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Abstract  

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

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

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

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

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

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

we hypothesized that physiological changes may also impact on staphylococcal 

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

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

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

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

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

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

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

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

Biological significance 

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

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

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

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

aureus. Notably, the clinical manifestations of S. aureus infections tend to differ for those 

isolates that cause infections amongst healthy individuals in the community and those 

isolates that take advantage of frail individuals in healthcare settings. Here, we show 

that hospital-adapted isolates from a notorious community-associated and highly drug-

resistant S. aureus lineage show particular metabolic adaptations. The hospital-

associated isolates have a higher tendency to cause invasive disease and bacteraemia in 

frail patients. Accordingly, their metabolic capability appears to be geared towards 

niches where the need to synthesize glucose, amino acids and purines is relatively low. 

Conversely, the community-acquired isolates are implicated in skin and soft tissue 

infections and, accordingly, their metabolic constitution is adapted to conditions where 

glucose, free amino acids, and purines are limiting. This leads to the new insight that the 

epidemic behaviour of S. aureus as a pathogen is not only dictated by its virulence factor 

repertoire, but also by adaptations in central carbon metabolism.  
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Introduction 

Staphylococcus aureus is a Gram-positive bacterium frequently colonizing the human 

body. However, it is also a dangerous pathogen capable of causing a wide array of 

diseases ranging from skin to soft tissue infections and ultimately life-threatening 

invasive disease [1]. The ability of S. aureus to colonize certain niches of the host, and 

to cause particular diseases is dependent on both its virulence factor repertoire and its 

adaptation capability. Omics profiling approaches provide new insights into both the 

virulence factors expressed in specific host niches and the adaptive responses mounted 

by S. aureus [2–4]. Thus, it is well established that S. aureus expresses a whole arsenal of 

virulence factors, such as toxins, degradative enzymes, adhesins, and other surface-

associated proteins that allow this pathogen to establish infection and to survive in the 

host [5–7]. S. aureus has also evolved resistance to many antibiotics including penicillin, 

methicillin, oxacillin, and last resort antibiotics, such as linezolid and daptomycin. Two 

major methicillin-resistant Staphylococcus aureus (MRSA) classes are distinguished 

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

(HA) MRSA [8]. Risk factors for infection by HA-MRSA are recent hospitalization, dialysis, 

nursing-home residence, and other co-morbidities such as diabetes, chronic renal 

failure, and chronic pulmonary diseases that bring individuals in contact with healthcare 

settings [9]. In contrast, the main risk factor for attracting CA-MRSA is close interaction 

with many different individuals which can occur in nurseries, sport centres, and the army.  

We have recently shown that closely related CA- and HA-MRSA isolates of the USA300 

lineage can be distinguished based on their exoproteome profiles [10]. Importantly, the 

exoproteome profiles of the investigated isolates were predictive for their behaviour 

within lung epithelial cells. This was indicative of adaptations of these USA300 isolates, 

which are generally considered as CA-MRSA, to the hospital environment. Such 

adaptations are of interest, because the current rise of MRSA infections in the 

community inevitably leads to the introduction of CA-MRSA into the hospital 

environment. Notably, adaptive mechanisms often relate to alterations in the metabolic 

status of a bacterium. In the case of S. aureus, such alterations are known to influence 

the expression of virulence factors. However, the particular carbon and nitrogen sources 

that are available to S. aureus in specific host niches also require specific adaptation [11]. 

Importantly, the respective metabolic pathways are essential for bacterial proliferation 

within the host. Therefore, we hypothesised that the investigated HA-USA300 isolates 

have also adapted to the hospital environment, at least in part, by changes in their 

metabolic pathways.  
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The present study was aimed at identifying potential metabolic adaptations in the, 

originally community-associated, USA300 lineage to the hospital environment. To this 

end, we employed a proteomics approach with a focus on the cytosolic protein 

complement. As anticipated, the data obtained highlight differences between the 

investigated CA- and HA-isolates in the protein abundance of several major metabolic 

pathways. These include glycolysis, gluconeogenesis, pentose phosphate pathway, TCA 

cycle, and amino acid biosynthesis. Importantly, the observed adaptations have 

biomedically relevant implications for virulence, stress tolerance, and antibiotic 

resistance. 

