
 

 

 

 

Metabolic insights into Staphylococcus aureus 

and its natural habitats 
 

 

 

 
I n a u g u r a l d i s s e r t a t i o n 

zur 

Erlangung des akademischen Grades eines 

doctor rerum naturalium (Dr. rer. nat.) 

der 

Mathematisch-Naturwissenschaftlichen Fakultät 

der 

Ernst-Moritz-Arndt-Universität Greifswald 

 

 

 

 

 

 

       vorgelegt von 

       Kirsten Dörries 

       geboren am 23. April 1985 

       in Salzgitter 

 

 

Greifswald, den 30. Juni 2014 

  



 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Dekan:   Prof. Dr. Klaus Fesser 
 
 
1. Gutachter:  Prof. Dr. Michael Lalk 
 
2. Gutachter:  Prof. Dr. Jan Maarten van Dijl 
 
 
Tag der Promotion:  26. September 2014 
 
  



 

 
  



 

 
 



TABLE OF CONTENTS 

1 
 

Table of Contents 

Table of Contents .................................................................................................................................1 

List of Abbreviations ............................................................................................................................3 

Zusammenfassung ................................................................................................................................5 

Summary ..............................................................................................................................................7 

Introduction ..........................................................................................................................................9 

1. Staphylococcus aureus .....................................................................................................................9 

1.1 The metabolic network of S. aureus in the post-genomic era ...................................................9 

2. Metabolomics .................................................................................................................................10 

2.1. Sampling protocol for the metabolome analysis of Gram-positive bacteria ..........................11 

2.2. Exometabolome analysis via 1H-NMR spectroscopy.............................................................12 

2.3. Endometabolome analysis via HPLC-MS and GC-MS .........................................................13 

2.3.1. Identification of metabolites ......................................................................................... 13 

2.3.2. Metabolite quantification - absolute vs. relative concentration .................................... 14 

3. The metabolome of Staphylococcus aureus ...................................................................................15 

3.1. Metabolic profiles of S. aureus under glucose limitation ......................................................17 

3.2. Metabolic profiles of S. aureus during long-term anaerobiosis .............................................19 

3.3. Growth of S. aureus under infection-related conditions ........................................................22 

3.4. Metabolic profiles of S. aureus under antibiotic stress ..........................................................24 

4. Metabolome analyses of human secretions - natural habitats of S. aureus during human host 
colonization ........................................................................................................................................26 

Concluding remarks ...........................................................................................................................28 

References ..........................................................................................................................................29 

List of Publications .............................................................................................................................37 

Article I ..............................................................................................................................................39 

Article II .............................................................................................................................................55 

Article III ............................................................................................................................................67 

Book Chapter I .................................................................................................................................135 

Affidavit - Eidesstattliche Erklärung ................................................................................................159 

Curriculum Vitae ..............................................................................................................................161 

Acknowledgement - Danksagung ....................................................................................................163 

 
  



TABLE OF CONTENTS 

2 
 

 
 



LIST OF ABBREVIATIONS 

3 
 

List of Abbreviations 

ADI pathway arginine deiminase pathway 

AEC adenylate energy charge 

amp ampicillin 

ATP adenosine 5'-triphosphate 

CA-MRSA community-acquired MRSA 

CDM chemically defined medium 

CDW cell dry weight 

CE-MS capillary electrophoresis coupled to mass spectrometry 

cip ciprofloxacin 

CTP cytidine 5'-triphosphate 

CW cell wall 
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m/z mass-to-charge 

MRSA methicillin-resistant Staphylococcus aureus 

MSTFA N-methyl-trimethylsilyltrifluoroacetamide 

NAD+ nicotinamide adenine dinucleotide 

NADH nicotinamide adenine dinucleotide, reduced 

NIST National Institute of Standards and Technology 
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S. aureus Staphylococcus aureus 
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UDP uridine 5'-diphosphate 
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Zusammenfassung 

Das Forschungsfeld "Metabolomics" ist Teil der gesamten -omics Technologien, wie auch 

Genomics, Transkriptomics und Proteomics, und bearbeitet die Analyse von extra- und intra-

zellulären Stoffwechselprodukten eines biologischen Systems. Für das humanpathogene Bakterium 

Staphylococcus aureus wurden bisher kaum Metabolomdaten erhoben. Daher ist das Ziel dieser 

Dissertation eine umfassende Charakterisierung des Exo- und Endometaboloms von S. aureus. 

Dafür wurde die Metabolomics-Messplattform, bestehend aus einem 1H-NMR-Spekrometer, einer 

HPLC-MS- und einer GC-MS-Anlage, genutzt. Für die Metaboliten-Analyse, besonders die der 

intrazellulären Metabolite, ist ein optimales Probenahme-Protokoll unerlässlich, da dieses ein 

besonders schnelles und effektives Quenchen des Metabolismus des zu untersuchenden Organismus 

gewährleisten muss. In dieser Arbeit werden die wichtigsten zu beachtenden Punkte während der 

Probenahme und der anschließenden Analyse mit den verschiedenen Instrumenten vorgestellt 

(Buchkapitel I). Zudem werden kritische Schritte in der Datenanalyse, wie die sichere Identi-

fizierung von Signalen und die absolute Quantifizierung von intrazellulären Metaboliten erläutert. 

Mithilfe des optimalen Protokolls wurde eine erste umfassende Metabolom-Analyse entlang 

einer Wachstumskurve von S. aureus COL unter aeroben Bedingungen in CDM durchgeführt 

(Artikel I). Diese Analyse schließt sowohl die logarithmisch wachsenden also auch die durch 

Glukose-Mangel im Wachstum gestoppten S. aureus Zellen ein. Dabei wurde erstmalig die 

mengenmäßige Verteilung der Metabolite des Primärstoffwechsels beschrieben, sowie ihre 

dynamischen Veränderungen im zeitlichen Verlauf des Experiments. Die detektierte Aufnahme der 

im Medium verfügbaren Glukose und Aminosäuren, sowie die Sekretion von Overflow-Metaboliten 

und Intermediaten des Citratzyklus liefern wichtige Informationen über die metabolische Aktivität 

von S. aureus. Besonders interessant ist dabei die Konzentrationsabnahme der intrazellulären 

glykolytischen Intermediate parallel zu der sinkenden extrazellulären Glukose-Konzentration. Im 

Aminosäure-Pool wurden die mengenmäßig stärksten Konzentrationsänderungen in Glukose-

hungernden S. aureus Zellen nachgewiesen. 

Während einer Infektion im menschlichen Körper, ist S. aureus in Abhängigkeit von der 

Entfernung des infizierten Gewebes zu den Kapillaren unterschiedlichen Sauerstoff-Partialdrücken 

ausgesetzt. Für die Untersuchung der Adaptation an fermentative Bedingungen, unter Nutzung des 

CDM als Kultivierungsmedium, wurden aerob wachsende S. aureus COL Zellen in eine strikt 

anaerobe Umgebung ohne alternative Elektronenakzeptoren umgesetzt. Ein schnelles Anschalten 

des Fermentationsstoffwechsels ermöglichte lineares Wachstum, wobei Glukose mit einer höheren 

Rate aufgenommen wurde als unter aeroben Bedingungen. Obwohl Proteomdaten eine starke 

Induktion der Proteine für die Laktat- und die gemischte Säure-Gärung zeigen, konnte auf 

Metabolom-Ebene eine deutlich dominierende Laktat-Gärung nachgewiesen werden. Aminosäuren 

wurden nur begrenzt verwertet. Mit zusätzlich eintretender Glukose-Limitation war keine 
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Aufrechterhaltung des Energiestoffwechsels mehr möglich, da Arginin als alternative Energiequelle 

nicht ausreichend genutzt wurde. 

