried out using the StrataClean affinity resin 

(Agilent Technologies, Santa Clara, CA) as described by Otto et al 2017 (19). Briefly, 20 L of 

StrataClean suspension were aliquoted to a low protein binding tube and primed in 37% HCl 

at 100ºC for 6 h. HCl was discarded by centrifugation (5 min, 3500 x g, RT). Beads were washed 

twice with 200 L sample buffer, resuspended in sample solution (20 g protein/mL; 50 mM 

Tris-HCl, 10 mM EDTA, pH 8), and incubated overnight in an over-head shaker at 4ºC. 

Supernatant was removed upon centrifugation (45 min, 10,000 x g, 4ºC) and beads were 

washed with 1 mL of distilled water (5 min, 20,000 x g, 4ºC). Beads with bound proteins were 

vacuum-dried for 20 min, and resuspended in 30 L of 50 mM triethylammonium bicarbonate 

buffer (TEAB; Sigma Aldrich, Missouri, USA). Proteins on the beads were denatured by the 
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addition of 20 L of RapiGest (Waters, Massachusetts, USA), reduced by 0.5 mg/13.58 L 

tris(2-carboxyethyl) phosphine hydrochloride solution pH >7.0 (TCEP; Sigma Aldrich, Missouri, 

USA), and incubated at 65ºC for 45 min with shaking. Samples were then alkylated by 2.5 L 

iodoacetamide (1 mg/10.8 L, 50 mM TEAB) at room temperature for 15 min in the dark. For 

enzymatic protein digestion, 1.25 L of activated trypsin was added and incubated at 37ºC for 

3 h with shaking. Digestion was stopped by adding 2 L trifluoroacetic acid (TFA) and incubated 

at 37ºC for 30 min. Digested peptides were collected in a fresh collection tube by 

centrifugation (5 min, 20,000 x g, 4ºC). Samples were desalted using C18 stage-tip purification 

(Thermo Fisher Scientific, Waltham, USA) according to the manufacturer’s protocol and dried 

until further use. 

Mass spectrometry analyses 

The digested peptides were measured online by liquid chromatography (LC) - electrospray 

ionization (ESI) mass spectrometry (MS) using an Easy-nLCII (Thermo Fisher Scientific, 

Waltham, USA). The LC was equipped with self-packed analytical columns (100 µm x 20 cm) 

containing C18 material (Phenomenex, Aschaffenburg, Germany) and coupled to an Orbitrap 

Velos Pro (Thermo Fisher Scientific, Waltham, USA). Using 0.1% (v/v) acetic acid as buffer A 

and 99.9% (v/v) acetonitrile with 0.1% (v/v) acetic acid as buffer B, and a flow rate of 300 

nL/min, a 167 min binary gradient was applied. Full scan measurements were recorded with 

a resolution of 60,000 with MS1 scan range of m/z 300 to 2000. The top 20 precursor ions 

were subsequently subjected to collision-induced dissociation with 35% normalized collision 

energy. Analysis was performed in data-dependent MS/MS mode in the linear trap 

quadrupole, rejecting singly charged ions as well as unassigned charge states. After a second 

fragmentation event, already fragmented precursor ions were omitted for 20 sec. For all 

measurements, the lock mass option was enabled (20). 

Database searching was done with Sorcerer-SEQUEST 4 (Sage-N Research, Milpitas, USA) as 

previously described (11). The *.out files were compiled and normalized spectral counts were 

obtained from the Scaffold file by adjusting the sum of the selected quantitative values for all 

proteins in the list within each MS sample to a common value: the average of the sums of all 
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MS samples present in the experiment. This was achieved by applying a scaling factor for each 

sample to each protein or protein group, adjusting in this way the selected value to a 

normalized “Quantitative Value” (21). The normalized spectral count data were exported from 

Scaffold and curated in Microsoft Excel before further analysis (Supplementary Table S1 and 

S2). 

RNA isolation  

RNA isolation was essentially performed as described by Mäder et al (22). Samples were 

collected at mid-exponential phase (2-2.5 h, OD600 ±0.5) and at 90 min within the stationary 

growth phase (4-5 h, OD600 ±1.0). Immediately after obtaining the cell pellet, 100 µl of killing 

buffer (20 mM Tris/HCl, pH 7.5, 5 mM MgCl and 20 mM NaN3) were added. Mechanical cell 

disruption was carried out with a Teflon vessel and a disruption ball filled with liquid N2 and 

pre-cooled in liquid N2 (Mikro-Dismembrator S, Sartorius, Göttingen, Germany). The resulting 

cell powder was resuspended in 4 ml of lysis solution (4 M guanidine thiocyanate, 25 mM 

sodium acetate pH5.2, 0.5% N-laurylsarcosinate 40 [w/v]; pre-warmed to 50°C) by repeated 

pipetting and transfer into 1 ml aliquots. Subsequently, one volume of acid phenol solution 

was added to the cell lysate, followed by mixing on a tube shaker (Thermomixer, Eppendorf, 

Hamburg, Germany). Centrifugation (5 min, 14000 rpm, room temperature) and supernatant 

transfer into a new tube were followed by the addition of one volume acid phenol solution 

and mixing. This procedure was repeated but with one volume chloroform/IAA. Lastly, 1/10 

volume of 3M Na-Acetate, pH 5.5 and 0.8 ml of isopropanol were added to the supernatant 

for overnight precipitation of the extracted RNA at -20°C. The precipitated RNA was collected 

by centrifugation at 4°C, where the pellet was washed twice with 0.8 ml of 80% ethanol, dried 

at room temperature, and dissolved in nuclease-free water. DNase Digestion and RNA clean-

up (Qiagen, Hilden, Germany) were performed following the manufacturer’s protocol. The 

RNA concentration was determined with a Nanodrop spectrophotometer (Thermo Fisher 

Scientific, Waltham, USA), and RNA quality assessment was carried out with an Agilent 2100 

Bioanalyzer (Agilent Technologies, Santa Clara, CA) (22). 
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RNA sequencing and analysis 

RNA sequencing was performed by PrimBio Research Institute LLC, Exton, PA, USA. 

Library preparation: cDNA libraries were constructed using the Ion Total RNA-Seq Kit v2 (Life 

Technologies, Carlsbad, CA) and the manufacturer’s recommended protocol. Briefly, 100 ng 

of enriched mRNA was fragmented for 10 min with RNAase III. Fragmented RNA was purified 

using nucleic acid binding beads, nucleic acid binding buffers and the manufacturer’s 

recommended protocol from Life Technologies Ambion. Purified samples were run on an 

Agilent 2100 Bioanalyzer to assess yield and size distribution of the fragmented mRNA. 25-50 

ng of fragmented mRNA was then hybridized with Ion Adapters in a thermocycler for 10 min 

at 65°C and 5 min at 30°C. Hybridized fragmented mRNA was then incubated for 30 min at 

30°C with ligase to ligate the adapters. The hybridized samples were then mixed with a reverse 

transcriptase master mix and incubated at 42°C for 30 min to generate cDNA libraries. The 

cDNA libraries were purified using nucleic acid binding beads, nucleic acid buffers and the 

standardized protocol by Life Technologies Ambion. The purified cDNA libraries were then 

amplified by PCR using Platinum PCR Super-Mix High Fidelity and Ion Xpress Barcode reverse 

and forward primers (Thermo Fisher Scientific) applying the following conditions: Step 1: 95°C 

for 2 min; Step 2: 94°C for 30 sec, 50°C for 30 sec, 68°C for 30 sec for 2 cycles; Step 3: 94°C for 

30 sec, 62°C for 30 sec, 68°C for 30 sec for 14 cycles; Step 4: 68°C for 5 min. The amplified 

cDNA libraries were then purified using nucleic acid binding beads, binding buffers, and run 

on an Agilent 2100 Bioanalyzer to determine the yield and size distribution of each library. 

Templating, enrichment and sequencing: approximately 100 pM of pooled barcoded libraries 

were used for templating using the Life Technologies Ion Chef 200 kit and the manufacturer’s 

recommended protocol. Briefly, 100 pM of pooled libraries were combined and 70 L of each 

sample were loaded onto the Ion Chef. Next, all reagents for the Ion Chef 200 Kit were loaded 

onto the Ion Chef and the run was performed. The Ion Chef templates, enriches and loads the 

sample onto a P1 chip. After 15 h the Chef pauses so that QC can be performed on the 

unenriched samples. After the pause, the beads were isolated and quality assessment was 

performed on a Qubit fluorometer (Thermo Fisher Scientific) to determine the percentage of 
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beads that were polyclonal. After polyclonal assessment the Ion Chef resumed running and 

loaded the samples onto a PI chip (Thermo Fisher Scientific). The loaded chip was then placed 

into an Ion Proton sequencer (Thermo Fisher Scientific) and the run was started using an Ion 

torrent RNAseq run plan that was configured based on the type of library, species, number of 

run flows required, type of plug-in required, adapter-trimming as well as other parameters 

specific to the transcriptome run. 

Transcriptome analysis: after completion of the run, the generated fastq files were 

downloaded from the PrimBio server. The quality control and mapping of the reads was done 

with SAMtools (http://samtools.sourceforge.net/). After gene expression values were 

generated, reads per kilobase per million (RPKM) values were uploaded via the Genome2D 

website (http://genome2d.molgenrug.nl/) to the T-Rex parameter-free statistical analysis 

pipeline (23). 

Galleria mellonella infections 

G. mellonella larvae of ~250 mg in the final instar stage were purchased (Frits Kuiper, 

Groningen, Netherlands), fed with wood shavings and stored in the dark at room temperature 

for not more than seven days until infection experiments were carried out. For infection 

experiments, bacteria were grown overnight in TSB under vigorous shaking at 37ºC. The next 

morning, cultures were diluted to an OD600 of 0.05 in pre-warmed RPMI medium without 

phenol red, and growth was continued in a water bath under constant shaking (80–85 rpm) at 

37ºC until the cultures reached an OD600 of ~0.5. Bacteria were collected by centrifugation at 

2700 x g for 10 min at 4°C. The cell pellets were washed by re-suspension in phosphate-

buffered saline (PBS), collected by centrifugation, re-suspended in PBS, and diluted to the 

desired number of CFU/mL as approximated, based on the OD600 of the RPMI culture. 

Infections were performed by inoculating the larvae with 10 μL aliquots of a bacterial 

suspension in PBS into the hemocoel via the last left proleg using an insulin pen (HumaPen 

LUXURA® HD, Indianapolis, USA) (24). After injection, the larvae were kept in petri dishes in 

the dark at 37°C, and mortality was monitored after 24 and 48 h post infection. Larvae were 

considered dead when they displayed no movement after being touched with a sterile 



 

108 
 

inoculation loop. The virulence of each investigated isolate was tested in triplicate using 15 

larvae per experiment (n=45), and for each of these three biological replicates larvae from 

different batches were used. Data from all infection experiments were combined to calculate 

the average mortality. For control, one group (n=15) of larvae was injected with 10 μL of PBS 

to monitor the impact of physical trauma, a second group (n=15) was injected with 2.5 × 107 

CFU of heat-killed bacteria to monitor potentially lethal effects caused by toxic bacterial 

components, and a third group (n=15) received no injection at all. 