Methods 

Bacterial strains    

The CA- and HA-MRSA strains examined in this study were collected in Denmark by the 

Statens Serum Institut (Copenhagen, Denmark) in the period between 1999 and 2006 

[12]. They share the pulsed-field gel electrophoresis profile USA300, but differ in spa-

type. While the three investigated CA-MRSA isolates D15, D32 and D37 share the spa-

type t008, the three investigated HA-MRSA isolates D17, D22 and D53 share the spa-

type t024 [12,13]. Genome sequences and the exoproteome profiles of these strains 

were previously described [12,13,10].  

Cultivation of bacteria and sample preparation 

The cultivation of bacteria was carried out as described before [10]. Briefly, bacteria were 

grown overnight in Tryptone Soy Broth (TSB). Exponentially growing cultures were used 

to inoculate Roswell Park Memorial Institute-1640 (RPMI) medium supplemented with 

2 mM glutamine (GE Healthcare/PAA, Little Chalfont, United Kingdom) to a final optical 

density at 600 nm (OD600) of 0.05, and growth was continued until mid-exponential 

phase. Exponentially growing cells were then used to inoculate fresh RPMI medium to a 

final OD600 of 0.05. Samples from three independent biological replicates were taken in 

the transition phase between the exponential and stationary growth phases, and two 

hours after entry into the stationary growth phase. Cells were collected by centrifugation 

of 13 ml of culture at 13,000 x g, 10 min, at 4ºC. The cell pellets were immediately frozen 

in liquid nitrogen, and stored at -80ºC until further processing. To extract the cytosolic 

protein fraction, cells were disrupted using FastPrep®. Briefly, bacterial cell pellets were 

re-suspended with an appropriate volume of 1 x urea/ thiourea buffer, and transferred 

to 2 ml screw-cap tubes pre-filled with glass beads (Sigma-Aldrich, St. Louis, USA) in half 

the volume of the suspension. The mixture was disrupted in a FastPrep FP120 (Thermo 
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Fischer Scientific Inc., MA, USA) by shaking at maximal speed for 30 s followed by 3 min 

cooling on ice. After repeating the disruption three times, the protein extract was 

collected by centrifugation at 4ºC, 10,000 x g for 30 min. The supernatant was collected 

in a new reaction tube. Determination of protein concentrations was performed with a 

Bradford assay (Biorad, München, Germany). Four µg of protein extract were digested 

with trypsin (Promega, Madison, WI, US; ratio of 1:25 trypsin to protein) at 37 °C 

overnight. To stop the digestion, a final concentration of 1% v/v trifluoroacetic acid (TFA; 

Merck, Darmstadt, Germany) was added. Finally, peptide samples were purified using 

ZipTip®µ-C18 columns (Merck Millipore, Darmstadt, Germany) and eluted in 5 µl of 50% 

acetonitrile (ACN; Sigma-Aldrich, St. Louis, USA) followed by elution with 5 µl of 80% 

ACN. The 10 µl eluate was first frozen at -80 ºC overnight and then dried by vacuum 

centrifugation.  Finally, the dried peptides were reconstituted in 10 µl buffer A [2% (v/v) 

ACN and 0.1% (v/v) acetic acid in HPLC-grade water (Baker)]. 

Acquisition and processing of mass spectrometry data  

Acquisition of mass spectrometry (MS) data was performed in data-independent mode 

(DIA) mode by shotgun nano-liquid chromatography (LC)-MS/MS on a Q Exactive™ Plus 

(Thermo-Fisher Scientific, Waltham, MA, USA) connected to an Ultimate® 3000 Nano 

LC as described before [14]. DIA measurement parameter settings are provided in 

Supplementary Table 1. Prior to the separation of samples by nano-HPLC, an iRT-spike-

in-mix (Biognosys AG, Schlieren, Switzerland) was added to the samples. To construct 

strain-specific ion libraries, samples were measured in data-dependent mode (DDA) as 

described before [15]. DDA measurement parameter settings are provided in 

Supplementary Table 2. Specific sequences of the respective isolates were used to 

search for the database by MaxQuant [16], and the MaxQuant parameter settings are 

provided in Supplementary Table 3. The Spectronaut™ Pulsar software package (v 

11.0.15038.12.32941, Biognosys AG 2013) was used to analyse the samples in a strain-

dependent manner. The Spectronaut™ settings are provided in Supplementary Table 4. 