 Um das Wachstumsverhalten und den Nährstoff-Verbrauch von S. aureus in einer Umgebung 

ähnlich der im Wirt zu untersuchen, wurden die beiden S. aureus Stämme COL und HG001 in 

einem eukaryotischen Zellkulturmedium kultiviert (Artikel II). Entlang der aeroben 

Wachstumskurve wurden die metabolischen Footprints beider Stämme analysiert, wobei 

unterschiedliche Aufnahme- und Sekretionsmuster nachgewiesen wurden, die zu einer statistische 

Separation beider Stämme führte. Interessanterweise konnte D-Isoleucin im extrazellulären 

Überstand beider Stämme nachgewiesen werden, welches als seltene D-Aminosäure vermutlich 

regulatorische Funktion besitzt. Da dieses Medium auch für die Vorkultivierung von S. aureus für 

Infektionsversuche verwendet wird, liefert diese Studie wichtige Informationen über die 

ablaufenden Stoffwechselvorgänge unter diesen Bedingungen. 

Die zunehmende Verbreitung von multiresistenten S. aureus Stämmen zwingt zur Suche nach 

neuen antibiotisch wirksamen Substanzen und auch zu einem verbesserten Verständnis grund-

legender physiologischer Vorgänge im Stoffwechsel von S. aureus. Im Zuge dessen wurde die 

Reaktion von S. aureus HG001 nach Stress mit Antibiotika unterschiedlicher Wirkmechanismen 

(Ciprofloxacin, Erythromycin, Fosfomycin, Vancomycin, Ampicillin) auf intra- und extrazellulärer 

Metaboliten-Ebene untersucht (Artikel III). Innerhalb von zwei Stunden nach antibiotischem Stress 

wurden die Verläufe von 176 intrazellulären Metaboliten analysiert, was die bislang umfassendste 

Metabolom-Studie von S. aureus darstellt. Dabei wurden keine Marker-Metabolite für jeden einzel-

nen antibiotischen Stress nachgewiesen, vielmehr führte jedes Antibiotikum zu weitreichenden 

Veränderungen im gesamten Endometabolom. Am stärksten betroffen war dabei der Pool aus 

Zellwand-Vorstufen, was das Potential dieses Stoffwechselweges als Zielstruktur für neue effektive 

Antibiotika bestätigt. 

Bei der Besiedlung des menschlichen Körpers wird S. aureus vor allem auf der Nasenschleim-

haut und auf der Haut von Armen nachgewiesen. Um erste Einblicke in die Nährstoffversorgung in 

diesen natürlichen Habitaten zu erlangen, wurden Metabolom-Analysen von menschlichem Nasen-

schleim und Schweiß durchgeführt. Dabei wurden Aminosäuren in geringen Konzentrationen nach-

gewiesen, jedoch für Laktat und Harnstoff sehr hohe Konzentrationen detektiert. Bezüglich der 

Aminosäure-Versorgung ähnelt das RPMI-Medium damit den Gegebenheiten während der Besied-

lung des menschlichen Körpers. Für zukünftige Untersuchungen zur Physiologie von S. aureus 

kann die Verwendung von einem Kultivierungsmedium mit hohem Laktat- und Harnstoffgehalt 

wichtige Informationen zur Adaptation des Bakteriums an die Wirtsumgebung liefern. 

Insgesamt tragen die Ergebnisse der Metabolom-Studien zu einem besseren Verständnis der 

zellulären Vorgänge innerhalb des Bakteriums bei. Durch die Analyse von extrazellulären 

Nährstoffen können außerdem wichtige Faktoren ausfindig gemacht werden, die entscheidenden 

Einfluss auf den Stoffwechsel und auch auf die Virulenz von S. aureus haben. 
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Summary 

The metabolomic approach is one part of the "-omics" cascade further comprising genomic, 

transcriptomic, and proteomic investigations. Since information about the metabolome of the 

important human pathogenic bacterium Staphylococcus aureus is scarce, the aim of this thesis is the 

characterization of the exo- and endometabolome of this bacterium on a most global scale. For this, 

the metabolomic platform consisting of the analytical instruments used for 1H-NMR spectroscopy, 

HPLC-MS, and GC-MS analysis was applied. First, the requirements for an accurate sampling 

procedure for the analysis of intracellular metabolites are presented, explaining important pitfalls 

during the sampling and the subsequent metabolome analysis via HPLC-MS and GC-MS (book 

chapter I). The challenging task of the metabolite identification is demonstrated, as well as the 

requirements for absolute quantification of intracellular metabolites. 

In order to enhance the knowledge about the staphylococcal physiology and the biochemical 

network, the impact of different stresses and varying cultivation media on the bacterial metabolite 

pool was investigated in several studies. In article I, a first description of the primary metabolism 

of growing S. aureus COL cells cultivated aerobically in CDM is provided. This study also 

monitored the adaptation to glucose starvation on the level of metabolites and proteins. The uptake 

of all amino acids and the secretion and reuse of overflow metabolites were analyzed in a time-

dependent manner. During the switch to a non-growing state, a drastic rearrangement of the amino 

acid pool in the bacterial cells was detected, and intracellular amounts of glycolytic intermediates 

were found to decrease in parallel to extracellular glucose exhaustion. 

During infection processes, S. aureus has to cope with varying levels of oxygen supply, 

including anaerobic conditions. A global metabolomic approach investigated the adaptation of 

S. aureus COL to strict anaerobic conditions using CDM as the culture medium. Thereby only 

linear growth was possible despite the higher uptake rate of glucose compared to aerobically, 

logarithmically growing cells. In an anoxic environment, S. aureus mainly switched on the less 

reliable lactic acid fermentation. Only serine and threonine but no alanine were significantly taken 

up. Subsequent glucose limitation led to energy starvation indicated by a drop in the adenylate 

energy charge. This was accompanied with an arrest of the fermentative metabolism and declining 

numbers of colony-forming units without taking advantage of the energy supplying arginine 

deiminase pathway. 

Compared to the established CDM, the eukaryotic cell culture medium RPMI 1640 provides 

more in vivo-like growth conditions. In article II, the growth behavior and the metabolic footprint 

of the S. aureus strains COL and HG001 were investigated during the aerobic cultivation in 

RPMI 1640 medium. Both strains are commonly used in laboratory research. The observed uptake 

and secretion pattern of extracellular metabolites provides important information for infection 

studies in which this medium is used for the precultivation of S. aureus. The extracellular 
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accumulation of the noncanonical D-amino acid D-isoleucine was an interesting outcome. The 

strain specific metabolic footprint points to noteworthy differences in the biochemical system of 

both strains. Moreover, this study demonstrates the impact of the cultivation medium on the 

metabolic status of bacterial cells.  

Due to increasing resistance against a large number of antibiotics, community- and hospital- 

acquired infections with S. aureus are of major concern in medical therapy. Thus, greater 

knowledge about adaptive mechanisms after antibiotic treatment is required. In article III, the 

response of S. aureus HG001 to antibiotics with varying target sides, such as ciprofloxacin, 

erythromycin, fosfomycin, vancomycin, and ampicillin, was investigated on the metabolite level. 

Thereby, the abundances of 176 intracellular metabolites were observed in a time-dependent 

manner, thus providing the most comprehensive experimental metabolite dataset so far available for 

S. aureus. None of the antibiotic compounds led to alterations of single metabolite amounts, but 

mostly entire metabolic pathways were affected. The intermediates of the cell wall biosynthesis 

were affected by each antibiotic, confirming this pathway as the most potential target for new 

antibacterial compounds. 

The metabolite composition of human nasal secretions and human sweat was analyzed, since 

such secretions present natural habitats of S. aureus during the colonization of typical host sides. 

The results confirm that the bacteria has to cope with low concentrations of most of the amino acids 

but large amounts of urea and lactate during host colonization. Considering the supply of amino 

acids, the results support the usage of the RPMI 1640 medium as a step to more in vivo-like 

cultivation experiments. Moreover, essential information for future studies about the adaptation of 

S. aureus to more in vivo growth conditions is provided. 

Altogether, the metabolomic approach was proven to be an important tool for helping unravel 

the complex bacterial metabolism and the environmental factors that also play a role in the 

virulence of Staphylococcus aureus. 
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Introduction 

1. Staphylococcus aureus 

Staphylococcus aureus is a coccoid Gram-positive bacterium that forms grape-like clusters and 

possesses a golden pigmentation. These characteristics led to its systematic name, since staphylé 

[greek] means "bunch of grapes" and aureus [latin] means "golden" (1, 2). S. aureus is part of the 

commensal flora on the skin and mucosa of mammalians, like pigs, dogs, cattle, and men. 