 

Results 

Profiling of the S. aureus cellular proteome reflects decreased virulence upon culturing with 

K. oxytoca 

As a first approach to chart the physiological changes in S. aureus upon culturing in the 

presence or absence of Bt or Ko, we profiled the cellular proteome of the bacteria cultured in 

isolation or in co-culture as graphically represented in Figure 1. Of note, we used the tissue 

culture medium RPMI for this purpose, because it was shown in a previous analysis that the 

gene expression signatures of S. aureus grown in RPMI or human plasma closely resemble 

each other (22). Intriguingly, the proteome profiling revealed highly similar patterns of 

proteins expressed in the exponential and stationary growth phases. Therefore, we describe 

the features observed in the stationary phase in Figures 2 and 3, while we present our analysis 

of exponential phase phenomena in the Supplementary Figure S1 and Tables S1, S3 and S5. 
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Figure 1. Experimental workflow. For experiments with planktonic cells, both S. aureus isolates were 

grown in RPMI liquid media. In the monoculture conditions, each isolate was grown separately, as 

described in the Materials and Methods section. Co-cultures were established by combining each 

isolate with only one other isolate. Instead, in the biofilm-mimicking experiments, all four isolates were 

jointly plated on one RPMI agar plate to simulate the bacterial co-residence in the wound environment. 

 

Firstly, to portray the overall changes among experiments, we noticed that the total number 

of identified cellular proteins of S. aureus was reduced when grown in the presence of Bt or 

Ko. Specifically, 142 different proteins were identified in the monocultures of the t111 isolate 

and 140 in monocultures of the t13595 isolate. In contrast, when co-cultured with Bt, the 

number of identified proteins decreased to 93 and 117 for the t111 and t13595 isolates, 

respectively. An even more drastic reduction in the number of identified proteins was 

observed upon co-cultivation with Ko, where the numbers of identified proteins decreased to 

45 for the t111 isolate and 32 for the t13595 isolate (Figure 2A and Table S2). On the other 

hand, the total numbers of proteins identified for Bt and Ko were also reduced in co-cultures 

with the S. aureus isolates but their numbers did not drop so drastically (Figure 2B). 
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Figure 2. Cellular proteins identified per culture. (A) Total number of proteins of S. aureus t111 and 

t13595 identified upon monoculture or co-culturing with B. thuringiensis (+Bt) or K. oxytoca (+Ko). (B) 

Total number of proteins of B. thuringiensis or K. oxytoca identified upon monoculture or co-culturing 

with S. aureus t111 (+t111) or t13595 (+t13595) isolates. 

 

To better understand the changes in the cellular proteome, we classified the proteins into six 

global functional categories (Figure 3, Supplementary Figure S1). This revealed that the 

staphylococcal proteins that were no longer detected when the bacterium was co-cultured 

with Bt or Ko related to intermediary metabolism processes (Tables S3 and S4), information 

pathways (e.g. the SarA regulator), cell envelope and cellular functions (e.g. the essential SecA 

and PrsA components of the general secretion pathway and the FtsH quality control protease 

in the t111 isolate), cell redox homeostasis (especially in the t13595 isolate), and virulence 

(e.g. the elastin-binding protein EbpS and extracellular adherence protein Eap/Map). 
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Figure 3. Visualization of global predicted functions of cellular proteins identified in all 

staphylococcal cultures (stationary phase). Panel A shows only proteins of the S. aureus t111 isolate. 

The area on the top shows the proteins detected only in monoculture. The lower left area shows the 

uniquely detected proteins when the t111 isolate was co-cultured with B. thuringiensis and the lower 

right area shows the uniquely identified staphylococcal protein when the t111 isolate was co-cultured 

with K. oxytoca. Panel B illustrates the exclusively the identified proteins of the S. aureus t13595 isolate 

upon monoculture or co-culture with B. thuringiensis or K. oxytoca. Panel C depicts the proteins of S. 

aureus t111 and t13595 grown in monoculture in the bottom areas, while the upper area shows the 

proteins identified upon co-culturing both S. aureus isolates.  
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Perhaps even more surprisingly, co-culturing triggered the identification of only few additional 

proteins, if any (Figure 3A and 3B). For example, co-cultures of the t111 isolate with Bt only 

displayed five ‘unique’ staphylococcal proteins (i.e. the vegetative protein 296, ribonuclease 

J1, ketol-acid reductoisomerase, ESAT-6 secretion system extracellular protein A [EsxA], and 

N-acetyltransferase SAV1176), while co-cultures of the t111 isolate with Ko expressed just one 

unique staphylococcal protein (i.e. the FMN-dependent NADPH reductase). In the same way, 

upon co-culturing the t13595 isolate with Bt, merely three unique staphylococcal proteins 

were identified (i.e. the pseudouridine synthase, ribosomal silencing factor RsfS, and Asn/Gln-

tRNA amidotransferase subunit C [GatC]), while no unique proteins were observed when the 

t13595 isolate was co-cultured with Ko. Apart from the general reduction in the identification 

of S. aureus proteins, the profiling of the S. aureus proteome upon co-culturing revealed no 

specific stress signature in response to the presence of Bt or Ko. Together, these observations 

are indicative of a drastic rearrangement of the S. aureus cellular protein composition that is 

fully consistent with the previously reported rearrangements of the bacterium’s exoproteome 

upon co-culturing with Bt or Ko (11).  

Lastly, an important observation among the staphylococcal t111+t13595 co-cultures was that 

both isolates displayed proteins with the same global functional patterns, meaning that both 

strains continued to perform the characteristic functions that they also displayed in 

monoculture (Figure 3C). However, particular virulence factors were triggered upon co-

cultivation of both staphylococcal strains (e.g. the immunoglobulin-binding protein Sbi, alpha-

hemolysin, EsxA, penicillin-binding protein 2, and elongation factor G), which are mostly 

involved in immune evasion, cytotoxicity, apoptosis modulation/intracellular infection, 

antimicrobial resistance, and host invasion. These co-cultures also activated the production of 

several proteins involved in cell redox homeostasis, and the spermidine/putrescine import 

ATP-binding protein PotA suggesting speG gene activation, which confers resistance to 

polyamines through expression of the spermidine N(1)-acetyltransferase. This feature 

indicates a spermine resistance phenotype characteristic of persister cells (25-27). 
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Figure 4. Overview of co-culture experiments according to Clusters of Orthologous Groups (COG).  

The heatmap indicates significantly upregulated expressed genes upon growth in planktonic or biofilm-

mimicking conditions. The rows show the 25 COG categories to which expressed genes were assigned. 

The ranking of expressed genes identified per COG category is based upon -log(p values) observed per 

isolate in co-culture.  

 

Co-culturing leads to upregulation of S. aureus genes involved in amino acid and nucleotide 

metabolism and transport under the tested conditions 

Since the proteome profiling data provided a helicopter view of the adaptive behaviour of S. 

aureus in the presence of other wound-resident bacteria, we decided to perform a more 

extensive transcriptome analysis for obtaining the full picture of adaptive staphylococcal 

responses to co-culturing with Bt or Ko. Accordingly, the staphylococcal transcriptomes were 

analysed in vitro using the same conditions as those of the proteome, as well as conditions 

that mimic a biofilm. To survey the overall changes in gene expression of S. aureus upon 

cultivation with coexisting bacteria, we classified the differentially expressed genes according 

to clusters of orthologous groups (COGs) categories. For all conditions and time points 

investigated, the COG categories associated to metabolism represent the second highest 

group of upregulated genes with statistical significance, surpassed only by the poorly 

characterized COG categories (Figure 4). Among the orthologs present in all the organisms, 
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this analysis revealed four outstanding patterns: (i) Upregulation of genes involved in amino 

acid and nucleotide metabolism and transport, suggesting that ATP production comes from 

pyruvate-producing amino acids that serve as major carbon and nitrogen source while some 

amino acid synthesis is still happening. The upregulation of nucleotide pathways would imply 

that nucleotides are important as secondary messengers and for energy metabolism under 

these conditions. (ii) Upregulation of genes involved in ‘inorganic ion transport’, indicating 

that the co-cultured staphylococci need to compete for these important micro-nutrients. (iii) 

Upregulation of genes involved in ‘post-translational modification and protein turnover’. This 

mostly concerned peptidases and proteases, suggesting that the bacteria try to acquire 

peptides and amino acids by protein degradation. (iv) Upregulation of genes involved in 

‘transcription’ and ‘translation’, which is consistent with bacterial growth, with the need to 

replenish turned over proteins, and with the increased expression of tRNAs. These 

observations show that S. aureus is adjusting its metabolism in response to the presence of 

other bacterial species. 

Planktonic S. aureus displays specific gene expression signatures upon co-culturing 

To visualize the main adaptations throughout the different (co)culture conditions, we 

employed heatmaps of the significant differentially expressed genes (DEG) (Supplementary 

Table S6). The analysis evidenced a pronounced upregulation in the exponential phase of 

CodY-regulated genes when S. aureus t111 and t13595 were co-cultured with Ko or Bt. We 

also observed consistency in the upregulation of other regulons such as CcpA and SigB in these 

cultures. In particular, CcpA-controlled genes were conspicuously upregulated in t111+Ko co-

cultures during stationary phase. The staphylococcal planktonic transcriptome showed that 

most of these genes are associated to amino acid metabolism, and to the oligopeptide 

permease complex Opp-1ABCDF, along with several other ABC-type substrate-binding 

proteins. In particular, for both staphylococcal isolates, co-cultures with Ko showed noticeable 

upregulation of genes involved in tryptophan synthesis, as well as the genes for the antiholin-

like protein LgrA and its associated membrane protein LgrB, predominantly in the stationary 

growth phase. On the other hand, the t111+t13595 co-cultures only showed significant 



 

115 
 

upregulation of genes related to virulence factors (e.g. the immunoglobulin G-binding protein 

A, fibrinogen-binding protein, clumping factor B, and aureolysin), and genes related to 

vitamins and cofactors (e.g. the riboflavin biosynthesis protein RibBA, cobalt ABC transporter 

permease, and thiamine ABC transporter permease). Furthermore, co-culture of the 

staphylococcal t111 isolate with Ko during stationary phase induced expression of the hlgA, 

hlgB and hlgC genes, which encode the gamma-hemolysins A, B and C. Likewise, in the same 

cultures, the spl operon that encodes six serine protease-like genes was considerably 

upregulated. Of note, while staphylococcal accessory regulator genes were expressed at basal 

level in all cultures, they were more importantly upregulated in isolate t13595 in the 

planktonic co-cultures of the S. aureus t111+t13595 isolates. 

S. aureus shows massive silencing of gene expression upon co-culturing under biofilm-

mimicking conditions  

To determine the fundamental differences among the typical in vitro monoculture set up and 

the bacterial community environment normally encountered in contaminated wounds, we 

designed an experiment that aimed to mimic the biofilm conditions present in a skin wound. 