The raw MS data and other associated files of the present study can be downloaded 

from the MassIVE repository using the following link: 

https://massive.ucsd.edu/ProteoSAFe/jobs.jsp (username: solomonmekonnen; 

password:  reviewers). 

Analysis of data   

To compare the different strains, a blastP analysis (default parameters, BLAST 2.6.0+) 

was performed to the closely related and well-annotated S. aureus USA300_FPR3757 

strain. The protein annotation of this strain was retrieved from AureoWiki 
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(http://aureowiki.med.uni-greifswald.de/) [17]. The results were filtered for the top hit 

for each individual protein in the BLASTp analysis. Only proteins with a minimum overall 

amino acid sequence identity of 70% were considered for quantification. Importantly, 

this led to the exclusion of only 12 identified proteins that were not mapped to 

USA300_FPR3757 protein sequences but were uniquely mapped to CA-isolates.  

To quantify protein amounts, the ion intensity areas under the respective curves from 

the individual strain reports were used for a global median normalization. Peptide 

intensities were calculated by summing up the normalized ion data for each peptide. To 

compare differences in protein abundance between the investigated CA- and HA-MRSA 

isolates, the mean of the biological replicates per peptide and strain was calculated. Only 

peptides present in both CA- and HA-isolates as well as in a minimum of two out of 

three isolates per group were used for statistical testing. Ratios for each peptide were 

calculated by generating pairwise ratios from each HA- versus CA-isolate at the peptide 

level in all combinations as described previously [15]. The obtained values were tested 

per protein using the Wilcox rank sum test against an absolute fold change of 1.3. 

Proteins with p-values below 0.05 were considered to be present in significantly different 

abundance. Protein annotation and pangene symbols were extracted from AureoWiki 

[17]. A table with all the analyses is provided as Supplementary Table 5. Of note, proteins 

that did not fulfil our inclusion criterion for analysis, i.e. presence of a particular protein 

in a minimum of two out of three isolates led to the exclusion of 46 and 47 proteins that 

were uniquely identified in the CA- or HA-isolates, respectively (Supplementary Table 

6). 

Visualization of proteome data in Voronoi treemaps  

Voronoi treemaps were generated using the Paver 2.0 software (Decodon GmbH, 

Greifswald, Germany) [18]. The regulon assignments of the genes that encoded proteins 

of interest was extracted from AureoWiki in order to generate a treemap. The template 

treemap calculation for each isolate was performed using the free swarm algorithm as 

previously described [15]. 

Extraction of carotenoids  

Carotenoid extraction was done as described previously, with slight modifications [19]. 

Briefly, CA- and HA-isolates were cultured in TSB shaking at 220 rpm at 37° for 24 h. The 

cell densities were adjusted by measuring OD600 to obtain comparable cell amounts with 

a total volume of 1 ml culture, and the cells were collected by centrifugation at 10,000 

× g, 2 min followed by washing with PBS. Cell pellets were suspended in 500 µl of 
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methanol and heated to 55°C for 5 min, followed by a centrifugation at 10,000 × g for 

2 min. The extraction was repeated until no further pigment could be extracted. The 

extracts were collected, and absorption spectra were recorded at 465 nm.  

Results  

Distinction of CA- and HA-MRSA isolates based on cellular proteome profiles 

In a recent study, we performed a comparative genome and exoproteome analysis on 

CA- and HA-MRSA isolates of the USA300 lineage to pinpoint epidemiologically relevant 

distinctive features in these closely related bacteria [10]. In particular, a PCA analysis of 

the exoproteome data identified core isolates of each group. For the CA-MRSA group, 

the core isolates were D15, D32 and D37, and for the HA-MRSA group these were 

isolates D17, D22 and D53. We therefore decided to focus the present comparative 

analysis of the cytosolic proteome on these six isolate. To this end, the different isolates 

were cultured in RPMI medium, because a previous transcriptome analysis with tiling 

arrays had shown that the transcript profiles of S. aureus grown in RPMI closely 

resembled those of S. aureus grown in human plasma [2]. The RPMI growth condition 

thus reflects the particular nutritional challenges encountered by S. aureus when the 

bacteria have become invasive and entered the bloodstream of a patient with 

bacteraemia. Further, we addressed bacteria in the transition phase between the 

exponential and stationary growth phases, where most virulence factors start to be 

expressed, and two hours after entry into the stationary growth phase as these growth 

stages are of the highest clinical relevance. Altogether, 1000 proteins were identified in 

our MS analysis where the criterion for protein identification was the detection of 

minimally two peptides in at least two out of three isolates per CA- or HA-isolate group. 