Approximately 50% of the human population are carriers of this microbe (3). Thereby, typical sites 

that yield S. aureus are the nose, the hands and forearms (4). If the natural skin barrier is broken or 

if the immune system is weakened, the bacterium is able to cause harmful skin lesions up to severe 

infectious diseases and sepsis (5). A large variety of virulence factors enables S. aureus to turn itself 

into a serious pathogen, like superantigens, cytotoxins, and surface proteins facilitating its capacity 

for binding to host cells (6). To fight against bacterial infections, a large range of antibiotics is 

available. But simultaneously with the usage of an antibiotic in medical therapy, resistance against 

it arose or adaptation occurred. In 1961, the first methicillin-resistant Staphylococcus aureus 

(MRSA) was isolated (7). Vancomycin was clinically introduced in 1958 and it is an antibiotic 

agent of last resort. In 1997, a clinical isolate of S. aureus was found to have reduced susceptibility 

against vancomycin (8, 9). In 2002, the first vancomycin-resistant Staphylococcus aureus (VRSA) 

was isolated which was also resistant against a broad spectrum of other common antibiotics (10). 

Thus, multiresistant strains of MRSA are a major cause of nosocomial infections. Nowadays, 

MRSA infections do not solely emerge in hospitals (hospital-acquired MRSA, HA-MRSA); 

infections with MRSA are also acquired outside of healthcare facilities (community-acquired 

MRSA, CA-MRSA) (11). Due to the worldwide spread of resistant S. aureus clones, the control and 

the medical treatment of infectious diseases caused by this pathogen has become a life-threatening 

challenge (12). In order to enhance the efficiency in combating this bacterium, wider and more 

detailed basic knowledge about S. aureus and its physiology and virulence is urgently required. 

1.1 The metabolic network of S. aureus in the post-genomic era 

In 2001, the first S. aureus genome was sequenced (13) and until now an additional 44 full 

genome sequences of S. aureus strains have been published (14). These genomic data sets are 

creating the basis necessary for the application of further -omics techniques used in systems biology 

research, such as the transcriptome and proteome analysis. The transcriptome covers all transcribed 

RNA molecules, whereas the proteome comprises all translated proteins within a cell system. Based 

on the genomic, transcriptomic, and proteomic data, predictions about the staphylococcal 

metabolism concerning existing metabolic pathways, transporter systems and virulence factors were 
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made (15). In doing so, genome-scale reconstructions of the metabolic network of the sequenced 

strain N315 (16, 17) and other clinically relevant S. aureus strains (18) provided for the first time 

predicted numbers of metabolites that should be present in staphylococcal cells. Referring to the 

study of Lee et al. (2009), the average number of 1217 cellular reactions require a mean of 1423 

metabolites (18). Nevertheless, experimental metabolite data is necessary for validating the in silico 

modeling results since regulatory effects can hardly be considered in computationally-predicted 

metabolic models (16). Besides the regulatory role of metabolites in the control of enzyme 

activities, metabolites are also directly involved in gene expression and DNA replication, in terms 

of signal molecules such as (p)ppGpp or other nucleotides (19, 20). Setting up the "-omics cascade" 

consisting of genomics, transcriptomics, and proteomics, the metabolomic approach represents an 

important building block within the cellular system. Thereby the metabolites represents the end 

products of gene expression, thus filling the gap between genotype and phenotype (21). 

With regard to S. aureus as an important human pathogenic bacterium, information about the 

metabolite pool and its adaptation to infection conditions and antibiotic treatment has become of 

great interest since several studies have pointed to a link between virulence and metabolism. For 

instance, the small colony variants (SCV) are a clinically important phenotype of S. aureus since 

they are associated with antibiotic resistance and persistent infections (22-24). The SCV phenotype 

was found to be dependent on menadione, hemin, and thymidine, thus linking the pathogenic 

phenotype to the electron transport chain in the membrane necessary for aerobic respiration and to 

the cofactor tetrahydrofolic acid and thymidine synthesis (25-30). Moreover, the tricarboxylic acid 

cycle is proposed to be involved in the regulation of several virulence factors (31-33). Pohl et al. 

(2009) were able to prove CodY as a regulatory link between nitrogen metabolism and virulence 

gene expression (34). And even more constituent parts of the virulence regulatory network respond 

to the nutritional impact on the metabolism (35). 

In order to extend knowledge about its virulence and pathogenicity, the rarely explored 

metabolism of S. aureus must be investigated on a global scale to generate first insights into the 

dimension and dynamics of the staphylococcal metabolite pool. 

2. Metabolomics 

The term "metabolome" was first mentioned by Oliver et al. in 1998 (36). The metabolome 

comprises all organic molecules with a low molecular weight that are synthesized by a biological 

system, such as organisms, tissues, cells or cell organelles (36-38). In 2001, the term 

"metabolomics" was introduced by Fiehn to describe the qualitative and quantitative analysis of the 

entire set of metabolites synthesized by a biological system under defined conditions (39). In 

metabolic research several further definitions are commonly used. Thus, the metabolome can be 

separated into the "exometabolome" comprising the metabolites outside the cells in the culture 
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supernatant, which are secreted metabolites but also medium components that are consumed by the 

cells (40, 41). In contrast, all intracellular metabolites constitute the "endometabolome" (40, 41). 

The qualitative analysis of the exometabolome is termed "footprinting" (42) and the qualitative 

analysis of the endometabolome is called "fingerprinting" (40, 41). 

The field of metabolomics has expanded within the last two decades, accompanied by further 

developments in the analytical techniques. Since the metabolite pool of eukaryotic and prokaryotic 

cells or body fluids consists of compounds with different physical and chemical properties 

occurring within a wide concentration range, a comprehensive analysis of the metabolome is not 

possible using a single analytical technique. First, to reduce the complexity of the biological sample, 

hyphenated techniques, such as a chromatographic separation method coupled to mass 

spectrometry, like GC-MS, HPLC-MS, and CE-MS, are commonly used. Second, the analytical 

instruments are applied in parallel in order to take a most comprehensive metabolic snapshot of the 

living cell (43). 

2.1. Sampling protocol for the metabolome analysis of Gram-positive bacteria 

Regardless of the metabolites of interest, the method of sampling has to ensure that the sample 

reflects the accurate status of the living cell under the defined experimental conditions. Sampling 

for the metabolic footprinting is easily done, since the supernatant is rapidly separated from the 

bacteria by sterile filtration. In contrast, there are many challenges during the sampling for the 

metabolic fingerprinting of bacteria. Generating intracellular metabolite data requires an organism-

specific sampling protocol that comprises several important steps, such as quenching of the 

metabolism, separation of the exo- and endometabolome without leakage, cell disruption, and 

metabolite extraction. 

For S. aureus, the fast vacuum-dependent filtration approach is suitable for sampling the 

intracellular metabolites (44). Thereby bacterial cells are separated from the culture supernatant and 

washed with a cold, isotonic NaCl solution before their metabolism is quenched using liquid 

nitrogen and ethanol. Altogether, these steps must not take longer than 1 minute before all 

enzymatic activity is stopped, otherwise the metabolic status of the sample will have changed 

during the sampling procedure. Bacteria can react in a fast manner to changes in the environment by 

metabolic adaptation by their regulatory networks including stress responses. Moreover, 

metabolites, especially phosphorylated compounds like ATP, are known to have a fast turnover rate 

by enzymes present within the biological matrix (45). To get the actual snapshot of the biological 

system at the given sampling time point, a fast and effective quenching of the metabolism is 

achieved by using liquid nitrogen for freezing the biological sample. 

Depending on the culture medium and the S. aureus strain used for an experimental setup, 

some protocol steps may need adjusting. For instance, when growing S. aureus HG001 in RPMI 

medium, it is more effective to wash the cells once with 50 mL isotonic NaCl solution ((46), Article 
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III) instead of washing them twice, each time with 20 mL isotonic NaCl solution (44), for removing 

all extracellular metabolites and medium ingredients, respectively. 