Therefore, we compared the genes expressed in staphylococcal monocultures versus the 

genes expressed in the presence of all the other isolates upon culturing on RPMI agar (Figure 

1). These cultures rendered 1055 DEG and 1508 DEG for the t111 and t13595 cultures 

respectively. Notably, only 168 (16%) of the t111 genes and 87 (26%) of the t13595 genes 

were upregulated ≥2 fold, compared to the 794 (75%) and 926 (61%) that were downregulated 

≥2 fold (Figure 5). Genes encoding proteins related to phosphorus metabolism (e.g. the 

phosphate starvation protein PhoH), iron acquisition/metabolism (e.g. IsdB, IsdC, IsdE, 

ferrichrome-binding protein, iron ABC transporters), several proteases (e.g. SplA, SplB, SplC, 

SplD, SplF, zinc metalloprotease), biotin metabolism, and the gamma hemolysin component 

A were upregulated. However, considering the relatively low number of upregulated genes, 

the changes were not very pronounced. That is, although there were several other DEG, the 

vast majority of these genes was only moderately upregulated (e.g. the opp- and spl-related 

genes). Furthermore, it should be realized that on average 40% of the whole DEG related to 
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proteins with unknown functions, which reflects the fact that gene expression in mixed biofilm 

conditions has barely been studied. 

Surprisingly, upon cultivation with other wound-colonizing bacteria, both investigated S. 

aureus isolates showed a massive silencing of gene expression (Figure 5 and Figure S2), 

particularly for those genes related to the metabolism of amino acids and their derivatives, 

carbohydrates, virulence, membrane transport (including lantibiotic and other antibiotic and 

multidrug transporters) and phages or transposable elements. These genes are mostly 

regulated by SigB, followed by CodY and CcpA (Table S6). Other important regulons like SaeR, 

Fur, HisR and Rex also showed downregulation. Furthermore, we found that the expression of 

a pseudo-tRNA (tRNA-Pseudo-TCC) and tRNA-His-GTG were importantly decreased in both 

staphylococcal isolates. Finally, potA expression was downregulated in the context of the 

“biofilm community”, which is fully consistent with the observation from our proteome 

analyses that PotA is downregulated when S. aureus is co-cultured with Ko or Bt. 
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Figure 5. Differentially expressed genes (DEG) of S. aureus upon co-culturing in liquid and on agar 

media. (A) The normalized log2(expression signals) fold change of the DEG are plotted in a heatmap 

as a function of experiments (x-axis) versus genes of S. aureus t111 (y-axis). A striking decrease of signal 

is evident in the first column, which corresponds to the DEG of S. aureus t111 in the biofilm-mimicking 

experiment where the t111 isolate is co-cultured with the t13595, Ko and Bt isolates. (B) Volcano plot 

of S. aureus t111 genes upon co-culturing as in (A) with the t13595, Bt or Ko isolates versus 

monoculture. The logarithms of the fold changes of individual genes (x-axis) are plotted against the 

negative logarithm of their p-value to base (y-axis). Positive log2 (fold change) values represent 

upregulation in monoculture compared to co-culture, and negative values represent downregulation. 

 

Reduced mortality of Galleria mellonella upon co-infection with S. aureus and K. oxytoca  

To validate our proteome and transcriptome findings, we established an infection model with 

the larvae of the grater wax moth G. mellonella. This non-mammalian model represents a 

great alternative to the use of mammals for in vivo testing as shown by their conserved 

structural and functional innate immune system responses, including phagocytosis through 

cells called hemocytes, and humoral responses mediated by opsonins, melanisation, and anti-
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microbial peptides (28). In addition, this model is inexpensive, very easy to implement, and 

does not require ethical approval (29, 30). Despite the advantages of this model over that of 

vertebrates, it is worth highlighting that this organism is intrinsically vulnerable to one of our 

isolates. Indeed, B. thuringiensis is well-known for its entomopathogenic toxins Cry and Cyt, 

as it is used as biopesticide in agriculture (31, 32).  

We initially assessed the virulence of each isolate. Live bacteria showed a dose-dependent 

killing, meaning that higher CFUs caused greater mortality after 24 h. Sterile culture filtrates 

from each isolate showed different degrees of virulence, the Ko strain’s filtrates being the 

most virulent while those from the t111, t13595 and Bt strains showed relatively little effect, 

if any. Inoculation of heat-killed bacteria and sterile PBS had no effect on the larval survival 

for 48 h (Figure 6A and 6B).  

The virulence of each isolate was compared with the virulence of the isolates in co-infection 

in the larvae. Infections with live S. aureus isolates and live Bt together showed greater 

mortality, probably due to the entomopathogenic toxins of Bt. However, as anticipated based 

on the above proteome and transcriptome analyses, infections with live S. aureus isolates plus 

live Ko revealed a pronounced decrease in mortality (Figure 6C and 6D). The same was not 

observed when live S. aureus isolates were inoculated with sterile culture filtrates of Ko or Bt, 

where mortality was higher (Figure 6C and 6D, Supplementary Figure S3). Interestingly, the 

same effect was observed when the inoculum of live S. aureus isolates was mixed with heat-

killed Ko, showing that live Ko was needed to reduce the virulence of S. aureus. On the 

contrary, upon mixing live S. aureus t111 with heat-killed Bt, the larval survival was better 

compared to the infections with each individual isolate, meaning that the virulence of S. 

aureus t111 was decreased (Figure S3).  
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Figure 6. Mortality of Galleria mellonella larvae upon (co)infection with S. aureus t111, t13595, B. 

thuringiensis and K. oxytoca.  Mortality was recorded 24 h and 48 h post inoculation of 10 μL of a 

range of dilutions from 1x104 to 5x106 CFU/mL of the respective isolates upon mono or co-infection. 

Data shown is pooled from three distinct repeats. Injection with 10 μL of 2.5x107 ‘CFU’ was used for 

experiments with heat-killed bacteria. (A) Mortality upon inoculation with S. aureus t111 (11) and S. 

aureus t13595 (13), where 1.0 refers to 5x106 CFU/mL, 0.5 refers to 2.5x104 CFU/mL, SN relates to 

supernatant, and HK to heat-killed bacteria. (B) Mortality after inoculation with B. thuringiensis (Bt) or 

K. oxytoca (Ko). (C) Mortality after inoculation with S. aureus (11) and K. oxytoca (Ko) upon mono- or 

co-infection.  (D) Mortality after inoculation with S. aureus (13) and K. oxytoca (Ko) upon mono- or co-

infection.   

 

Discussion 

In the present study, we have performed an in-depth analysis of the responses of two 

previously identified S. aureus wound isolates with spa types t111 and t13595 to the presence 

of co-resident B. thuringiensis (Bt) and K. oxytoca (Ko) strains (11). Interestingly, our novel 

observations connect well to those described in a recent study, where we deepened into the 

proteomic characteristics of hospital-acquired (HA) and the community-acquired (CA) 
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methicillin resistant S. aureus (MRSA) isolates belonging to the USA300 lineage (33). The 

distinction between these two groups of isolates was based mainly on differential expression 

of their metabolic pathways, suggesting that adaptations in central carbon metabolism can 

streamline S. aureus for propagation in the community or the hospital. While the CA-MRSA 

isolates commit to the production of gluconeogenesis-related proteins, higher amino acid 

metabolism and purine biosynthesis, the HA-MRSA isolates center on the production of more 

glycolytic enzymes and pentose phosphate pathway-related proteins (33). Our staphylococcal 

t111 and t13595 isolates – despite their close relatedness (192 bp difference) – also presented 

a distinct display of proteins predominantly linked to their metabolism. In particular, isolate 

t111 showed abundancy in TCA cycle proteins, as well as proteins involved in fatty acids, 

purine and pyrimidine metabolism, inosine monophosphate biosynthesis, and glycine 

catabolic processes, all of which are gluconeogenesis-related processes. In contrast, the 

t13595 isolate was predominantly dedicated to processes linked with glycolysis and glycerol 

ether metabolism (Table 1 and Supplementary Table S5). Following this line, the t111 isolate 

resembles the USA300 CA isolates in that it features more virulence factors, such as the iron-

regulated surface determinant proteins IsdA and IsdB. On the other hand, despite the fact that 

the t13595 isolate also originates from the community, it displays traits of the USA300 HA 

isolates. For example, it expresses less virulence factors and displays more responses relating 

to oxidative stress management and cell redox homeostasis combined with metal ion 

transport and tetrapyrrole (heme) biosynthesis (Figure 3). Although both the t111 and t3595 

isolates express proteins involved in purine nucleotide biosynthesis, this does not alter the 

general picture of the differences in metabolic pathway expression among these isolates. The 

fact that purine biosynthetic proteins are abundant in both isolates mainly relates to the 

challenging nutrient-limited media in which they are grown and, therefore, an increased 

supply of AMP for phosphorylation by other pathways is needed to generate ATP. In other 

words, the heterogeneity among the investigated staphylococcal isolates seems to relate to 

their behavior within the wound, where S. aureus t111 apparently functions as the invading 

population and S. aureus t13595 as the persister one. This duality is in fact characteristic for 
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S. aureus adaptations observed in previous studies upon internalization of host cells, antibiotic 

challenge, biofilm formation, and exposure to exotoxins from other pathogens, all of which 

represent common features in chronic infections (17, 34-36). 

 

Table 1. Functional analysis of the different data sets (mono or co-culture) from S. aureus t111, 

t13595, B. thuringiensis and K. oxytoca. The analysis was performed using Gene Set Enrichment 

Analysis (GSEA). The Gene Ontologies p-values obtained via GSEA were then input into ReViGo. 

 

t111 t111 + t13595 t111 + B. thuringiensis t111 + K. oxytoca
oxidation-reduction process tRNA aminoacylation metabolic process metabolic process

metabolic process oxidation-reduction process translational elongation protein folding

tRNA aminoacylation for protein translation metabolic process transcription, DNA-templated cellular iron ion homeostasis

tRNA aminoacylation tRNA aminoacylation for protein translation oxidation-reduction process translational elongation

tricarboxylic acid cycle gluconeogenesis cellular iron ion homeostasis oxidation-reduction process

gluconeogenesis translational elongation protein folding transcription, DNA-templated

protein metabolic process protein folding tRNA aminoacylation response to stress

translational elongation transcription, DNA-templated tRNA aminoacylation for protein translation

protein folding cellular iron ion homeostasis response to stress

transcription, DNA-templated tricarboxylic acid cycle isoprenoid biosynthetic process

cellular iron ion homeostasis protein metabolic process cell redox homeostasis

glycine catabolic process glycine catabolic process

glycolytic process glycolytic process

pyrimidine nucleotide biosynthetic process pyrimidine nucleotide biosynthetic process

fatty acid biosynthetic process response to stress

'de novo' pyrimidine nucleobase biosynthetic 

process
'de novo' IMP biosynthetic process

response to stress

carbohydrate metabolic process

tetrapyrrole biosynthetic process

'de novo' IMP biosynthetic process

t13595 t13595 + t111 t13595 + B. thuringiensis t13595 + K. oxytoca
metabolic process metabolic process glycolytic process metabolic process

glycolytic process glycolytic process metabolic process glycolytic process

tRNA aminoacylation for protein translation tRNA aminoacylation for protein translation purine nucleotide biosynthetic process tRNA aminoacylation for protein translation

purine nucleotide biosynthetic process purine nucleotide biosynthetic process tRNA aminoacylation for protein translation oxidation-reduction process

cell adhesion glycerol ether metabolic process cell adhesion

oxidation-reduction process oxidation-reduction process phosphorylation

nucleobase-containing compound metabolic 

process
cell redox homeostasis glycerol ether metabolic process

nucleoside metabolic process phosphorylation metal ion transport

translational elongation transcription, DNA-templated protein folding

phosphorylation metal ion transport cell redox homeostasis

glycerol ether metabolic process

transcription, DNA-templated

'de novo' pyrimidine nucleobase biosynthetic 

process
metal ion transport

t111 t111 + t13595 t111 + B. thuringiensis t111 + K. oxytoca
metabolic process metabolic process oxidation-reduction process translational elongation

