
 

 

 University of Groningen

On the missing links between the epidemiology and pathophysiology of Staphylococcus
aureus
Mekonnen, Solomon Abera

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Mekonnen, S. A. (2018). On the missing links between the epidemiology and pathophysiology of
Staphylococcus aureus. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/34e7f5dd-8d08-4c43-86e8-4511406e6ccd


 

 
 

 

 

 

Chapter 5 

 

 

Summary, Conclusions and Future perspectives

 

 

 

 

 

 

 

 



Summary, conclusions and future perspectives 
 

126 

Summary  

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

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

that are hard to treat due to its ability to withstand most antibiotics. As introduced in 

Chapter 1, diagnostic markers for the distinction of CA- and HA-MRSA have many 

applications, in particular for epidemiological investigations, and for the control and 

prevention of outbreaks. Classical studies have shown that specific genes on mobile 

genomic elements (MGE), such as PVL, represent markers that distinguish CA- and HA-

MRSA1. In addition, the susceptibility of MRSA to ciprofloxacin and gentamicin has been 

used to detect PVL-positive CA-MRSA. However, recent studies identified PVL-positive 

HA-MRSA, highlighting an urgent need for more robust molecular markers that 

distinguish CA- and HA-MRSA2–4.   

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

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

molecular traits that dictate the epidemiological behaviour of CA- and HA-MRSA. How 

can we distinguish these two classes of MRSA at the molecular level? This is not only an 

intriguing fundamental question, but it also has important bearings on the situation in 

the clinic, where especially the highly aggressive CA-MRSA lineages need to be 

recognized and eliminated at an early stage before they can cause serious hard-to-fight 

outbreaks. This is even more important since such CA-MRSA lineages have already been 

introduced into hospitals where they are adapting to this new habitat. This phenomenon 

was previously reported for the USA300 MRSA lineage, which had originally emerged as 

a CA-MRSA lineage in the United States of America6, but is now also causing infections 

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

observations provide a unique opportunity to characterize molecular adaptations of 

USA300 isolates to the hospital environment by a comparative genomics, 

transcriptomics, and proteomics approach as documented in this PhD thesis.  

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

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

the accessory genome. Interestingly, proteomics data showed that CA- and HA-isolates 

can be distinguished by two distinct extracellular protein abundance clusters that are 

predictive not only for the epidemiologic behaviour of USA300 isolates, but also for their 

growth and survival within epithelial cells10. The latter is highly relevant as CA-MRSA 

typically causes skin and soft tissue infections where the epithelial cell layer is the first 

line of defence in our body that needs to be breached. Intriguingly, the identified 

exoproteome clusters differ in the abundance of typical cytoplasmic proteins, 



Chapter 5 
 

127 

 

 5 

suggesting that extracellular ‘moonlighting’ proteins represent a new distinguishing 

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

different functions both at intracellular and extracellular locations in staphylococcal 

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

proteins with an extracellular localization to distinguish closely related CA- and HA-

USA300 isolates.   

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

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

Importantly, the results showed that adaptation of the CA-USA300 isolates to the 

hospital environment takes, at least in part, place at the level of central carbon 

metabolism. The differences that were observed for cytoplasmic proteins of the 

investigated CA- and HA-isolates related mostly to glycolysis, pentose phosphate 

pathway, gluconeogenesis, the tricarboxylic acid (TCA) cycle, and the metabolism of 

amino acids and purine. Specifically, the glycolysis and pentose phosphate pathways 

were relatively up-regulated in HA-isolates, whereas gluconeogenesis, the TCA cycle, 

and amino acid and purine metabolism were down-regulated in these isolates. These 

differential pathway adaptations match remarkably well with the clinical manifestations 

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

individuals. In this scenario, the bacteria reach for example the bloodstream where there 

is less need for them to synthesize glucose, amino acids and purines. In contrast, CA-

MRSA is associated with skin and soft tissue infections. Accordingly, the bacteria 

showing this epidemic behaviour appear to be prepared for an environment where 

glucose, free amino acids and purines are limiting resources. These observations focus 

attention on central carbon metabolism as an important driver for adaptations that 

streamline MRSA for propagation in the community or the hospital. 

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

require adaptations in gene expression by transcriptional regulation. To assess the 

extent of adaptive transcriptional changes in the investigated CA- and HA-USA300 

isolates, an RNA sequencing analysis was performed as described in Chapter 4. In brief, 

the RNAseq results pinpoint specific differences between the two groups, especially 

distinct activities of the Agr quorum-sensing system, defences against oxidative stress 

and several biosynthetic pathways. Genes encoding the histidine, purine, pyrimidine and 

fatty acid biosynthetic pathways were differentially expressed in the two groups of 

isolates. Furthermore, genes encoding S. aureus virulence factors, such as leukotoxins 

and phenol-soluble modulins that have been invoked in immune evasion and survival 

of phagocytosis were also differentially expressed in the CA- and HA-isolates. Especially, 
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the survival of phagocytosis by neutrophils is important for S. aureus, because these 

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

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

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

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

isolates, whereas the HA-isolates were better adapted for intra-phagocyte survival. This 

opened up the possibility that the adaptation of the HA-MRSA isolates to the hospital 

setting is, at least in part, aimed at the evasion of antibiotics through enhanced intra-

neutrophil survival. This idea was subsequently verified in a Galleria mellonella infection 

model, where the HA-isolates were indeed better equipped to evade a challenge with 

gentamycin than the CA-isolates through intra-phagocyte survival. 