Due to the rigid cell wall, mechanical cell disruption is necessary for extracting the 

intracellular metabolites of the Gram-positive bacterium S. aureus. By using ethanol and water as 

extraction solution, polar metabolites in particular become amenable for the subsequent analysis. 

The adenylate energy charge (AEC) is used as an indicator for a correct sampling procedure of 

cells growing under unstressed conditions as logarithmic growing bacterial cells (44, 47-49). For 

such cells, the AEC is kept higher than 0.85 (50). Additionally, the AEC is also an interesting index 

on the bacterial ability to cope with a certain stress. If the AEC can no longer be kept within the 

physiological range, the cells are struggling with the given nutritional supply or the specific 

environmental stress. 

Besides the optimal sampling protocol, a well-reproducible growth of the bacteria is an 

essential condition for gaining intracellular metabolite data with a convenient quality and 

reproducibility. Therefore, the growth rate as well as the metabolic footprint are critical control 

points for the optimal experimental setup for investigating the bacterial endometabolome (40). 

These parameters all depend on a reproducible composition of the culture medium, a fixed flask-to-

medium ratio and also fixed agitation settings (51). 

In this thesis, 1H-NMR spectroscopy, HPLC-MS and GC-MS analysis were used to detect as 

many metabolites of bacterial cells as possible. The detailed protocol "Metabolome Analysis of 

Gram-Positive Bacteria such as Staphylococcus aureus by GC-MS and LC-MS" (2012) 

includes the steps of sample preparation and the subsequent analysis of the staphylococcal 

endometabolome, thus providing important advice for preventing common pitfalls especially in 

handling the analytical devices ((52), Book Chapter I). 

2.2. Exometabolome analysis via 1H-NMR spectroscopy 

For the analysis of the exometabolome of bacteria 1H-NMR spectroscopy was used. Thereby 

no separation of the analytes is done prior to the measurements. Due to this, chemically defined 

culture media are preferred over complex broth media, since an overlap of the signals of medium 

components cannot be avoided in the spectrum. An advantage of this analytical technique is the 

possibility of direct quantification since the peak area is a function of the number of protons. For it, 

an internal standard with a known quantity and a known number of protons has to be added to every 

sample ahead to the analysis, e.g. TSP. Thus, the identification of the spectral peaks is a prerequisite 

for absolute quantification. For identification, signals within the NMR spectrum can be matched to 

NMR spectra libraries that are built up in-house or commercially available (e.g. Bruker spectra 

databases). In consequence, signals belonging to unidentifiable metabolites ("unknown 

metabolites") are just accessible for relative quantification. Using the relative metabolite 

concentrations, at least information about the cultivation time dependent abundance of the unknown 
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metabolite can be stated, but no data concerning the concentration of this compound is provided. 

For comparing exometabolome data of different conditions, as e.g. wild type versus mutant or 

control versus stress, the relative metabolite amounts are also useable for fold change calculations. 

2.3. Endometabolome analysis via HPLC-MS and GC-MS 

For the analysis of intracellular metabolites of bacteria, HPLC-MS and GC-MS analysis are 

applied to cover a broad range of the chemical diverse metabolites present in bacterial cells. For 

both techniques, a chromatographic separation of the complex biological sample is done prior to the 

analyte detection via mass spectrometry. In this thesis, the HPLC-MS analysis separates polar 

metabolites using a reversed-phase liquid chromatography with an ion-pairing reagent. For 

detection, electrospray ionization (ESI) in negative mode results in negatively charged analytes that 

are detected as [M-H]- and [M-H]2-. For the GC-MS analysis only volatile and derivatized 

metabolites are separated using gas chromatography. For detection via mass spectrometry, a hard 

electron impact ionization (EI) leads to a specific fragmentation pattern for every metabolite or its 

derivatives. 

2.3.1. Identification of metabolites 

In contrast to the analysis of gene transcripts and proteins, the analysis and especially the 

identification of metabolites is not based on the genome sequence information and is therefore 

much more difficult (39). For metabolite identification in-house databases are used. Therefore, 

commercially available analytical standard compounds have to be measured by the same analytical 

method as the biological sample. For Staphylococcus aureus at least 1400 metabolites were 

assumed to exist in the bacterial cell (18). This number is hard to cover by analytical standard 

compounds. Moreover, secondary metabolites and specific intermediates of bacterial metabolism 

are most often not commercially available. Thus, the analysis of a broad spectrum of intracellular 

metabolites often comprises many unidentified compounds. The identification of "the unknowns" 

continues to be a challenge despite several public databases that provide information about a large 

set of known metabolites. 

Identification of metabolites analyzed by HPLC-MS is based on their retention time and their 

m/z ratio compared to those of analytical standard compounds of the in-house database. The soft 

ionization of the analytes is an advantage of this analytical instrument, since the exact mass can be 

calculated out of the m/z ratio of [M-H]- and [M-H]2-. Thus, if no standard compound is available, 

online database search can be performed using both, the m/z ratio of [M-H]- and the calculated exact 

mass of the detected metabolite. Public web-based databases are e.g. ECMDB (53), HMDB (54), 

and METLIN (55). 

Metabolites detected by GC-MS are identified by their retention time and their characteristic 

fragmentation pattern compared to those of analytical standard compounds of the in-house database. 
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Moreover, the fragmentation pattern of detected metabolites can be matched to spectra of the 

National Institute of Standards and Technology (NIST) spectra library or the FiehnLib (56). Due to 

the derivatization of the biological sample prior to GC-MS analysis, structure elucidation of 

"unknown metabolites" is hampered, since functional groups of a metabolite are covered by the 

derivatization agents methoxyamine and MSTFA leading to methoximated and trimethylsilylated 

fragments detected in the mass spectrometer. 

2.3.2. Metabolite quantification - absolute vs. relative concentration 

For the investigation of the endometabolome by mass spectrometry based techniques, 

quantification of the intracellular metabolites is feasible. A big challenge is the fact, that the signal 

intensity of an analyte detected by mass spectrometry is a function of several parameters including 

concentration, ion mass and also the chemical structure of the respective analyte (43). As a result, 

even metabolites with similar structures yield varying signal responses in the mass selective 

detector despite equal starting concentrations, as shown for nucleotides and amino acids in Figure 1. 

Thus, for absolute quantification of metabolites analyzed by both, HPLC-MS and GC-MS, 

calibration curves are necessary for each metabolite (57). It is not recommended to use the 

calibration of a structurally similar compound for metabolite quantification. Consequently, a 

prerequisite is the commercially availability of pure analytical standards of which the calibration 

stock solution is made up. Due to this, the set of absolutely quantifiable metabolites is limited to the 

commercially availability of the pure reference substances. 

 

 
Figure 1 Representative calibration curves of selected metabolites analyzed via A) HPLC-MS and B) GC-MS. The ratio 
(area quantifier ion metabolite/area quantifier ion ISTD) is displayed as a function of A) the concentration and B) the amount of 
the respective substance. 
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The metabolomic platform in Greifswald has 90 calibration curves in hand for the most 

important metabolites of primary metabolism. Thereby central metabolic pathways, such as the 

glycolysis, tricarboxylic acid cycle, pentose-phosphate-pathway, amino acids, purine and 

pyrimidine metabolism are largely covered. Cytoplasmatic cell extracts of bacterial cells are very 

complex and they contain metabolites within a dynamic range from 0.01 up to 500 nmol/mg CDW 

((58), Article I). Thus, the calibration curves are taken up within the lower and upper detection 

limit of the analytical instrument to cover a concentration range as broad as possible. 

In general for data analysis, the signal area of an unique quantifier ion of the respective 

metabolite is integrated and divided by the signal area of an internal standard. In the HPLC-MS 

data, the quantifier ion is the [M-H]- or [M-H]2- ion of any metabolite. In the GC-MS data, the 

quantifier ion is a mass fragment uniquely for any metabolite. The value of this ratio (area quantifier 

ion metabolite/area quantifier ion ISTD) is then integrated in the respective calibration equation. 