oxidation-reduction process oxidation-reduction process metabolic process isoprenoid biosynthetic process

translational elongation glycine catabolic process translational elongation

'de novo' pyrimidine nucleobase biosynthetic 

process
RNA phosphodiester bond hydrolysis RNA phosphodiester bond hydrolysis

fatty acid biosynthetic process mRNA catabolic process fatty acid biosynthetic process

gluconeogenesis isoprenoid biosynthetic process RNA processing

mRNA catabolic process carbohydrate metabolic process
folic acid-containing compound biosynthetic 

process
tricarboxylic acid cycle glycolytic process transcription, DNA-templated

carbohydrate metabolic process fatty acid biosynthetic process purine nucleotide biosynthetic process

glycine catabolic process translational elongation isoprenoid biosynthetic process

transcription, DNA-templated RNA processing

folic acid-containing compound biosynthetic 

process
pyrimidine nucleotide biosynthetic process

'de novo' IMP biosynthetic process nucleoside metabolic process

translation proteolysis

tRNA aminoacylation for protein translation
folic acid-containing compound biosynthetic 

process
purine nucleotide biosynthetic process transcription, DNA-templated

gluconeogenesis

'de novo' IMP biosynthetic process

purine nucleotide biosynthetic process

tRNA aminoacylation for protein translation

translation

t13595                                      t13595 + t111 t13595 + B. thuringiensis t13595 + K. oxytoca
tRNA aminoacylation for protein translation tRNA aminoacylation for protein translation glycolytic process tRNA aminoacylation for protein translation

glycolytic process glycolytic process metabolic process glycolytic process

metabolic process tRNA aminoacylation response to stress tRNA aminoacylation

tRNA aminoacylation metabolic process oxidation-reduction process metabolic process

oxidation-reduction process protein folding oxidation-reduction process

response to oxidative stress
regulation of DNA-templated transcription, 

elongation
protein folding

protein folding oxidation-reduction process
regulation of DNA-templated transcription, 

elongation
regulation of DNA-templated transcription, 

elongation
response to oxidative stress cell redox homeostasis

cell redox homeostasis cell redox homeostasis glycerol ether metabolic process

protein repair glycerol ether metabolic process transcription, DNA-templated

translational elongation transcription, DNA-templated response to stress

glycerol ether metabolic process tetrapyrrole biosynthetic process tetrapyrrole biosynthetic process

transcription, DNA-templated response to stress metal ion transport

tetrapyrrole biosynthetic process metal ion transport purine nucleotide biosynthetic process

response to stress purine nucleotide biosynthetic process

metal ion transport cell adhesion

purine nucleotide biosynthetic process
negative regulation of transcription, DNA-

templated

EXPONENTIAL PHASE

STATIONARY PHASE
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In the exoproteome of staphylococcal co-cultures with Bt and Ko, we observed that the 

detected number of proteins that belong to the cellular fraction was markedly reduced (11). 

Initially, we assumed that this reduction of proteins was due to increased proteolysis, 

decreased cell lysis, or protein consumption by the other bacteria (11). However, we now 

show that this pattern is mirrored in the cellular proteome, which implies that either the 

detection of the less abundant staphylococcal proteins is masked by the presence of the Ko 

and Bt proteome, that less proteins are produced, or that they are recycled by the investigated 

S. aureus isolates. This possible recycling of proteins, might be linked to the posttranslational 

regulation of exoprotein activity carried out by proteins like the Spls and other proteases. 

Indeed, the transcriptome of planktonic cultures showed an outstanding upregulation of the 

splABCDEF operon upon co-culturing with Ko. In recent studies, the expression of these 

proteins was related to the modulation of virulence factor production, as well as the potential 

degradation of other cell surface and secreted staphylococcal proteins (37). Additionally, it 

has been demonstrated that these proteins are secreted in vivo, are likely to modify host 

proteins to the benefit of S. aureus, and are associated with allergies (37, 38). For instance, 

atopic dermatitis (AD) flares have been linked to increased S. aureus colonization and 

infection, and a concomitant reduction in the skin’s microbial diversity. Once the ‘missing 

microbes’ were reintroduced, features of the disease seemed to improve (39-41). Although 

the etiology of this disorder is unknown, it appears that the combination of dysbiosis, host 

predisposing factors, and staphylococcal proteins, such as the Spls, might trigger the 

emergence of symptomatic allergies. Interestingly, patients with epidermolysis bullosa do not 

have an increased risk of eczema, but they can present it (42, 43). This is relevant because in 

our experimental setup, biofilm mimicking conditions and the planktonic cultures with Ko 

decreased S. aureus virulence, but sparked the expression of spl genes. 

Many studies have highlighted the importance of surface/membrane proteins in the 

interactions of S. aureus with the host and the same can be said for the interactions with other 

bacteria. In our study, five membrane-associated proteins were upregulated in S. aureus co-

cultures with Ko. The only characterized proteins, LgrA and LgrB, are antiholin-like proteins 
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linked to cell death and lysis coordination implicated in the release of DNA for biofilm 

formation and adherence to surfaces (44). Importantly, the topology of LgrA’s hydrophobic 

region is deemed essential for the redox status of the membrane, which is governed by the 

oxidative state of its cysteine residue that translates into redox signaling through sulphur 

switches (44). This could potentially trigger further reactions (e.g. reversible oxidation, 

nitrosylation, acylation, sulfhydration or metal binding) that affect macromolecular 

interactions, trafficking of proteins, and perhaps even sensing of and communication with 

other bacteria (45). The importance of membrane proteins is also reflected in our data by the 

upregulated expression of genes for the oligopeptide permease (Opp) systems, ABC 

transporters, and many other membrane-associated proteins with unknown functions. Such 

transporters have the ability to bind a wide range of substrates (e.g. OppA) for nutrient 

acquisition and they can be immunogenic (46), making them excellent targets for 

antimicrobial agents. Alternatively, they can also be used as systems for delivery of novel 

bactericidal compounds. 

An interesting finding in our study was a consistent upregulation of genes encoding enzymes 

for tryptophan (Trp) biosynthesis, which was particularly high when the Staphylococcus 

isolates were co-cultured with Ko. Considering that this is a biologically very expensive and 

complicated process, S. aureus seems to have a great need for the expression of this amino 

acid. In principle, it has been shown that the presence of D-Trp and/or L-Trp in culture media 

and intracellularly, inhibits biofilm formation of other pathogenic microorganisms, such as P. 

aeruginosa, Pseudomonas mendocina, Escherichia coli and Cronobacter sakazakii (47-51). 

However, the same does not happen with S. aureus where D-Trp inhibits and L-Trp increases 

biofilm formation (49). These changes in biofilm formation and degradation have been 

speculated to be the result of initial changes in adhesion among cells and properties of the 

extracellular matrix (48, 51). However, since Trp is a derivative of indole, an aromatic organic 

compound important in the regulation of bacterial physiology, it is well conceivable that Trp 

is playing a crucial role in cellular aggregation through genes involved in cell-cell 

communication and quorum sensing (Figure S4). 
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Along with the above-mentioned observations, our present proteomic and transcriptomic 

data exposed a very interesting behaviour in staphylococcal co-cultures of the t111 and 

t13595 isolates, where gene expression was only marginally affected. The absence of a larger 

biological response in these co-cultures implies that, despite sensing each other’s presence, 

the bacteria continue to express their genes almost in an unaltered way, as if the other 

bacterium would not disturb their basal physiological state. Interestingly, the same 

phenomenon was observed for Ko genes when co-cultured with either staphylococcal isolate 

during the exponential growth phase, and partially during the stationary growth phase. 

The verification of the present proteome and transcriptome data in the context of 

staphylococcal virulence is by definition limited to an animal model. Naturally, our in vitro 

culture conditions try to simulate the nutrient-deprived status of the human body, but they 

cannot entirely mimic the conditions in skin wounds, in the same way that the G. mellonella 

infection model cannot strictly be compared to a chronic wound environment. Nonetheless, 

we have spliced proteomic and transcriptomic findings pertinently and managed to 

demonstrate the lowered virulence of S. aureus upon co-infection in the G. mellonella model, 

validating our observations based on in vitro co-culturing of the bacteria. More in depth 

analysis of molecules like Spls, tryptophan, LgrA, LgrB, and other membrane-associated 

proteins will be needed to fully appreciate all the consequences of their expression in the 

interactions, fitness and survival of S. aureus. 

In conclusion, the current data suggests that the success of S. aureus in colonizing and 

surviving of chronic wounds as presented by patients with epidermolysis bullosa not only 

relies on the ability of this bacterium to adapt to the different host environments, but also on 

its evolutionary associations with other microbial organisms. For example, different 

interactions were reported to be triggered by P. aeruginosa isolates upon co-cultivation with 

S. aureus (52-54). While in some of these studies, P. aeruginosa induced pigment production 

and catalase upregulation in S. aureus, or facilitated microcolony and biofilm formation, other 

studies reported a decreased virulence gene expression in both the investigated P. aeruginosa 

and S. aureus isolates (52-54). On the other hand, interactions between the soil bacterium 
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Bacillus subtilis and S. aureus seem blunter (11), as various studies provided evidence for an 

efficient competitive inhibition of S. aureus by B. subtilis due to the expression of sublancin 

168 (55) or fengycin (56), thereby illustrating the potential value of B. subtilis as a probiotic. 

Altogether, it thus seems that, through its molecular interactions with other microorganisms, 

S. aureus has been able to diversify and, therefore, broaden its metabolic traits to its benefit. 

In view of the plethora of unsuccessfully developed vaccines against S. aureus (57), much of 

which were either based on virulence factors or capsular polysaccharides, it seems that new 

strategies might be more appropriately focused on those cellular components that are 

expressed during the commensal state of the bacterium or that are key in its metabolic 

homeostasis. If so, it would only be a matter of discovering how exactly we can defeat the 

pathogen S. aureus from an ecosystem perspective. 
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The pathogen Staphylococcus aureus has always represented a burden for human health and 

wellbeing. Since the development and clinical implementation of antibiotics, it became 

possible to treat infections caused by this pathogen, but in recent years this is increasingly 

complicated by the emergence of lineages with acquired resistances to many commonly used 

antibiotics. Today, methicillin resistant S. aureus (MRSA) represents one of the most serious 

global public health concerns. Moreover, as human life expectancy continues to increase, so 

has the number of frail and immune-compromised individuals who are susceptible to S. aureus 

infections in general, and MRSA in particular. In this regard, the highly transmissible and 

virulent MRSA lineages that have emerged in community households are of particular concern. 

As introduced in Chapter 1, the epidemiology of MRSA has changed dramatically during last 

twenty years. MRSA infections were originally a nosocomial problem, affecting hospitalized 

individuals and elderly people in nursing homes, but this multi-drug resistant pathogen has 

now expanded its territory to the community of young and healthy individuals and to livestock.  