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

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

expression than the HA-MRSA. This was an unexpected finding as previous studies had 

implicated PSMs in the staphylococcal escape from neutrophils14. Therefore, we 

validated the differential expression of PSMs by assessing resistance to daptomycin. 

Recently, it had been shown that reduced PSM levels confer S. aureus resistance to 

daptomycin through the sequestration of this antibiotic by secreted phospholipids15. 

Thus, we hypothesized that CA-USA300 isolates would be less susceptible to 

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

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

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

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

daptomycin can be considered as an indirect consequence of their adaptations to the 

hospital environment.    

Conclusions  

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

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

bacterium’s remarkable ability to adapt to different environments and to respond to 

challenges imposed by the human immune system. Importantly, MGEs encoding genes 

that confer resistance to different antibiotics and virulence factors play key roles in such 

adaptations. Thus, the genomic plasticity brought about by MGEs contributes to the 

fitness and continuous evolution of S. aureus. Interestingly, a phylogenetic analysis of 

several strains of S. aureus indicates that the USA300 lineage, which was originally 

identified as CA, evolved from an MSSA ancestry through the acquisition of MGEs 

(Figure 1). The apparent gain and/or loss of MGE-encoded genes resulted in different 
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virulence levels of the here investigated CA- and HA-isolates (Figure 2). Notably, the 

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

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

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

distinctive characteristics that are reflected in their transcriptome and proteome 

composition. Importantly, these features are predictive for their growth, and survival 

within epithelial cells and phagocytes. Altogether, the presented findings imply that the 

different epidemicity of the investigated USA300 isolates requires changes at three 

higher order levels, namely central carbon metabolism, expression of virulence factors 

and protection against oxidative stress. The adaptive changes in the levels of proteins 

needed for central carbon metabolism will prepare the HA- or CA-isolates to be 

optimally fit in particular niches provided by the human body, and the respective 

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

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

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

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

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

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

isolates to survive within phagocytes. The present findings thus highlight particular 

molecular traits that are potentially diagnostic for epidemic behaviour.   

 

Figure 1. Phylogenetic tree analysis of different strains of S. aureus. The Geneious program version 11.1.2 

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

of the strains using default settings. Afterwards, the tree was constructed with the rapidRaXML program 

version 8.2.1 using a rapid bootstrapping algorithm16.  
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Figure 2. Model for the evolution of virulence in CA- and HA-USA300 isolates. Based on recent extensive 

phylogenetic analyses 9, it seems likely that the methicillin sensitive S. aureus (MSSA) clonal lineage ST8 

successively acquired the PVL genes, the ACME element, SCCmec type IV, and enterotoxin genes (e.g seq) 

through horizontal transfer of MGEs giving rise to the CA-USA300 lineage, which spread in the community. 

Upon re-introduction into the hospital, the here-studied Danish USA300 isolates adapted to the new situation 

by replacing particular MGEs, which led to the loss of PVL genes and the acquisition of enterotoxin genes (eg. 

sej) and by adjusting their physiology as described in this thesis. *ACME, Arginine Catabolic Mobile Element; 

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

Future perspectives 

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

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

develop symptoms of staphylococcal infection. This is recognized as a rather soft 

criterion and, accordingly, there has been a quest for the identification of more robust 

distinctive molecular features to distinguish CA- and HA-MRSA isolates. So far, only a 

very limited number of distinctive features, such as the presence of PVL-encoding genes, 

were available to separate CA- from HA-MRSA. However, these markers are losing their 

predictive value as the originally CA-lineages are now (re-)introduced into hospitals, 

where they adapt to the respective conditions, especially antibiotic challenges. In this 

thesis, several traits are described that distinguish CA- and HA-isolates of the USA300 

lineage. These represent promising leads for the development of markers for epidemic 
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behaviour. One of the key questions that remains to be answered is whether the 

identified features also distinguish genetically distantly related CA- and HA-MRSA 

isolates of different clonal lineages from different geographical origins. The presented 

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

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

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

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

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

should place a stronger emphasis on the implementation of 'omics' for infection 

prevention. In fact, this is a trend that has already been started by the introduction of 

whole genome sequencing to track outbreaks of resistant microorganisms and the 

respective lines of transmission19, or MALDI-TOF mass spectrometry to identify 

particular pathogens in the clinical diagnostic routine20,21.  A more fundamental question 

that remains to be answered is how the presently identified distinguishing features of 

the CA- and HA-MRSA isolates dictate the overall interactions with human host proteins. 

This is an important knowledge gap, as underscored by a recent finding that the 

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

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

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

to explore and dissect the impact of the human protein ‘corona’ on staphylococcal 

pathophysiology. The results of such analyses should allow the rational design of new-

generation preventive and therapeutic interventions that will protect patients and frail 

individuals from the threats imposed by MRSA infections.  
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