Afterwards, the normalization to a cell dry weight or OD unit basis is the final step in data analysis 

resulting in e.g. nmol/mg CDW or nmol/OD units. If no analytical standard is available, absolute 

quantification is not possible for the respective metabolite. In this case, the metabolite is just 

relatively quantifiable. This is also true for unidentifiable metabolites. For relative quantification, 

the ratio (area quantifier ion metabolite/area quantifier ion ISTD) is directly normalized to a cell dry 

weight or OD unit basis. Normalization to CDW or OD units is more common and more precisely 

than the normalization to the calculated cell volume. For the calculation of the latter, besides the 

outside measurements of the bacterial cells, additional information, such as the thickness of the cell 

wall and the cytosolic density, are required but hard to determine. 

The decision whether to use relative or absolute metabolite concentrations, depends on the 

nature of the planned project and on the statements that are going to be made on the basis of the 

metabolome data. For example, a first description of the primary metabolism that is present in a 

certain strain growing under specific culture conditions will benefit from absolute metabolite 

concentrations as nmol/mg CDW. In contrast, for a comparison of metabolic profiles under different 

stresses with focus on specific metabolite classes that are going to be affected, relative metabolite 

concentrations provide sufficient data for relevant outcomes as for example fold change 

calculations. 

3. The metabolome of Staphylococcus aureus 

Based on the genetic information, metabolic network reconstructions were able to predict 

possible metabolic pathways taking place in S. aureus (16-18). Thereby, genes encoding for 

enzymes of the central carbon metabolism including glycolysis, pentose-phosphate pathway (PPP), 

tricarboxylic acid cycle (TCC), urea cycle, as well as the mevalonate pathway were identified (15). 

Moreover, biosynthetic pathways for all amino acids were proved by the genetic background (15, 
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17). The presence of many transport systems that are responsible for the exchange of peptides, 

amino acids, various sugars, inorganic ions and more provided essential information about the 

metabolic power of this bacterium to adapt to various ecological niches. 

For the experiments of this PhD thesis, the S. aureus strains COL and HG001 were used. 

S. aureus COL is a clinical MRSA isolate (59) and S. aureus HG001 is a rsbU repaired derivate of 

the NCTC8325 strain, that is a clinical MSSA isolate (60). The genomic information of both strains 

is available and they are commonly used in laboratories for basic research. 

The research study "A Metabolomics and Proteomics Study of the Adaptation of 

Staphylococcus aureus to Glucose Starvation" (2011) includes the first description of the 

endometabolome of S. aureus COL during logarithmic growth at an optical density of 0.5 in a 

chemical defined medium (CDM) ((58), Article I). Additionally, unpublished results of an 

endometabolome analysis of the S. aureus strain HG001 also provide absolute metabolite 

concentrations of logarithmic growing cells at the same optical density of 0.5, cultivated in the 

defined medium RPMI 1640. Both results are compared in the following. In accordance with the 

predictions of the metabolic network reconstructions, both endometabolome analyses of S. aureus 

COL and HG001 determined metabolites covering large parts of the primary metabolism. In 

summary, almost all soluble intermediates of the glycolysis, the pentose-phosphate pathway, the 

tricarboxylic acid cycle, the purine and the pyrimidine metabolism, and the peptidoglycan 

biosynthesis were detectable in the cytosolic extracts of S. aureus. Noteworthy is that 19 amino 

acids were also present in the cytosol but none of the metabolic intermediates of their biosynthetic 

pathways could be identified. Since the amino acids were available in the culture mediums used in 

both studies, most probably amino acids are more preferably taken up than synthesized de novo. 

Interestingly, methionine and tyrosine are not detectable in the metabolite extract of COL cultivated 

in CDM and both amino acids were at the limit of detection in the cytosol of HG001 cultivated in 

RPMI 1640. Thus it can be stated, that these amino acids were not stored within the metabolite pool 

but probably synthesized or taken up on demand. As an exception, arginine is not detectable using 

the established HPLC-MS and GC-MS approaches, thus no statement about its intracellular 

abundance in S. aureus can be made. 

Focusing on the distribution by quantity of the absolutely quantified metabolites, there are 

some prominent metabolites found in the cytosol of S. aureus. These are glutamate, fructose-1.6-

bisphosphate, and ATP. Independently from the amino acid supply of the culture medium, 

glutamate is the most prominent amino acid in the cytosol of both S. aureus COL and HG001. The 

intracellular concentration is about 501 nmol/mg CDW (± 82 nmol/mg CDW) in COL (58) and 

about 248 nmol/mg CDW (± 30 nmol/mg CDW) in HG001 cells. Considering that there are 

metabolites present in the cytosol that are not detectable with the applied analytical techniques, 

glutamate is even the most prominent metabolite of all compounds within the staphylococcal 

cytosolic extract. Moreover, the mono-, di-, and tri-phosphorylated purine and pyrimidine 
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nucleosides are similarly distributed in both staphylococcal strains. Thereby, the nucleoside-

triphosphates are clearly higher concentrated than the less phosphorylated nucleosides (Figure 2). In 

agreement with a low G-C content of the DNA of S. aureus, ATP and UTP are detected in higher 

concentrations than GTP and CTP (Figure 2).  

 

 
Figure 2 Intracellular nucleotide concentrations [nmol/mg CDW] of S. aureus COL (black columns) (58) and HG001 
(grey columns) (unpublished results) during logarithmic growth phase at an optical density of 0.5. Data are shown as 
mean values ± SD of triplicate samples (COL) and quintuplicate samples (HG001). 

 

It has to be noted, that the intracellular metabolome is very dynamic and that the nutritional 

composition of the culture medium has an impact on the metabolite pool of bacterial cells (61). 

Interestingly, the intracellular level of ATP is almost equal in COL and HG001 during logarithmic 

growth in different minimal media (Figure 2). 

In its natural environment, S. aureus has to cope with varying nutritional supply. In case of 

infection, exposure to stress factors as oxygen limitation or even antibiotic treatment the adapting 

metabolic power of S. aureus is essential for its survival under these conditions. To extend the 

knowledge about basic physiological processes within this pathogenic bacterium, metabolite data 

fills the gap in the -omics cascade on the way to a systems-biology approach. 

3.1. Metabolic profiles of S. aureus under glucose limitation 

S. aureus is known to oxidize glucose to organic acids mainly via glycolysis (62). Based on the 

"crabtree effect" (63), glucose is oxidized incompletely resulting in organic acids, primarily acetate, 

as overflow metabolites (64, 65). In addition, TCC activity is weak under excess of glucose (64), 

probably due to CcpA mediated repression of TCC gene expression (66). Additionally it is assumed 

that the supply with amino acids also suppresses TCC activity since in that case the TCC is not 
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required for their biosynthesis (67). Altogether, an overproduction of energy is avoided and the 

required amount of ATP is generated mainly via substrate-level phosphorylation reactions of 

glycolytic enzymes, the pyruvate dehydrogenase and the acetate kinase (67). Several studies 

pursued the characterization of the proteome of aerobically growing and non-growing S. aureus 

COL in complex broth medium (67, 68). Thus, a first description of 1123 cytoplasmic proteins and 

their expression profiles was published (67). Becher et al. (2009) extended the cytosolic proteome 

by the fractions of membrane-bound, cell surface associated and extracellular proteins. In summary, 

in non-growing S. aureus cells, increasing amounts of TCC enzymes and the gluconeogenetic PEP 

carboxykinase (PckA) were accompanied with decreasing protein amounts belonging to the 

ribosomal translational machinery (68). 

The research study "A Metabolomics and Proteomics Study of the Adaptation of 

Staphylococcus aureus to Glucose Starvation" (2011) is the first investigation of the metabolic 

profile of growing and non-growing S. aureus COL cells initiated by glucose starvation under 

aerobic conditions in a chemically defined medium ((58), Article I). Thereby, changes in the extra- 

and intracellular metabolite amounts were monitored in a time-dependent manner. Intermediates of 

central metabolic pathways like glycolysis, gluconeogenesis, pentose-phosphate pathway, 

tricarboxylic acid cycle, amino acid metabolism including the urea cycle, purine and pyrimidine 

synthesis, and cell wall metabolism have been analyzed using the metabolic platform. In parallel, 

intracellular protein abundances of the same metabolic pathways were monitored by 2D gel 

electrophoresis. 