To monitor outbreaks of MRSA infections in hospitals or the community, a variety of molecular 

typing approaches, such as multi-locus sequence typing (MLST), has been applied. Such 

approaches have, for instance, revealed the emergence of the livestock-associated (LA) S. 

aureus ST398 lineage and, more recently, the emergence of livestock-independent variants of 

this lineage. Fortunately, most of the latter human-originated ST398 isolates are methicillin-

sensitive S. aureus (MSSA). Epidemiological studies have further shown that the human-to-

human transmission of S. aureus ST398 in community households in many counties is 

associated with the presence of the so-called immune evasion cluster genes (i.e. chp, scn and 

sak). These observations underpin the fact that epidemiological studies provide important 

insights into the molecular features of newly emerging types of S. aureus that may 

subsequently circulate worldwide. Such studies can thus provide valuable early-warning 

information to prevent the spread of dangerous infections. However, a major limitation of the 

commonly used typing methods is that they solely provide information on genomic variations 

of the collected S. aureus isolates, while not providing any information on their gene 

expression, which is most relevant in terms of antibiotic resistances and virulence.  
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In recent years, it has become clear that staphylococcal pathogenicity is mediated by the 

expression of a wide array of cell surface-associated and secreted virulence factors. Most of 

these virulence factors are proteins, which allow S. aureus to adhere to its hosts’ cells and 

tissues, to evade or invade the host immune system and, subsequently, to cause acute 

infections. Importantly, high-throughput proteomics technologies are particularly helpful in 

providing detailed information on the end result of gene expression, i.e. the production of 

proteins. These technologies, thus, represent powerful tools to explore bacterial virulence 

factor production, allowing us to unveil the diversity of all the factors that contribute to 

bacterial pathogenicity. Therefore, to acquire a deeper understanding of staphylococcal 

epidemiological behavior and virulence, a workflow was established in the present PhD 

research project to characterize clinical S. aureus isolates in terms of their virulence factor 

production and actual virulence (Fig. 1). This workflow was applied to pinpoint the most 

important lineage-specific virulence determinants that could potentially serve as future 

biomarkers for infection prevention. Due to the inclusion of two distinct infection models, this 

workflow offered the possibility to identify new activities of already known virulence factors, 

or even to discover as yet unknown virulence factors of S. aureus. Importantly, the performed 

proteome analyses were mostly focused on the bacterial extracellular proteome, because this 

proteome sub-fraction represents the major reservoir of staphylococcal virulence factors [1]. 

An additional advantage of focusing on the extracellular proteome was that it is of relatively 

low complexity compared to the cellular proteome.  

To assess the actual virulence potential of staphylococcal isolates, an animal infection model 

involving the larvae of the greater wax moth Galleria mellonella was employed throughout 

the entire research described in this thesis. This infection model was previously shown to be 

suitable for investigating infections caused by a range of opportunistic human pathogens, 

including S. aureus [2] and, as shown in a separate study not included in this PhD thesis, the 

oral pathogen Porphyromonas gingivalis [3]. Of note, bacteria injected into the G. mellonella 

larvae are challenged primarily by their innate immune system, which is functionally and 

structurally equivalent to that of mammals [4]. Further, it is important to mention that it was 
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previously shown that the outcomes of infection experiments with a number of opportunistic 

human pathogens in G. mellonella larvae correlated well with those of infection experiments 

performed in mice [5]. 

 

Figure 1. Schematic workflow applied in this study to define S. aureus lineage-specific proteomic 

signatures relevant for virulence. 

 

S. aureus ST59 isolates with the spa-type t437 were previously shown to represent a dominant 

CA-MRSA lineage from Asia that is spreading across Europe [6]. As revealed by molecular 

typing, the isolates belonging to this lineage share a high degree of molecular similarity, 

regardless of their host, and the year or country of isolation. Therefore, this lineage bears the 

features of a high-risk clone that can readily spread in the community [6]. For this reason, the 

research described in Chapter 2 was undertaken, where the extracellular proteomes and 

virulence of 20 representative clinical S. aureus t437 isolates were compared. A first striking 

observation was that, despite their high degree of genetic similarity, the comparative 

exoproteome analyses revealed an enormous heterogeneity in the extracellular proteins that 

were identified for different isolates. Only few proteins were found to be produced by all 

investigated isolates, while a large number of proteins was found to be unique for one or two 

strains under the conditions tested. More importantly, the results revealed that isolates 
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belonging to particular clusters with similar exoproteome abundance profiles displayed 

comparable virulence in the Galleria and HeLa cell infection models. In the end, a correlation 

of the exoproteome data to the virulence assessments uncovered particular exoproteins that 

could be critically involved in the virulence of isolates belonging to the S. aureus t437 lineage. 

These virulence determinants included the IsaA and chitinase B proteins, a set of iron-

regulated surface determinants (IsdA, IsdB, IsdE and IsdH), the EbpS protein and the toxin PVL.  

Using the same pipeline that was successfully applied to characterize isolates of the S. aureus 

lineage with spa-type t437, the study described in Chapter 3 was aimed at profiling the 

extracellular proteome and virulence of isolates belonging to the S. aureus ST398 lineage, 

which was originally only associated with livestock carriage. However, since livestock-

independent ST398 strains capable of human-to-human transmission have recently emerged 

[7], it was of particular interest to compare LA and human-originated ST398 isolates. 

Altogether, 30 representative ST398 isolates were investigated, allowing the detection of their 

critical virulence determinants. A striking result was that the LA-ST398 strains displayed higher 

exoproteome heterogeneity than the human-originated ST398 strains, despite the fact that 

the latter strains were more heterogeneous at the genome level. In addition, further 

comparison of the exoproteomes of LA-ST398 and human-originated ST398 strains showed 

that the identified proteins have distinctive roles in pathogenesis and metabolism. This is 

suggestive of particular proteomic adaptations being essential for the reintroduction of S. 

aureus ST398 isolates from livestock into the human population. Thus, it can be concluded 

that the combined genomic and proteomic data provided a detailed view of the molecular 

mechanisms that have driven the adaptation of the ST398 lineage towards livestock or the 

human host. By assessing the virulence of the investigated ST398 isolates in Galleria larvae 

and human HeLa cells, it was shown that the human-originated isolates are overall more 

virulent and cytotoxic than the LA-ST398 isolates. More importantly, also in this case a 

correlation of the exoproteome data to larval killing and toxicity towards HeLa cells guided 

the identification of important virulence factors. In particular, the Sbi, SpA, SCIN and CHIPS 

proteins were pinpointed as crucial virulence determinants of the ST398 lineage.  
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Altogether, the studies described in both Chapters 2 and 3 have uncovered substantial 

exoproteome heterogeneity among S. aureus isolates with the spa-type t437 or ST398, despite 

the fact that, within the respective lineages, the investigated strains showed a high degree of 

genomic relatedness. Likewise, an early S. aureus exoproteome analysis by Ziebandt et al. also 

uncovered substantial exoproteome heterogeneity among 25 clinical isolates collected from 

one hospital [8]. However, the latter isolates belonged to different clonal lineages, which 

contained different mobile genomic elements and which differed in transcriptional and post-

transcriptional regulation. On the other hand, rather homogeneous exoproteome patterns 

were recently observed for isolates of the USA300 lineage collected from the Copenhagen 

area in Denmark [9]. The research described in this thesis shows that the situation is different 

for isolates with spa-type t437 or ST398, respectively, which were collected from different 

countries, and even from distinct hosts in the case of the ST398 isolates. Judged by previously 

published observations and the findings reported in this thesis, the degree of exoproteome 

heterogeneity in different groups of S. aureus isolates is most likely dependent on the 

respective lineage, their geographical distribution, and/or the hosts from which they were 

collected.  

Intriguingly, the observed exoproteome heterogeneity among S. aureus t437 and ST398 

isolates was largely related to differential abundance of extracellular cytoplasmic proteins 

(ECPs). The excretion of ECPs into the growth medium is a common physiological phenomenon 

of S. aureus as well as many other microorganisms [10]. However, the mechanisms that allow 

the excretion of these proteins without a typical signal peptide are still somewhat enigmatic. 

Currently, the most popular explanations for the excretion of ECPs include a destabilization of 

the cell envelope by autolysins like Atl [11], the production of cytolytic toxins, and the activity 

of bacteriophages. Of note, the observed variations in ECPs among the investigated t437 or 

ST398 isolates could not be correlated to the production of the major autolysin Atl. On the 

other hand, a number of phage-associated proteins, including phage coat proteins, phage 

infection proteins, major tail proteins and major capsid proteins, was exclusively detected in 

the exoproteomes of those t437 or ST398 isolates that displayed the highest abundance of 
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ECPs. This implies that phage activity could be related to the excretion of ECPs by t437 or 

ST398 isolates. Of note, this is not the case for all S. aureus lineages since a previous study 

demonstrated that the elimination of prophages ϕ11, 12 and 13 from the S. aureus strain 

8325-4 had no marked influence on the release of ECPs [11]. Instead, Ebner et al. reported 

that the expression of cytolytic PSMα toxins will destabilize the staphylococcal cytoplasmic 

membrane, resulting in the release of ECPs [12]. Unfortunately, such PSMα toxins could not 

be detected in the S. aureus t437 or ST398 exoproteome profiles described in this thesis, most 

likely due to their small size of 20-30 residues. Thus, while a role of PSM activity cannot be 

excluded, it seems that prophage activity is a more prevalent mechanism for ECP excretion in 

the investigated S. aureus t437 and ST398 isolates. 

A major aim of the research described in Chapters 2 and 3 was to pinpoint the critical virulence 

determinants that contribute to staphylococcal pathogenicity. Therefore, the workflow 

presented in Figure 1 did not only involve analyses on S. aureus t437 and ST398 isolates to 

define lineage-specific exoproteome signatures, but also virulence studies based on G. 

mellonella and the HeLa cell infection models. For the t437 isolates, the correlation of 

exoproteome data with bacterial virulence revealed that certain proteins, such as IsaA, IsdB, 

IsdA, IsdE, IsdH and chitinase B, could be related to the observed larval killing. An important 

subsequent outcome of this study was the finding that an S. aureus isaA mutant was 

attenuated in the G. mellonella infection model, providing an explanation for the fact that IsaA 

is a major antigen that is invariantly produced by all investigated clinical isolates [13]. The role 

of IsaA in staphylococcal virulence had not yet been reported, and thus, the current data 

provide further support for the idea that the IsaA protein is a promising candidate for future 

therapeutic interventions against staphylococcal infections. In addition, correlation of the 

exoproteome data with results obtained in the HeLa cell infection model, highlights the role 

of to the staphylococcal pore-forming toxin PVL in the cytotoxicity of S. aureus t437 isolates. 

This indicates that particular PVL receptors exist in the HeLa cells which, in turn, suggests that 

HeLa cells represent a very versatile infection model for studies on the pathogenicity of 

community-acquired S. aureus lineages that are often PVL-positive. For isolates of the ST398 
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lineage, the studies described in Chapter 3, highlight the Sbi and SpA proteins as important 

virulence factors that impact on larval killing. In particular, it was observed that S. aureus cells 

lacking the spa or sbi genes were attenuated in the G. mellonella infection model. The Sbi and 

SpA proteins were previously characterized as important immune evasion factors due to their 

ability to bind immunoglobulin G, thereby helping the bacteria to avoid the host’s immune 

defenses via interfering with opsonophagocytosis. However, it has also been reported that 

the SpA protein can inhibit activation of the classical complement pathway through binding 

the TNFα receptor [14], and that it is an important determinant for S. aureus virulence in a 

murine septic arthritis model [15]. Similarly, it was shown that Sbi binds not only IgG, but also 

the complement protein C3, to evade destruction by the host’s immune defenses [16]. 