As expected, per isolate group, rather extensive differences in protein composition were 

detectable between the two time points of sampling (Supplementary Table 5) which also 

resulted in clear separation of transient and stationary phase samples of each strain in 

the first and strongest component of a principal component analysis (PCA, Fig. 1). 

However, it was a surprise that the unbiased PCA analysis also uncovered a sharp 

distinction between the investigated CA- and HA-isolates, irrespective of the time point 

of sampling (Fig. 1). A further inspection of the data revealed that 239 proteins were 

differentially expressed (p< 0.05) between the CA- and HA-isolates in the transition 

phase, and 186 proteins in the stationary phase as graphically represented in the 

Volcano plots in Figure 2. These observations show that cells of these two isolate groups 

with different epidemiological behaviour have a distinct protein composition. 
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Figure 1. Principal component analysis of cytosolic protein intensities in CA- and HA-MRSA isolates. A 

principal component analysis (PCA) was performed on the intensity of proteins identified by mass 

spectrometry using R (version 3.4.3) and the factomineR package (version 1.39). Missing values were removed. 

Data centering was performed by subtracting the column means of the data from their corresponding 

columns, and protein intensities with no protein identification were omitted. To unify the variance scaling of 

data, the (centered) columns of the data were divided by their standard deviations. For each isolate three 

biological replicates were analysed in both transient and stationary phase samples. Dimensions 1 and 2 were 

used to plot the graph. Green and blue circles represent transient (Tr) phase and stationary (St) phase samples 

from CA-MRSA isolates, whilst yellow and red circles represent transient (Tr) and stationary (St) phase samples 

from HA-MRSA isolates, respectively. 

The observed differences in the protein levels between the two groups of isolates could 

potentially relate to differences in gene expression or differences e.g. in protein stability 

due to differences in protein sequences. We, therefore, performed blastP comparisons, 

which showed amino substitutions for 38 proteins, whereas the remainder of the 

proteins with differential abundance in the CA- and HA-isolates showed identical amino 

acid sequences in both isolate groups (Supplementary Fig. 1). This implies that the 
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majority of proteins with differential abundance in CA- and HA-isolates are differentially 

regulated and that only a minor fraction may show differential behaviour based on 

structural differences.  

 

Figure 2. Volcano plots presenting proteins with differential abundance in CA- and HA-MRSA isolates. 

A Wilcoxon rank sum test against a fold change of 1.3 was used to compute the significance level of 

differentially abundant proteins in the cytosolic fractions of CA- and HA-MRSA isolates. (A) transition phase 

samples, (B) stationary phase samples. Each dot represents a particular protein. Red marks a significantly 

higher abundance in HA-isolates, and blue a significantly higher abundance in CA-isolates. Grey marks the 

absence of a significant difference in protein abundance. Top 50 proteins with the highest P-values were 

marked with their corresponding pangene identifier, otherwise with locus ID. 

Regulator-based stratification of differential protein abundance  

Proteins that showed statistically significant different levels in CA- and HA-MRSA were 

categorised based on the known regulators of the respective genes. This revealed that 

proteins encoded by genes under control of the alternative RNA polymerase sigma 

factor B (SigB) and the putative transcriptional regulator (MtlR) were up-regulated 

among the HA-isolates (Figure 3A, B; Supplementary Fig. 2). Notably, this does not only 

apply to the strictly SigB-controlled proteins Asp23, RsbV and RsbW, but also to proteins 

that are controlled by SigB and other regulators (Fig. 3B, D). In contrast, proteins 

encoded by genes that are controlled by the regulator of branched-chain amino acid 
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synthesis (CodY) and the catabolite control protein A (CcpA) were up-regulated among 

the CA-isolates (Fig. 3C, D; Supplementary Fig. 1).   