Aerobically growing S. aureus cells secreted overflow metabolites, such as acetate, pyruvate, 

lactate, acetoine, 2,3-butanediol, and ethanol as characteristic markers for glucose excess. 

Interestingly, TCC intermediates such as 2-oxoglutarate, succinate, and fumarate were secreted in 

parallel to the overflow metabolites. Similarly with decreasing glucose concentrations 

extracellularly, intracellular amounts of the intermediates of the upper part of glycolysis and the 

pentose-phosphate pathway declined. 

The transient growth phase, initiated by almost depleted glucose, was characterized by an 

accumulation of intracellular phosphoenolpyruvate and glycine. The latter was most probably a 

result of stalled DNA and cell wall synthesis. The metabolism started to switch from glycolysis to 

TCC. This was accompanied by the uptake of secreted overflow metabolites and TCC intermediates 

that were channeled back into the TCC and gluconeogenesis, respectively. Finally, glucose 

starvation led to a growth arrest of the bacterial cells. Except for UDP-MurNAc, all soluble cell 

wall precursors were decreasing in abundance. After 13 hours of glucose starvation, the AEC 

cannot longer be held within the physiological range since it is gradually decreasing and finally 

falling below 0.75. Under glucose starvation, the most dynamic alterations were detected within the 

intracellular pool of amino acids. The concentration of lysine drastically increased, thereby even 

topping the glutamate concentration. The same was true for aspartate and to a lesser degree for 
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histidine. By contrast, the intracellular levels of glutamate, alanine, serine, and threonine 

significantly decreased. It has to be noted that at least the extracellular concentrations of alanine, 

serine, and threonine were nearly exhausted during the stationary phase when the bacterial cells 

were starving for glucose. 

When combining the metabolome and the proteome data, similar or inverse behavior of 

metabolites and their corresponding proteins can be analyzed using a distance matrix calculation 

over the time-period. 

3.2. Metabolic profiles of S. aureus during long-term anaerobiosis 

During host infection, S. aureus has to cope with a varying supply of oxygen, since the oxygen 

partial pressure differs depending on the respective host side and the distance from the blood vessels 

(69). S. aureus as a facultative aerobic bacterium is able to grow under microaerobic and also under 

anaerobic conditions using nitrate as an alternative terminal electron acceptor or turning on the 

fermentative metabolism (70, 71). The fermentative metabolism of S. aureus is characterized by a 

non-functional respiratory chain within the membrane due to the absent terminal electron acceptor. 

Thus, the vital re-oxidation of the cofactor NAD+ has to be catalyzed by several fermentation 

enzymes. Moreover, since the membrane-located FOF1-ATPase is less active due to impaired proton 

translocation across the membrane, the cellular energy supply with ATP is mainly based on 

substrate-level phosphorylation. Its genetic make-up enables S. aureus to switch to lactic acid, 

alcohol, mixed-acid, and butanediol fermentation; thus the production of lactate, ethanol, formate, 

acetate, succinate, and 2,3-butanediol as fermentative end products provides ATP and re-oxidizes 

NAD+ for surviving in an anoxic environment (72-75). Several regulators control the gene 

expression of most of the fermentation enzymes, such as the redox-sensitive repressor Rex (74, 75). 

Interestingly, even the production of several virulence factors varies depending on the surrounding 

oxygen or carbon dioxide concentration (76, 77). Thus, the investigation of the adaptation of 

S. aureus to an oxygen-free environment is of great interest due to its relevance during infection 

processes. 

Fuchs et al. (2007) performed the first proteomic and transcriptomic approach monitoring the 

short-term adaptation of S. aureus COL to fermentative conditions in the absence of any terminal 

electron acceptor (74). Whereas glycolytic gene expression was induced and fermentative protein 

amounts were increased, gene expression of the pyruvate dehydrogenase complex was repressed 

after the shift to anaerobic conditions. TCC enzymes were not affected by anaerobiosis (74). Pagels 

et al. (2010) additionally monitored uptake and secretion of extracellular glucose, overflow, and 

fermentation products, therefore cultivating S. aureus SH1000 aerobically and anaerobically in 

CDM (75). Nevertheless, there was still no information available about the overall utilization of 

nutrients under anoxic conditions, as well as adaptive processes within the intracellular metabolite 

pool. 
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A so far unpublished study monitored extracellular and intracellular metabolite concentrations 

in a time-dependent manner during long-term anaerobiosis of S. aureus COL cultivated in CDM. In 

parallel, absolute amounts of cytoplasmic proteins and their synthesis and degradation rates were 

determined ("Integrating Proteome-Wide Absolute Protein Quantities and Metabolome Data 

for a Comprehensive Analysis of Staphylococcus aureus Long-Term Anaerobiosis", 

unpublished data). The following summary of the experimental outcome mainly focuses on the 

metabolome data, since the proteome data is still undergoing evaluation by the collaborating 

researchers Daniela Zühlke and Stephan Fuchs. 

After the shift from aerobic to anaerobic conditions, S. aureus COL switched from exponential 

to linear growth. This was accompanied with a higher glucose uptake rate (0.56 μM × h-1 × Δcell 

number-1
) compared to aerobic growing cells (0.34 μM × h-1 × Δcell number-1) in parallel to 

increasing numbers of glycolytic enzymes. Similarly, there was a strong increase in the amounts of 

fermentation proteins. Among them, the lactate dehydrogenase (Ldh1) was the most abundant 

fermentation enzyme. Compared to lactate production, the mixed-acid fermentation via pyruvate 

formate lyase (PflB), alcohol dehydrogenases (SACOL0135 and SACOL0660), phosphate 

acetyltransferase (Pta), and acetate kinase (AckA) permits a surplus of 1 mol ATP (via acetate 

production) in addition to 2 mol NAD+ (via ethanol production) per molecule pyruvate. As a 

surprising outcome, S. aureus COL nevertheless was mainly oxidizing glucose to lactate, resulting 

in an enormously high intracellular concentration (up to 350 nmol/mg CDW) as well as 

extracellular concentration (> 12 mmol/L) of lactate. Moreover, the external pH declined from 6.8 

to 5.2. Despite this, only small amounts of 2,3-butanediol were produced via acetolactate synthase 

(BudB), alpha-acetolactate decarboxylase (BudA), and acetoin reductase (SACOL0111), although 

2,3-butanediol can counteract an acidification of the cytosol and the medium (78).  

Comparing the sum of carbon units of the supplied glucose with the sum of the carbon units of 

the fermentation products that were secreted into the supernatant, almost all carbon was used up for 

fermentation metabolism (Figure 3). In contrast, exponentially growing S. aureus COL secreted 

overflow metabolites which cover about one third of the carbon units supplied by glucose (Figure 3) 

((58), Article I). Since lactate is the main fermentation product in this study, the maintenance of the 

cellular redox balance, including regeneration of the cofactor NAD+, seems to be the main challenge 

for staphylococcal cells under anoxic conditions. Thus, only less carbon was available for biomass 

production. 
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Figure 3 Carbon units of extracellular glucose, overflow metabolites, fermentation products and TCC intermediates. A) 
Displayed are the total carbon units of consumed and secreted metabolites of S. aureus COL cultivated aerobically in 
CDM ((58), Article I). B) The total carbon units of consumed and secreted metabolites of S. aureus COL that was shifted 
to anaerobic conditions at sampling time point t0, using CDM as cultivation medium, are displayed. The total carbon units 
were calculated by multiplying the mean value of the extracellular concentration of each metabolite of 3 biological 
replicates with the respective quantity of carbon atoms for each sampling time point. The CDM contains the initial 
concentrations of the respective metabolites before the main culture was inoculated. For a more clear presentation, the 
amounts of amino acids taken up in parallel were excluded due to their neglectable concentrations compared to glucose as 
main carbon source. 

 

Although large amounts of amino acids were available in the supernatant, only serine and 

threonine were significantly taken up, probably serving as alternative carbon sources or for filling 

up the pyruvate pool. Interestingly, no uptake of alanine took place under anaerobic conditions. 