Although it is still unclear how exactly the SpA and Sbi proteins impact on the larval viability, 

the effects described in Chapter 3 are fully consistent with the roles of these proteins in 

staphylococcal infection of the human host. 

Host-pathogen interactions are key to understanding the pathophysiology of infectious 

diseases, as well as their treatment and prevention. On the other hand, one has to realize that 

infections are often caused by more than one pathogen, and that the human host is, in general, 

colonized by a plethora of microorganisms that include various opportunistic pathogens. It is 

therefore important to focus more attention on the natural host ecosystem, where pathogens 

may display competitive or cooperative interactions with the existing non-pathogenic 

microbiota or with other pathogens. Such interactions may even be advantageous both from 

the perspectives of the host and the pathogen. With this in mind, the research described in 

Chapter 4 was undertaken, which involved a detailed analysis of possible changes in S. aureus 

gene expression, gene regulation, protein composition and virulence upon co-culturing with 

isolates of K. oxytoca and B. thuringiensis under infection-mimicking conditions. Importantly, 

these isolates were collected from a single chronic wound of a patient with the genetic 

blistering disease epidermolysis bullosa (EB), which implied that they had adapted to a state 

of ‘peaceful’ co-existence [17]. It was previously shown that the wounds of EB patients are 

heavily colonized with S. aureus, whereas these patients rarely develop invasive 
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staphylococcal disease [18-20]. This suggested that they are to some extent protected against 

severe S. aureus infections. Indeed, previous studies had shown that EB patients mount 

significant adaptive immune responses to S. aureus [21, 22], but it was not known whether 

interactions between co-resident bacterial species in their wounds can somehow impact on 

the virulence of this pathogen. In the studies presented in Chapter 4, this question was 

addressed by co-culture experiments followed by proteomic and transcriptomic analyses, and 

by co-infection experiments in the G. mellonella model. The results show that the presence of 

Klebsiella oxytoca or Bacillus thuringiensis leads to massive rearrangements in the S. aureus 

physiology and a substantial reduction in virulence. These findings provide a possible 

additional explanation why heavily S. aureus-colonized EB patients, whose skin barrier is 

impaired by blisters and chronic wounds, do not frequently suffer from serious invasive 

staphylococcal disease. A broader implication of these results is that S. aureus seems to 

express a different set of antigens when co-existing with other bacteria than when it is present 

in isolation. This may be one of the reasons why, so far, no effective vaccine against S. aureus 

has reached clinical implementation. Further, in this context one has to bear in mind that S. 

aureus, when co-existing with other bacteria such as Pseudomonas aeruginosa, may also 

enhance the expression of virulence factors [23, 24]. It will therefore be an important 

challenge for future studies to find out how co-resident microorganisms impact on the 

transition of S. aureus from a harmless or pacified colonizer into a dangerous pathogen.     

In conclusion, the present PhD thesis highlights the importance of identifying proteomic 

signatures to study and understand the virulence of S. aureus. To this end, an effective analysis 

pipeline has been established, which was grounded on previously performed DNA-based 

typing and whole-genome sequencing analyses. The pipeline involved high-throughput 

proteomics analyses and two facile infection models, allowing the identification of several 

critical virulence determinants of two highly transmissible S. aureus lineages with spa-type 

t437 and ST398, respectively. Importantly, certain extracellular proteins, such as IsaA, PVL, 

SpA and Sbi, were implicated in the killing of Galleria larvae or HeLa cells. These proteins could 

thus represent relevant targets for novel preventive or therapeutic anti-staphylococcal 
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therapies. Possibly, these proteins may also serve as biomarkers for infection prevention, 

especially to contain the spread of high-risk transmissible clones. In fact, one of these proteins, 

PVL, has already for a long time been considered as an important biomarker for CA-MRSA, not 

only in the context of academic research but also in routine clinical microbiological diagnostics 

[25]. Considering its implication in potentially lethal infections, such as necrotizing 

pneumonia, it could also be of interest to develop passive or active immunization approaches 

that target PVL. The observation that PVL could be involved in the killing of HeLa cells is 

particularly noteworthy in this respect, as it suggests that a PVL receptor is present on HeLa 

cells. This raises the question which other cell types and tissues are targeted by this toxin, 

apart from leukocytes. Likewise, SpA could be an attractive target for active and passive 

immunization [26, 27]. For future research, the role of the IsaA protein in host colonization 

and virulence is worth investigating in more depth. This could involve the previously 

developed human IgG1-type monoclonal antibody 1D9 [28]. The 1D9 antibody is highly 

specific for S. aureus, both in vitro and in vivo [29], and its use is already explored in the in vivo 

detection of infection by near-infrared imaging and positron emission tomography [30, 31]. 

Lastly, the interactions between S. aureus and other bacteria in a chronic wound environment 

need to be addressed in more detail, as they focus attention on very different behaviors of S. 

aureus when acting in isolation or within a polymicrobial community. Such studies will 

pinpoint new targets for anti-staphylococcal therapy and they will provide us with a deeper 

understanding of the stimuli that trigger the transition from an apparently harmless colonizer 

into a potentially deadly pathogen. Such studies will lead to a better understanding of the 

fitness of S. aureus in the human host and its interactions with other microbes, which may 

either result in serious co-infection scenarios, like the septic arthritis caused by S. aureus and 

group B Streptococcus [32], peaceful co-existence as probably is the case in most S. aureus-

colonized humans, or even suppressed staphylococcal virulence.  
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Nederlandse samenvatting 

 

De ziekteverwekker Staphylococcus aureus is altijd een serieuze bedreiging geweest voor de 

gezondheid en het welzijn van de mens. Door de ontwikkeling en klinische beschikbaarheid 

van antibiotica werd het mogelijk om infecties, veroorzaakt door deze bacterie, te bestrijden. 

In de afgelopen jaren is dit echter in toenemende mate bemoeilijkt door het ontstaan van S. 

aureus-varianten die resistenties tegen de meest toegepaste antibiotica hebben verworven.  

Tegenwoordig vormt de meticilline-resistente S. aureus (MRSA) wereldwijd één van de meest 

serieuze bedreigingen voor onze gezondheid. Dit probleem wordt nog vergroot door de steeds 

verder toenemende levensduur van de mens, waardoor het aantal zwakke en 

immuungecompromitteerde individuen die gevoelig zijn voor S. aureus-infecties in het 

algemeen en MRSA-infecties in het bijzonder steeds verder toeneemt. In dit opzicht zijn de 

snel-overdraagbare en hoog-virulente MRSA-varianten die in gemeenschappen van gezonde 

mensen zijn opgedoken het meest problematisch. Zoals beschreven in Hoofdstuk 1 van dit 

proefschrift is de epidemiologie van de MRSA-verspreiding dramatisch veranderd gedurende 

de afgelopen twintig jaar. MRSA-infecties waren oorspronkelijk alleen een probleem in 

ziekenhuizen en zorginstellingen voor ouderen, maar deze multi-resistente ziekteverwekker 

heeft nu zijn territorium uitgebreid naar jonge gezonde mensen en de veestapel.  

Om MRSA-uitbraken in ziekenhuizen of onder gezonde mensen op te sporen en vervolgens 

onder controle te krijgen, staat ons een aantal moleculaire typeringsmethodes ter beschikking, 

waaronder de multi-locus sequentie-typering (MLST). Dergelijke typeringsmethodes hebben 

bijvoorbeeld een aantal jaren geleden geleid tot de ontdekking, dat de S. aureus-lijn met het 

sequentie-type 398 (ST398) wijdverspreid was in de grootschalige veehouderij. Deze lijn wordt 

daarom in het Engels “livestock-associated” (LA) S. aureus genoemd. Recentelijk zijn er echter 

ook S. aureus ST398-varianten waargenomen die zich onafhankelijk van de veehouderij onder 

gezonde mensen verspreiden. Gelukkig zijn deze S. aureus ST398-varianten van humane 

origine veelal meticilline-gevoelig (in het Engels “methicillin sensitive S. aureus”; MSSA). 

Epidemiologische studies hebben laten zien, dat de overdracht van S. aureus ST398 onder 

gezonde mensen in veel landen geassocieerd is met de aanwezigheid van de chp-, scn- en sak-
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genen die coderen voor eiwitten die de bacterie helpen om te ontsnappen aan het humane 

immuunsysteem. Dergelijke waarnemingen laten zien, dat epidemiologische studies 

belangrijke inzichten kunnen verschaffen in de moleculaire eigenschappen van nieuw-

opduikende S. aureus-varianten die zich vervolgens wereldwijd verspreiden. Dergelijke 

studies geven derhalve waardevolle waarschuwingssignalen af die benut kunnen worden om 

de verspreiding van gevaarlijke infecties tegen te gaan. Een belangrijke beperking van de 

meest-gangbare typeringsmethodes is echter dat ze uitsluitend informatie verschaffen over 

variaties in het genoom van de geïsoleerde S. aureus bacteriën, maar niets zeggen over de 

expressie van de door het genoom gecodeerde genen. Informatie over de gen-expressie is 

echter van doorslaggevend belang om zinvolle uitspraken te kunnen doen over 

antibioticumresistentie en het ziekmakende vermogen, ofwel de virulentie, van S. aureus-

isolaten.  

In de afgelopen jaren is het duidelijk geworden, dat het vermogen van S. aureus om ziekte te 

veroorzaken berust op de expressie van een veelvoud aan genen voor factoren die op het 

oppervlak van de bacterie gelocaliseerd zijn of die de bacterie in zijn leefmileu uitscheidt. De 

meeste van deze virulentiefactoren zijn eiwitten die S. aureus in staat stellen om zich te 

hechten aan de cellen en weefsels van de gastheer en om het immunsysteem te ontwijken. 

Dergelijke eiwitten stellen de bacterie zo in staat om acute infecties te veroorzaken. 

Zogenaamde proteomics-technieken, waarmee alle eiwitten van een organisme tegelijktijdig 

geïdentificeerd kunnen worden, zijn buitengewoon nuttig gebleken om gedetailleerde 

informatie te verschaffen over het eindresultaat van de bacteriele gen-expressie, ofwel de 

productie van eiwitten. Dergelijke technieken vormen daarom een krachtig hulpmiddel om de 

bacteriële productie van virulentiefactoren in kaart te brengen en om de diversiteit in de 

expressie van deze factoren, die gezamenlijk bijdragen aan het vermogen van de bacterie om 

ziekte te veroorzaken, zichtbaar te maken. Om een beter inzicht te krijgen in het 

epidemiologische gedrag en de virulentie van S. aureus werd daarom in het onderhavige 

promotieonderzoek een experimentele pijplijn ontwikkeld om klinische S. aureus-isolaten te 

karakteriseren met betrekking tot de productie van virulentiefactoren en hun daadwerkelijke 
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vermogen om ziekte te veroorzaken. Deze pijplijn, die schematisch is weergegeven in Figuur 

1, werd toegepast om de meest-relevante virulentiefactoren te identificeren, zodat ze als 

mogelijke merkers voor toekomstige infectiepreventiedoeleinden kunnen dienen. Door twee 

geheel verschillende infectiemodellen in de pijplijn op te nemen kon deze ook benut worden 

om nieuwe activiteiten van reeds bekende virulentiefactoren te identificeren of om geheel 

nieuwe virulentiefactoren van S. aureus te identificeren. Verder is het vermeldenswaardig, dat 

de uitgevoerde proteoom-analyses voornamelijk gericht waren op het bacteriële 

exoproteoom, dat alle uitgescheiden eiwitten omvat. Deze focus op het exoproteoom was 

ingegeven door het feit dat deze eiwitfractie het voornaamste reservoir van virulentiefactoren 

vertegenwoordigt [1]. Een bijkomstig voordeel van de analyse van het exoproteoom is dat het 

minder complex van samenstelling is dan het cellulaire proteoom, aangezien slechts een klein 

percentage van alle geproduceerde eiwitten door de bacterie uitgescheiden wordt.  