 

Figure 3. Regulon-based stratification of genes encoding proteins present at statistically significantly 

different levels in the CA- and HA-MRSA isolates. (A) Voronoi treemap of regulon-based stratification of 

proteins present at statistically significantly different levels in the transient phase samples. (B) Bar plot of SigB-

regulated proteins present at statistically significantly different levels in the transient phase samples. (C) 

Voronoi treemap of regulon-based stratification of proteins present at statistically significantly different levels 

in the stationary phase samples. (D) Bar plot of SigB-regulated proteins present at statistically significantly 

different levels in the stationary phase samples. Ratios of protein intensities in HA- and CA-isolates in log2 

were used to create both the Voronoi treemaps and the bar graphs. Individual cells in the Voronoi treemaps 

(A, C) represent particular significantly differentially regulated proteins. Blue cells represent proteins up-

regulated in CA-isolates, and orange cells represent proteins up-regulated in HA-isolates. In the bar graphs 

(B, D), the Y-axis indicates the HA/CA protein ratios in log2, and the X-axis shows the respective pangene 

names or locus IDs of the USA300_FPR3757 strain for the corresponding proteins. The ‘SAUSA300_’ prefix was 

omitted for names starting with ‘RS’ for a better graphical representation of the Figure. 
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Figure 4. Assignment of identified proteins according to their roles in metabolic pathways. Ratios of 

proteins implicated in the glycolysis (A, B), pentose phosphate pathway (C, D), gluconeogenesis (E, F), TCA 

cycle (G, H) and different amino acid biosynthetic pathways (I, J) are presented. Panels A, C, E, G and I relate 

to transition phase samples, and panels B, D, F, H and J relate to stationary phase samples. * Statistically 

significant differences in protein intensity; empty boxes relate to proteins involved in the specified pathway 

that were not identified in the analysis.  

Differential protein abundance in metabolic pathways  

To better understand the physiological changes potentially underlying differences in 

epidemicity, the identified proteins were categorised based on their assignment to 

different metabolic pathways. Interestingly, proteins involved in glycolysis, such as the 

triosephosphate isomerase TpiA, the aldehyde dehydrogenase GapA, the 

phosphoglycerate kinase Pgk and the 2,3-bisphosphoglycerate-independent 

phosphoglycerate mutase Pgm were significantly more abundant in the HA-isolates (Fig. 

4A, B). Similarly, proteins involved in the pentose phosphate pathway such as 

transketolase (Tkt) were more abundant in the HA-isolates (Fig. 4C, D) On the other 

hand, proteins involved in gluconeogenesis, such as the pyruvate carboxylase PycA (Fig. 

4E, F), and the tricarboxylic acid (TCA) cycle, such as CitB and CitZ (Fig. 4G, H), were more 

abundant in the CA-isolates. The latter also applied to proteins involved in the 

biosynthesis of several amino acids, including glutamate, glutamine, homoserine, 

isoleucine, leucine and lysine (Fig. 4I, J), whereas proteins involved in the synthesis of 

proline were less abundant in the CA-isolates. A further potentially important metabolic 

difference was observed for proteins involved in the purine biosynthesis. Interestingly, 
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in the HA-isolates we observed an up-regulation of the purine synthesis repressor PurR, 

and a corresponding downregulation of PurR-regulated proteins PurS, PurL, PurN, and 

PurD (Fig. 5A). Of note, only PurH was upregulated in the HA-isolates, but this may relate 

to an amino acid substitution as PurH is one of the 38 differentially expressed proteins 

with an amino acid substitution (Supplementary Fig. 1).  

 

Figure 5. Correlation between protein levels of purine biosynthesis and isolate pigmentation. (A) The 

HA/CA ratios of proteins involved in purine metabolism are represented in a bar graph. (B) Yellow 

pigmentation of CA- and HA-isolates was assessed upon growth in TSB medium and subsequently pelleting 

the cells by centrifugation. (C) Carotenoids were extracted from pelleted cells by methanol extraction and the 

yellow coloration of the extracted pigment was assessed by OD465 readings. (D) averaged values of the OD465 

readings for pigment extracted from CA- or HA-isolates. *, Statistically significant differences in protein 

abundance or intensity of extracted pigment.  