Moreover, the extracellular alanine concentration slightly increased during anaerobiosis. The 

synthesis of alanine from pyruvate contributes NAD+ regeneration via the reverse reaction of the 

alanine dehydrogenase. The minimal uptake of the various amino acids was probably due to the 

non-functional respiratory chain, since amino acid uptake was found to be coupled to the electron 

transfer within the membrane (79). The resulting linear growth was accompanied with increasing 

intracellular amounts of orotate and dihydroorotate, both are intermediates of the pyrimidine 

biosynthesis. Despite the suboptimal growth conditions, the AEC was still within the physiological 

range. 

After 19 hours of anaerobiosis, additionally glucose starvation occurred. Under this condition, 

arginine may serve as an alternative energy source using the arginine deiminase (ADI) pathway, by 

which ATP and ornithine are produced and which is subject to carbon catabolite repression (80, 81). 

Surprisingly, extracellular arginine was only slightly taken up by the bacterial cells. Its uptake via 

the arginine-ornithine antiporter ArcD was verified by the significant accumulation of ornithine in 

the supernatant. The increasing amounts of ornithine in the cytosol as well pointed to an active ADI 

pathway. The proteins ArcB1, ArcB2, ArcC2 were first detectable 24 hours after the shift to 
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anaerobic conditions and 5 hours after glucose exhaustion, respectively. Nevertheless, the ADI 

pathway was not sufficient for maintaining the cellular energy level. The metabolic activity 

declined and no more secretion of fermentation products was detectable. Further, the intracellular 

level of NADH significantly increased. As a result, the AEC drastically dropped below 0.5 which 

was in accordance with a declining number of colony-forming units. Within the cells, protein 

synthesis no longer took place as indicated by absent 35S-methionine incorporation into proteins. 

The results of this study suggest that S. aureus is able to cope with an anoxic environment as 

long as glucose is available. Keeping up metabolic activity under anaerobiosis in combination with 

glucose limitation is almost impossible, at least under the defined conditions of this study when no 

additional pyruvate or uracil was supplied. 

3.3. Growth of S. aureus under infection-related conditions 

In the field of staphylococcal research it is common to use an established chemically defined 

medium (CDM) (82) besides common broth media for cultivation experiments of S. aureus. With 

regard to its supply of amino acids, the CDM is most probably far away from the in vivo nutritional 

supply, since all 15 amino acids are present with an initial concentration of 1 mmol/L. During host 

colonization and infection processes, S. aureus has to cope with environmental settings that are 

optimal for eukaryotic cells. Thus, using an eukaryotic cell culture medium for investigating 

S. aureus growth behavior is an important step towards more in vivo conditions in such an 

experimental setup. Additionally, since S. aureus is able to invade host cells (83-85), infection 

studies with the focus on the host-pathogen interaction are gaining in importance. And indeed, in 

several studies, S. aureus was precultivated using the eukaryotic cell culture medium prior to the 

infection event (86, 87), but less information is provided about the growth behavior of this 

bacterium in such an environment. For this purpose, the S. aureus strains COL and HG001 were 

cultivated in the RPMI 1640 medium which is routinely applied as a culture medium of eukaryotic 

cell lines. The research study "Metabolic Footprint Analysis Uncovers Strain Specific Overflow 

Metabolism and D-Isoleucine Production of Staphylococcus aureus COL and HG001" (2013) 

monitored the metabolic footprints of both strains growing aerobically in RPMI 1640 medium via 
1H-NMR spectroscopy ((88), Article II). 

For S. aureus COL and HG001, reproducibly growth curves as well as reproducible metabolic 

footprints were recorded during cultivation in RPMI 1640 medium. Interestingly, significant 

differences were detected concerning the secretion profile of overflow metabolites, amino acids, 

and their degradation products. In doing so, COL tended to excrete higher amounts of TCC 

intermediates but lower amounts of the overflow metabolites acetate, pyruvate, and lactate 

compared to HG001. In contrast, HG001secreted higher amounts of these overflow metabolites but 

less amounts of TCC intermediates. Moreover, glutamate and aspartate were excreted by HG001 

most probably resulting of deamidation reactions of glutamine and asparagine which serve as 
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nitrogen donors. All this points to differences in the activity of the TCC, in which amino acids can 

be channeled, in the maintenance of the redox balance, and within the amino acid pool of both 

staphylococcal strains. Focusing on the branched-chain amino acids, potential degradation products 

were secreted in different amounts comparing COL and HG001. Additionally, COL secreted valine 

and further intermediates of its biosynthesis as well as its degradation, such as 2-ketoisovalerate, 

isobutyrate, and 2-acetolactate. Although it is assumed, that uptake of available amino acids is 

preferred to de novo synthesis (58), the results point to an ongoing valine biosynthesis by COL. 

Moreover, no acetate uptake was detected for both strains when glucose was depleted. This 

outcome points to so far unknown regulatory processes that influence the uptake and reuse of 

acetate as an alternative carbon source. Maybe, the external pH needs to be taken into account. 

Nonetheless, it seems possible that the mechanism by which acetate is channeled back into 

metabolic pathways has not yet been fully elucidated. 

An outstanding observation was the time-dependent detection of D-isoleucine in the 

supernatant of both strains (Figure 4). The function of non-canonical D-amino acids and their role 

in staphylococcal physiology, especially in biofilm regulation (89, 90), are the focus of increasing 

attention within the research community. Therefore the RPMI 1640 medium seems to be applicable 

for studying the role of non-canonical D-amino acids in more detail. 

 

 
Figure 4 Growth curves and extracellular D-isoleucine concentrations of S. aureus COL and HG001 cultivated 
aerobically in RPMI 1640 medium. Mean values ± SD of quadruplicate samples are shown. Modified after (88). 

 

The partly different uptake and secretion pattern of S. aureus COL cultivated in CDM 

compared to RPMI, demonstrate the impact of the composition of the culture medium on the 

metabolic status of the bacteria. 



INTRODUCTION 

24 
 

Remarkably, there are still metabolites accumulating in the culture supernatants of S. aureus 

COL and HG001, which are not yet identified. Despite large metabolome databases and metabolic 

network reconstructions, there is still a gap in the knowledge about basic cellular processes taking 

place in S. aureus. 

3.4. Metabolic profiles of S. aureus under antibiotic stress 

Staphylococcal infections are of great concern in hospital settings, especially if they are caused 

by MRSA strains which are often multiresistant against most antibiotics (see chapter 1. 

Staphylococcus aureus). Investigations of the staphylococcal response to antibiotics on every level 

of the bacterial system provide important knowledge about the behavior of this pathogen. In doing 

so, many research studies analyzed the adaptive response of S. aureus to antibiotic agents on the 

transcriptome (91-94) and proteome level (95-97). Thereby, regulatory systems such as the "cell-

wall-stress stimulon" (91) were discovered after treatment with cell wall antibiotics and the 

integration of the SOS response in the adaptation to ciprofloxacin exposure was characterized (92). 

Almost all studies assumed that alterations within the metabolome would appear, but the 

staphylococcal metabolome and its response to antibiotic agents has not yet been investigated on a 

global scale. 

The research study "The Impact of Antibiotics with Various Target Sides on the 

Metabolome of Staphylococcus aureus" (submitted) compared for the first time the exo- and 

endometabolic profiles of S. aureus HG001 treated with various antibiotics to the respective profiles 

of untreated HG001 cells ((46), Article III). The investigated antibiotic compounds cover almost all 

common target pathways in prokaryotic cells, such as DNA replication and transcription 

(ciprofloxacin), protein translation (erythromycin), and intra- and extracellular steps of the cell wall 

biosynthesis (fosfomycin, vancomycin, and ampicillin). Due to the application of cell wall active 

agents, the MSSA strain HG001 was applied for this study. The metabolic profiles were monitored 

in a time-dependent manner covering 2 hours after antibiotic treatment of exponentially growing 

cells. RPMI 1640 was the applied culture medium, since it enables reproducible growth of the 

bacterial cells ((88), Article II). 