Om de virulentie van de onderzochte S. aureus-isolaten te bepalen werd de grote wasmot 

Galleria mellonella als infectiemodel gebruikt. Eerder onderzoek had namelijk laten zien, dat 

G. mellonella geschikt is om infecties te onderzoeken die veroorzaakt worden door 

verschillende opportunistische ziekteverwekkers, waaronder S. aureus [2]. In een separate 

studie, die niet in dit proefschrift is opgenomen, werd tevens aangetoond dat G. mellonella 

een geschikt diermodel is voor infecties met de orale ziekteverwekker Porphyromonas 

gingivalis [3]. Een belangrijk gegeven is dat bacteriën, die in de larves van G. mellonella 

geïnjecteerd worden, in de eerste plaats het aangeboren immuunsysteem van de wasmot 

moeten weerstaan, dat qua structuur en functie equivalent is aan het aangeboren 

immuunsysteem van zoogdieren en de mens [4]. Verder is het vermeldenswaardig dat eerder 

onderzoek heeft laten zien, dat de uitkomsten van infectieproeven met verschillende 

ziekteverwekkers in G. mellonella larves tot vergelijkbare resultaten leiden als infectieproeven 

in muizen [5]. 
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Figure 1. Schema van de pijplijn die gebruikt is om proteoom-signaturen te identificeren die 

specifiek zijn voor de virulentie van bepaalde S. aureus-lijnen. 

 

S. aureus ST59 met het zogenaamde spa-type t437 werd een aantal jaren geleden 

geïdentificeerd als één van de dominante MRSA-varianten die infecties veroorzaken onder de 

gezonde bevolking van Azië. Deze variant blijkt zich nu ook in Europa te verspreiden [6]. 

Moleculaire typering van isolaten die behoren tot deze variant liet zien, dat ze qua 

genoomsequentie sterk op elkaar lijken, ongeacht de gastheer van wie ze geïsoleerd werden, 

het jaar van isolatie, of het land waar ze geïsoleerd werden. Deze MRSA-variant vertoont 

derhalve alle eigenschappen van S. aureus-varianten die zich snel onder gezonde mensen 

kunnen verspreiden [6]. Daarom werd het onderzoek beschreven in Hoofdstuk 2 uitgevoerd, 

waarbij de exoproteomen en de virulentie van 20 representatieve klinische S. aureus t437-

isolaten werden vergeleken. Een eerste opmerkelijke waarneming was dat, ondanks de grote 

overeenkomsten op genoomniveau, de exoproteomen van deze isolaten een enorme 

heterogeniteit lieten zien. Slechts een paar eiwitten werden door alle onderzochte isolaten 

uitgescheiden, terwijl een betrekkelijk groot aantal eiwitten uniek bleek te zijn voor bepaalde 

isolaten. De analyses lieten ook zien, dat verschillende isolaten in bepaalde clusters 

gegroepeerd konden worden op grond van hun exoproteoomprofielen en dat de isolaten 

behorend tot eenzelfde cluster een vergelijkbare virulentie in de Galleria en HeLa-cel-
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infectiemodellen vertoonden. Een vergelijkende analyse van de exoproteoom-data en de 

virulentie-assays wees tevens uit, dat bepaalde gesecreteerde eiwitten een cruciale rol spelen 

in de virulentie van isolaten die behoren tot de S. aureus t437 lijn. Tot deze virulentiefactoren 

behoren onder andere de IsaA en chitinase B eiwitten, een groep eiwitten die betrokken zijn 

bij ijzeropname uit het externe milieu van de bacterie (IsdA, IsdB, IsdE en IsdH), het EbpS-eiwit 

en het PVL-toxine.  

Dezelfde pijplijn die gebruikt was voor de karakterisering van S. aureus met het spa-type t437 

werd vervolgens ingezet voor de karakterisering van S. aureus ST398-isolaten, waarbij met 

name gekeken werd naar verschillen tusen de LA-varianten en varianten die van mens-op-

mens overdraagbaar zijn [7]. Zoals beschreven in Hoofdstuk 3 werden in totaal 30 

representatieve ST398-isolaten onderzocht op mogelijk cruciale virulentiefactoren. Een 

opmerkelijk resultaat was dat de LA-ST398-isolaten een hogere exoproteoom-heterogeniteit 

lieten zien dan de onder gezonde mensen overdraagbare ST398 isolaten, ondanks het feit dat 

de laatstgenoemde isolaten op genoomniveau minder met elkaar vewant zijn dan de LA-

ST398-isolaten. Verdere vergelijking van de exoproteomen van de LA-ST398 en de humaan-

overdraagbare ST398-isolaten liet zien, dat de geïdentificeerde eiwitten verschillende functies 

hebben in de pathogenese en het bacteriële metabolisme. Dit duidt op specifieke proteoom-

aanpassingen die van belang zijn bij de gastheer-switch door S. aureus ST398 van de veestapel 

naar de humane populatie. Op basis van deze waarneming kan geconcludeerd worden, dat de 

gecombineerde genoom- en proteoom-data een gedetailleerd inzicht hebben verschaft in de 

moleculaire mechanismes die ten grondslag liggen aan de adaptatie van S. aureus ST398 aan 

een dierlijke of humane gastheer. Door de virulentie van ST398-isolaten in Galleria-larves en 

humane HeLa-cellen te onderzoeken kon worden aangetoond, dat de humaan-overdraagbare 

isolaten meer virulent en cytotoxisch zijn dan de LA-ST398-isolaten. Ook voor de S. aureus 

ST398-isolaten konden de exoproteoom-data gecorreleerd worden aan de virulentie in 

Galleria-larves en de toxiciteit voor HeLa-cellen. Tevens werden belangrijke virulentiefactoren 

van de S. aureus ST398-isolaten geïdentificeerd, waaronder de Sbi, SpA, SCIN en CHIPS 

eiwitten.  
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Tezamen laten de resultaten die beschreven zijn in de Hoofdstukken 2 en 3 zien, dat de  

exoproteomen van S. aureus-isolaten met spa-type t437 of ST398 erg heterogeen zijn, 

ondanks het feit dat de respectievelijke genomen sterk overeenkomen. Aanzienlijke 

exoproteoom-heterogeniteit werd ook al eerder opgemerkt door de analyse van 25 klinische 

S. aureus isolaten uit één ziekenhuis [8]. Bij deze eerdere studie betrof het echter isolaten van 

verschillende types, met veel verschillende mobiele genomische elementen en aanzienlijke 

verschillen in de transcriptionele en post-transcriptionele gen-regulatie. Daarentegen werden 

betrekkelijk homogene exoproteomen recentelijk beschreven voor S. aureus-isolaten van het 

USA300 type die in Kopenhagen en omgeving verzameld waren [9]. Het onderzoek beschreven 

in dit proefschrift laat daarentegen zien, dat de exoproteomen van isolaten met spa-type t437 

of ST398 behoorlijk kunnen verschillen qua samenstelling. Dit betekent dat de mate van 

exoproteoom-heterogeniteit bij verschillende S. aureus-types waarschijnlijk afhangt van de 

respectievelijke types, hun geografische verdeling en de gastheer van wie ze zijn geïsoleerd.  

Een intrigerende waarneming was dat de exoproteoom-heterogeniteit onder S. aureus t437- 

en ST398-isolaten in grote mate bepaald werd door verschillen in de hoeveelheid 

extracellulaire cytoplasmatische eiwitten (in het Engels “extracellular cytoplasmic proteins” of 

ECPs). De excretie van ECPs in het extracellulaire milieu is een fysiologisch fenomeen, dat vaak 

wordt waargenomen bij S. aureus en vele andere micro-organismes [10]. Desondanks zijn de 

mechanismen die leiden tot de excretie van ESPs nog niet volledig opgehelderd. De meest 

populaire verklaringen voor de excretie van ECPs door S. aureus zijn: (i) destabilisatie van de 

celenvelop door het Atl autolysine [11], (ii) de productie van cytolytische toxines en (iii) de 

activiteit van bacteriofagen. De waargenomen variaties in ECPs bij de onderzochte S. aureus 

t437- of ST398-isolaten kon echter niet gecorreleerd worden aan de productie van het 

autolysine Atl. Daarentegen werden verschillende bacteriofaag-geassocieerde eiwitten 

uitsluitend in de exoproteomen van die t437- of ST398-isolaten aangetroffen die de meeste 

ECPs produceerden. Dit betekent dat bacteriofaag-activiteit wellicht verantwoordelijk is voor 

de excretie van ECPs door S. aureus t437- of ST398-isolaten. Hierbij moet wel opgemerkt 

worden, dat dit niet de verklaring kan zijn voor de excretie van ECPs door alle S. aureus 



 

152 
 

varianten, aangezien in een eerder onderzoek aangetoond werd, dat deletie van de profagen 

ϕ11, 12 en 13 uit het genoom van de S. aureus-stam 8325-4 geen aantoonbaar effect had op 

de vorming van ECPs [11]. Ebner et al. rapporteerden recentelijk dat de expressie van 

cytolytische PSMα-toxines de cytoplasmamembraan van S. aureus destabiliseert, hetgeen 

resulteert in de excretie van ECPs [12]. Helaas konden dergelijke PSMα-toxines niet in de 

exoproteomen van de geanalyseerde S. aureus t437- of ST398-isolaten aangetoond worden 

vanwege hun geringe grootte van 20-30 aminozuurresiduen. Dit betekent dat een rol van 

PSM-activiteit bij de vorming van ECPs in deze isolaten niet uitgesloten kan worden. Het lijkt 

echter aannemelijk, dat profaag-activiteit een belangrijke rol speelt bij de ECP-exretie door de 

onderzochte S. aureus t437- en ST398-isolaten. 