Impact of metabolic differences on the production of staphyloxanthin  

SigB is known to positively regulate the expression of the crtM gene, which plays a 

crucial role in the biosynthesis of the carotenoid staphyloxanthin, the pigment that gives 

S. aureus its golden appearance [20,21]. In addition, Lan and colleagues have shown that 

inactivation of the citZ gene, which encodes the first enzyme in the TCA cycle, or 

inactivation of the purH gene involved in purine biosynthesis, both lead to increased 

staphyloxanthin production [22]. Since CitZ and several proteins in purine biosynthesis 

are downregulated in the HA-isolates, while PurH contains an amino acid substitution 

in these isolates, we hypothesized that the HA-isolates might display higher-levels of 

staphyloxanthin than the CA-isolates. Indeed, inspection of HA- and CA-isolates grown 
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in TSB showed that the HA-MRSA isolates displayed a stronger pigmentation than the 

CA-isolates, and this qualitative observation was subsequently validated by 

quantification of extracted staphyloxanthin (Fig. 5B, C).  

Discussion 

The Gram-positive bacterium S. aureus requires 13 biosynthetic intermediates [23] to 

synthesize all macromolecules that it needs to be a successful pathogen that conquers 

different niches on and in the human body. These biosynthetic intermediates are derived 

from only three metabolic pathways in central carbon metabolism, namely glycolysis, 

the pentose phosphate pathway and the TCA cycle [23]. This focuses attention on the 

relationships between metabolism and the particular behaviour of this pathogen. In the 

present study, we analysed differences in the cellular protein profiles of two groups of 

genetically closely related, but epidemiologically distinct, isolates of the USA300 lineage 

that had been collected from Danish hospitals or the community in the Copenhagen 

area. A total of 1000 proteins were identified through mass spectrometry analysis of the 

cytosolic fractions of the isolates, many of which have prominent roles in metabolism 

and physiology. Importantly, our data analysis uncovers significant differences in the 

levels of proteins involved in glycolysis, the pentose phosphate pathway and the TCA 

cycle showing that central carbon metabolism is key to understanding staphylococcal 

epidemicity.   

Glycolysis is the main pathway that converts glucose internalized by S. aureus in a 

cascade of ten consecutive steps to pyruvate under aerobic conditions [24]. Intriguingly, 

the here investigated HA-MRSA isolates displayed significantly higher levels of glycolytic 

enzymes such as TpiA, GapA, Pgk and Pgm than the CA-MRSA isolates. This implies that 

the repression of the respective genes by the glycolytic operon regulator GapR is less 

tight in the HA-isolates. In contrast, the HA-isolates contained relatively lower levels of 

the gluconeogenesis enzymes GpmA, FdaB and PycA. These findings imply that, under 

exactly the same growth conditions, the HA-isolates have the ‘notion’ that there is 

sufficient glucose available, while the CA-isolates perceive a shortage in glucose. It thus 

seems that the HA-isolates are geared towards high glucose consumption while the CA-

isolates anticipate glucose deprivation. This may provide the HA- or the CA-isolates with 

selective advantages depending on the availability of glucose in a particular niche of the 

human body.  

The pentose phosphate pathway and TCA cycle are important pathways to maintain 

carbon homeostasis, and provide precursors for amino acid biosynthesis [25]. The 

observed upregulation of the pentose phosphate pathway of HA-isolates suggests that 
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these isolates are better prepared to regenerate fructose-6-P and glyceraldehyde-3-P 

to prime glycolysis, which would be in line with the upregulation of the glycolytic 

pathway. Consistent with this idea, the HA-MRSA isolates showed a significantly higher 

level of the Tkt protein.   

The TCA cycle and the production of virulence factors are both regulated by CodY [23]. 

Therefore, alterations in bacterial metabolism can be directly related to bacterial survival 

and virulence [26,27]. Interestingly, the HA-MRSA isolates contained lower levels of the 

CcpA-regulated TCA cycle enzymes CitB and CitZ than the CA-MRSA isolates. Thus, the 

hospital-adapted isolates of the USA300 lineage could be less virulent than the original 

CA-type, which is an idea that matches well with the clinical presentation of infections 

caused by CA-MRSA. It is also interesting to speculate that this adaptive behaviour 

relates to higher numbers of frail individuals in the hospital setting compared to the 

community. In addition, it has been proposed that down-regulation of TCA cycle 

enzymes could be a consequence of iron starvation [27,28]. Consistent with this idea, 

the here investigated HA-isolates with relatively low levels of TCA cycle enzymes display 

increased levels of the Fur-regulated cytoplasmic SbnABCFGH (Supplementary Fig. 2) 

proteins involved in siderophore-dependent iron uptake. On the other hand, the HA-

isolates display relatively low levels of proteins belonging to the IsdABC system for iron 

acquisition. This would suggest that HA- and CA-isolates preferentially employ different 

systems for iron acquisition, which might be related to a preference for different sources 

of iron available in different host niches. However, in this respect, one should bear in 

mind that molecular iron may also represent a source of oxidative stress through 

Fenton-related chemistry [29]. Accordingly, the apparently differential regulation of iron 

acquisition systems could also relate to the evasion of oxidative stress.    