Een belangrijke doelstelling van het onderzoek beschreven in Hoofdstukken 2 en 3 was het 

identificeren van cruciale virulentiefactoren die bijdragen aan de pathogeniciteit van de 

onderzochte stammen. Zoals aangegeven in Figuur 1 werd dit onderzocht met behulp van de 

G. mellonella en HeLa-cel-infectiemodellen. Bij de t437 isolaten werd waargenomen, dat de 

eiwitten IsaA, IsdA, IsdB, IsdE, IsdH en chitinase B geassocieerd zijn met het doden van G. 

mellonella-larves. Een belangrijke vervolgbevinding was, dat een S. aureus isaA mutant 

geattenueerd is in het G. mellonella-infectiemodel. Dit verklaart wellicht waarom het IsaA-

eiwit een belangrijk antigen van S. aureus is, dat zonder uitzondering door alle onderzochte 

klinische isolaten geproduceerd wordt [13]. Een rol van het IsaA-eiwit in de virulentie van S. 

aureus was nog niet eerder gerapporteerd en de huidige data ondersteunen het idee dat IsaA 

een veelbelovend doelwit is voor toekomstige profylactische of therapeutische interventies 

om S. aureus-infecties tegen te gaan. Daarnaast onderstreept de correlatie van exoproteoom-

data met de resultaten verkregen met behulp van het HeLa-cel-infectiemodel de belangrijke 

rol van het pore-vormende PVL-toxine in de cytotoxiciteit van S. aureus t437-isolaten. Dit 

impliceert dat PVL-receptoren aanwezig zijn in de HeLa-cellen en dat HeLa-cellen een zeer 

veelzijdig infectiemodel vormen voor onderzoek naar de pathogeniciteit van, in de 

gemeenschap van gezonde mensen verworven, S. aureus-types die vaak de pvl genen 

bezitten. In het geval van S. aureus ST398 laten de resultaten in Hoofdstuk 3 zien, dat de Sbi- 
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en SpA-eiwitten belangrijke virulentiefactoren zijn die een rol spelen bij de infectie van G. 

mellonella larves, aangezien S. aureus bacteriën zonder de spa of sbi genen geattenueerd 

waren in dit infectiemodel. De SpA- en Sbi-eiwitten waren eerder beschreven als belangrijke 

factoren voor het ontwijken van het immuunsysteem door hun vermogen om 

immunoglobuline G (IgG) te binden, waardoor de bacteriën het humane immuunsysteem 

kunnen ontwijken door verminderde opsonofagocytose. Het is echter ook eerder beschreven, 

dat het SpA-eiwit de klassieke complementroute kan beïnvloeden door binding aan de TNFα 

receptor [14] en dat dit van belang is voor de virulentie van S. aureus in een muizenmodel 

voor septische artritis [15]. Daarnaast was eerder aangetoond, dat Sbi niet alleen IgG bindt, 

maar ook het complement-eiwit C3, om destructie door het immuunsysteem te voorkomen 

[16]. Hoewel het op dit moment onduidelijk is hoe de SpA- en Sbi-eiwitten van invloed kunnen 

zijn op de levensvatbaarheid van de G. mellonella larves, zijn de effecten beschreven in 

Hoofdstuk 3 geheel consistent met een rol van deze eiwitten bij infectie van de humane 

gastheer door S. aureus. 

De interacties tussen gastheer en ziekteverwekker zijn niet alleen van eminent belang voor 

een goed begrip van de pathofysiologie van besmettelijke ziektes, maar ook voor de 

behandeling en het voorkomen van dergelijke ziektes. Daarnaast moet men zich realiseren, 

dat infecties vaak veroorzaakt worden door meer dan één ziekteverwekker en dat de mens in 

het algemeen gekoloniseerd wordt door een groot aantal verschillende micro-organismes, 

waaronder opportunistische ziekteverwekkers. Het is daarom van belang om meer aandacht 

te besteden aan het natuurlijke ecosysteem dat de mens vormt en waarin ziekteverwekkers 

competitieve of cooperatieve interacties kunnen aangaan met andere niet-pathogene micro-

organismes of met andere ziekteverwekkers. Dergelijke interacties kunnen zelfs van voordeel 

zijn voor zowel de gastheer als de ziekteverwekker. Met dit idee in het achterhoofd werd het 

onderzoek beschreven in Hoofdstuk 4 opgezet. Hierbij werden mogelijke veranderingen in de 

gen-expressie, de eiwit-samenstelling en de virulentie van S. aureus onderzocht die kunnen 

optreden bij het gezamenlijk kweken van S. aureus met isolaten van de bacteriën Klebsiella 

oxytoca en Bacillus thuringiensis onder omstandigheden die een infectie nabootsen. Hierbij 
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was het van belang, dat al deze bacterie-isolaten verkregen waren uit dezelfde chronische 

wond van een patiënt met de erfelijke blaarziekte epidermolysis bullosa (EB), hetgeen 

suggereerde dat deze bacteriën zich zodanig aan elkaar hadden aangepast dat ze ‘vreedzaam’ 

kunnen co-existeren [17]. Eerder onderzoek had al laten zien, dat chronische wonden van 

patiënten met EB in grote mate gekoloniseerd zijn door S. aureus, maar dat deze patiënten 

desondanks slechts zelden invasieve S. aureus-infecties oplopen [18-20]. Dit suggereerde dat 

ze tot op zekere hoogte beschermd zijn tegen ernstige S. aureus-infecties. In 

overeenstemming met dit idee was al eerder aangetoond, dat patiënten met EB een sterkere 

immuunrespons tegen S. aureus laten zien dan gezonde vrijwilligers [21, 22]. Het was echter 

nog niet bekend of interacties tussen de samenlevende bacteriën in de chronische wonden 

van patiënten met EB op de een of andere manier de virulentie van S. aureus zouden kunnen 

beïnvloeden. Deze vraag wordt beantwoord door de studies die beschreven zijn in Hoofdstuk 

4, waarbij verschillende bacteriën zowel afzonderlijk als ook gezamenlijk gekweekt werden en 

waarbij vervolgens de verschillen in gen-expressie onderzocht werden met behulp van 

transcriptoom- en proteoom-analyses. Daarnaast werd de onderlinge beïnvloeding 

onderzocht in het G. mellonella infectiemodel. De resultaten laten zien, dat de aanwezigheid 

van K. oxytoca of B. thuringiensis tot grootschalige aanpassingen leidt in de fysiologie van S. 

aureus en tot een aanzienlijke reductie van de virulentie. Deze bevindingen vormen een 

additionele verklaring waarom EB-patiënten, die zwaar gekoloniseerd zijn met S. aureus en 

wier huid-barrière beschadigd is door blaren en chronische wonden, slechts zelden lijden aan 

zware invasieve S. aureus-infecties. Een andere interessante waarneming betrof het feit dat 

S. aureus heel verschillende eiwitten aanmaakt in de aanwezigheid van andere bacteriën dan 

wanneer deze ziekteverwekker op zichzelf is. Dit zou een mogelijke reden kunnen zijn waarom 

het tot dusver nog niet mogelijk was om een effectief vaccin tegen S. aureus te ontwikkelen. 

In deze context is het echter wel van belang om te bedenken dat S. aureus, in combinatie met 

andere bacteriën zoals Pseudomonas aeruginosa, ook in staat is om de expressie van zijn 

virulentiefactoren te verhogen [23, 24]. Het zal daarom nog een belangrijke uitdaging zijn voor 
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toekomstig onderzoek om uit te vinden hoe andere micro-organismes de overgang van S. 

aureus van een relatief onschuldige commensaal tot gevaarlijke ziekteverwekker beïnvloeden.     

Samenvattend kan geconcludeerd worden, dat het onderzoek beschreven in dit proefschrift 

het belang van proteoom-analyses onderstreept om de virulentie van S. aureus te bestuderen 

en te begrijpen. Hiertoe werd een experimentele pijplijn ontwikkeld die gebaseerd was op 

eerdere DNA-typeringen en genoomsequentie-analyses. Deze pijplijn omvatte proteoom-

analyses met een hoge doorloop en twee infectie-modellen, waardoor het mogelijk was om 

verschillende belangrijke virulentiefactoren van twee zeer besmettelijke S. aureus-varianten 

met spa-type t437 of ST398 te identificeren. Hierbij werd aangetoond dat een aantal 

extracellulaire eiwitten, zoals IsaA, PVL, SpA en Sbi, een rol spelen bij de infectie van Galleria-

larves en HeLa-cellen. Deze eiwitten zijn daarom mogelijke doelwitten voor nieuwe 

profylactische of therapeutische methodes om S. aureus-infecties te voorkomen of te 

bestrijden. Wellicht kunnen deze eiwitten ook fungeren als biomarkers in de infectie-

preventie, in het bijzonder om de snelle verspreiding van gevaarlijke S. aureus-varianten tegen 

te gaan. In dit opzicht moet benadrukt worden dat één van deze eiwitten, namelijk PVL, reeds 

sinds meerdere jaren beschouwd wordt als merker voor MRSA-varianten die snel van mens 

op mens overdraagbaar zijn, niet alleen in de context van academisch onderzoek, maar met 

name ook in de klinische microbiologische diagnostiek [25]. Gezien het feit dat het PVL-toxine 

een rol spelt bij potentieel fatale infecties, zoals een necrotiserende longontsteking, zou het 

van belang kunnen zijn om passieve of actieve immunisatie-benaderingen met PVL als doelwit 

te ontwikkelen. De waarneming dat PVL een mogelijke rol speelt bij het doden van HeLa-cellen 

is in dit opzicht opmerkelijk, omdat dit suggereert dat de HeLa-cellen één of meerdere PVL-

receptoren bezitten. Dit roept de vraag op welke andere humane cel-types en weefsels, 

afgezien van leukocyten, nog meer door dit toxine beschadigd kunnen worden. Net als PVL 

zou ook het SpA-eiwit een aantrekkelijk doelwit voor actieve of passieve immunisatie tegen S. 

aureus kunnen zijn [26, 27]. Voor toekomstig onderzoek is het ook de moeite waard om de rol 

van het IsaA-eiwit in de gastheerkolonisatie en virulentie nader te bestuderen. Hiertoe zou 

gebruik gemaakt kunnen worden van de recentelijk ontwikkelde humane IgG1-type 



 

156 
 

monoclonale antistof 1D9 [28]. Deze antistof is zeer specifiek voor S. aureus, zowel in vitro als 

in vivo [29], en hij kan gebruikt worden voor de in vivo detectie van infecties met behulp van 

beeldvormingstechnieken, gebaseerd op fluorescentie en positron-emissie-tomografie [30, 

31]. Tenslotte is het van belang om de interacties tussen S. aureus en andere bacteriën in een 

chronisch wondmilieu nader te onderzoeken, omdat ze goed het verschillende gedrag van S. 

aureus illustreren wanneer deze ziekteverwekker geïsoleerd leeft of onderdeel uitmaakt van 

een complexe microbiële populatie. Dergelijke studies zullen nieuwe mogelijke doelwitten 

voor de bestrijding van S. aureus-infecties opleveren en ze zullen diepere inzichten 

verschaffen in de prikkels die leiden tot de overgang van een commensale naar een pathogene 

status van de bacterie. Dergelijke studies zullen ook leiden tot een beter begrip van de 

interacties die S. aureus aangaat met de menselijke gastheer en andere micro-organismes. 

Deze interacties bepalen uiteindelijk de verschillende scenario’s in de levensstijl van S. aureus, 

die kunnen variëren van het veroorzaken van co-infecties, zoals het geval is bij septische 

artritis voorzaakt door S. aureus en groep B Streptococcus [32], tot vreedzame co-existentie, 

zoals het geval is bij verreweg de meeste gezonde mensen die gekoloniseerd zijn met S. 

aureus, of zelfs tot onderdrukte virulentie, zoals mogelijk het geval is in gemengde microbiële 

populaties in een chronisch wond-milieu.  
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