Amino acids are used for protein biosynthesis, but they can also be applied as an 

alternative source of carbon and nitrogen if these essential elements are insufficiently 

available. Though the RPMI medium used to culture bacteria in the present study is 

supplemented with all 20 essential amino acids, compared to the HA-isolates, the CA-

isolates were found to upregulate proteins needed in the metabolism of several amino 

acids, such as glutamate, homoserine, isoleucine, and lysine. In terms of host adaptation, 

this may indicate that in their preferred niche the CA-isolates are limited in free amino 

acids. This is a plausible assumption as CA-isolates are mostly implicated in skin and soft 

tissue infections.  

Previous studies have shown the role of purine biosynthesis in processes that are 

important for adaptation and fitness. Clearly, purine biosynthesis contributes to the 
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synthesis of DNA and RNA which, in turn, drives the synthesis of proteins. Furthermore, 

purine contributes to S. aureus resistance to lysostaphin [30], fitness and virulence [22]. 

In the current study, we observed that enzymes contributing to purine metabolism were 

down-regulated in the HA- isolates compared to the CA-isolates. In relation to purine 

metabolism, it is noteworthy that the HA-isolates displayed upregulation of proteins 

controlled by SigB, because Lan et al. [22] and Li et al. [31] have shown that limited 

purine biosynthesis leads to SigB activation. Thus, reduced level of purine biosynthetic 

proteins in the HA-isolates would be sufficient to explain the observed upregulation of 

SigB-dependent proteins in these isolates. Like for the amino acid biosynthetic proteins, 

also the adjustment of the purine biosynthetic pathway in HA-isolates may reflect their 

preference for certain niches in the human host where purine is abundantly available. 

Of note, high purine levels are encountered in blood and our proteome data may thus 

reflect the fact that HA-MRSA is mostly implicated in invasive diseases, bacteraemia in 

particular. Importantly, the downregulation of the purine metabolism in HA-isolates is 

not only reflected in the levels of purine biosynthetic proteins, but also in the elevated 

levels of staphyloxanthin, the ‘golden’ pigment. As shown by Lan et al. the upregulation 

of  staphyloxanthin, is one of the consequences of a deficiency in purine biosynthesis 

[22].  

Conclusion  

Altogether, the present analysis of the cytosolic proteome complement of HA- and CA-

isolates of the USA300 lineage shows that part of the adaptation of this CA-lineage to 

the hospital environment takes place at the level of central carbon metabolism. The 

specific changes observed match well with the clinical manifestations of the two 

different groups. CA-MRSA is notorious for skin and soft tissue infections and, 

accordingly, bacteria belonging to this group need to be prepared for propagation and 

survival in an environment where glucose, free amino acids, and purines are limiting 

resources. On the other hand, HA-MRSA has a higher tendency to cause invasive disease 

and bacteraemia in frail patients, which leads the bacteria to niches where there is 

potentially a reduced need for them to synthesize their own glucose, amino acids, and 

purines. These observations spark interest in central carbon metabolism as a key driver 

for adaptations that streamline MRSA for propagation in the community or the hospital.   
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Supplementary Figure 

 

Supplementary Figure 2. Regulon-based stratified proteins present at statistically significantly 

different levels in the CA- and HA-MRSA isolates. Bar graphs were created based on the ratio of protein 

intensities in HA-to-CA isolates in log2 from (A) transition phase samples, and (B) stationary phase samples. 

The Y-axis displays the HA/CA protein ratio in log2, and the X-axis shows the pangene names or the locus ID 

of the USA300_FPR3757 strain. Regulons are marked on top of each bar graph in a grey-shaded box. The 

‘SAUSA300_’ prefix was omitted for names starting with ‘RS’ for a better graphical representation of the Figure. 
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