In total, 176 intracellular metabolites were analyzed using HPLC-MS and GC-MS. Out of 

these, 139 metabolites were identified covering almost all primary metabolic pathways. Comparing 

the metabolites that were significantly altered after antibiotic treatment to those of unstressed cells, 

mostly entire metabolic pathways were affected (Figure 5). Thus, no marker metabolite uniquely for 

a certain antibiotic stress was identified.  

Treatment with ciprofloxacin strongly altered the pool of (deoxy-)nucleotides as well as 

peptidoglycan precursors. Erythromycin affected the levels of intermediates of the pentose-

phosphate pathway and lysine. Exposure to fosfomycin resulted in the fewest metabolite level 

alterations of all antibiotics used in this study but strikingly decreasing levels of peptidoglycan 
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precursors were detected. In contrast, vancomycin and ampicillin had the most global effects on the 

staphylococcal metabolome, where the drastic accumulation of peptidoglycan precursor was 

accompanied with declining amino acid concentrations. Nevertheless, S. aureus HG001 was able to 

cope with every antibiotic treatment, except for vancomycin. Vancomycin exposed cells were 

unable to maintain cellular functions after 60 minutes of treatment, which was, among other facts, 

indicated by a drop in the AEC. 

 

 
 

Figure 5 Numbers of significantly (p ≤ 0.01) increased and decreased intracellular metabolite amounts after treatment 
with ciprofloxacin (cip), erythromycin (ery), fosfomycin (fos), vancomycin (van), and ampicillin (amp) compared to 
unstressed cells, sorted by metabolic pathways. Data are based on the mean values of fold changes of quintuplicate 
samples. PPP - pentose-phosphate pathway; TCC - tricarboxylic acid cycle; N-sugars - aminosugars; CW - cell wall. 
Modified after (46). 

 

The detection of sedoheptulose-1,7-bisphosphate and UDP-MurNAc-Ala-Glu-Lys-Ala-Ser has 

been an interesting discovery. Both metabolites were identified based on their calculated exact mass 

and their chromatographic characteristic fits to those of metabolites with similar structure, such as 

fructose-1,6-bisphosphate and UDP-MurNAc-Ala-Glu-Lys-Ala-Ala. This is the first time, that 

sedoheptulose-1,7-bisphosphate was discovered in staphylococcal cell extracts. In Escherichia coli, 

this metabolite was identified as part of a so far hidden reaction within the pentose-phosphate 

pathway (98) and it is also assumed to play a role in Lactococcus lactis metabolism (99). 

Interestingly, every antibiotic has an impact on the level of TCC intermediates. However, 

DNA metabolism and cell wall synthesis were the most affected pathways. These results confirm 
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these metabolic pathways as promising targets for new antibiotic compounds since they were 

involved in the metabolic response to every agent used in this study. 

In summary, the metabolic profiles of antibiotically treated staphylococcal cells provide 

important basic information about the bacterial physiology. Moreover, this approach is a 

meaningful, promising complement next to transcriptomic and proteomic approaches in the search 

for new antibiotics and the elucidation of unknown modes of action. 

4. Metabolome analyses of human secretions - natural habitats of 

S. aureus during human host colonization 

S. aureus is part of the human commensal flora on several parts of the human body, like the 

nose and the skin (4, 100). Focusing on the nose as the primary colonization site of S. aureus (100), 

about 20% of the human population are persistently carrying and about 30% of the human 

population are intermittently carrying S. aureus in the nasal cavity (3). The question why some 

healthy people are colonized and some are not remains unanswered. It is known that multiple 

factors are determining the nasal S. aureus carriage status, as for example the sex, the age and the 

living conditions (3). In addition, individual host characteristics are involved (101), thus the 

nutritional supply at the host target sides may also have an impact on the carriage status which has 

already been assumed by van Belkum et al. (2009) (3). 

To get an idea of what the natural habitat of S. aureus looks like during host colonization, 

metabolome analysis of human nasal secretions and human sweat was performed (unpublished 

data). Thereby, a defined volume of the respective secretion was sterile filtrated for the subsequent 

analysis via GC-MS. 

In collaboration with Susanne Engelmann and Lisa Mahler (University of Greifswald) nasal 

secretions of 12 test persons (6 carrier and 6 non-carrier) were collected. Using GC-MS analysis 

sugars, organic, amino, and fatty acids were detected. Based on the metabolite data no statistical 

separation between the carriers and non-carriers was detectable. This is in line with the findings of 

Krismer et al. (2014) (102). Instead, the metabolic profile of the nasal secretion was found to be 

unique for every person. Thus, the metabolite composition of the nasal secretions is probably not a 

determining factor on the carrier or the non-carrier status of an individual`s nose. 

In collaboration with Birgit Schittek and Maren Paulmann (University of Tübingen) the sweat 

of 6 test persons was collected during sporting activity. Using GC-MS analysis, the metabolite 

spectrum was detected as done for the nasal secretions. The metabolic profiles of the sweat again 

were found to be unique for every person. 

Nevertheless, the data provide metabolic insights into the natural habitat of S. aureus during 

nasal and skin colonization. Comparing the results of both studies, bacteria are faced with a massive 

abundance of urea and lactate when colonizing human skin and the nasal cavity (Figure 6). Pyruvate 
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is also prominent on both target sides. In nasal secretion glucose and glutamine are more abundant 

than in human sweat. In contrast, the amino acids alanine, serine, threonine and the branched-chain 

amino acids are more prominent in the sweat found on the human skin. Methionine was found, at 

least in low concentrations, in every nasal secretion, whereas it was absent in two sweat samples. 

This result contradicts the observations of another nasal secretion study by Krismer et al. (2014) 

who claimed the missing methionine as an important factor during nasal colonization (102). 

 

 
Figure 6 Boxplot of selected metabolites detected in the nasal secretions of 12 test persons (orange) and in the sweat of 6 
test persons (blue). Data are shown as single values (points). Whiskers range from minimum to maximum. The band 
inside each box displays the median. Urea concentration was above the limit of quantification (LOQ > 1800 µmol/L) in 
either nasal secretions as sweat; lactate concentration was above the LOQ in all sweat samples. For two sweat samples the 
serine concentration was above the LOQ. 

 

The results of the nasal secretion analysis fit well with the availability of amino acids in the 

RPMI medium. In this medium all amino acids were present in low concentrations, except for 

glutamine, which serves as the main nitrogen donor with an initial concentration of 2 mmol/L. Thus 

it supports the hypothesis that most of the amino acids are not available in concentrations of about 
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1 mmol/L under in vivo growth conditions during host colonization (see chapter 3.3. Growth of 

S. aureus under infection-related conditions). Since most common, purchasable culture mediums do 

not contain lactate, these results give hints to the in vivo nutrient supply of S. aureus. Thus, it would 

be interesting to study the growth behavior of S. aureus in a medium containing such large amounts 

of lactate and urea. 

The metabolome data of the human sweat analysis was used for creating an artificial culture 

medium for S. aureus that mimics the natural habitat during skin colonization. So far, this medium 

is used for promising microbiological research in the working group of Prof. Schittek at the 

University of Tübingen. 

Concluding remarks 

Within the last decade, the research field of microbial metabolomics has grown continuously. 

Within this PhD thesis, new basic information about the distribution of primary metabolites is 

provided that is mainly in line with predicted metabolic network constructions. Nevertheless, a 

remarkable part of the entire metabolite pool of S. aureus is yet to be discovered. This is represented 

by the vast number of unknown metabolites that can be found in the cytosol but even in the culture 

supernatant of bacteria. Although metabolite databases were built up containing more than 2600 

metabolites (53), they cannot unravel the unknown compounds found in biological samples. The 

post-genomic era itself is still in the early stages, since for about 23% of the protein coding 

sequences of S. aureus COL and HG001 no functions are yet assigned (14). As a consequence of 

this incomplete annotation, uncharacterized metabolic pathways may exist whose intermediates and 

end products are reflected by the pool of unknown metabolites. However, the metabolome is not 

only defined by the genetic make-up but also by the environment, since  exogenous compounds can 

be taken up and thus are integrated into the metabolite pool. Therefore, the definition of the 

bacterial metabolome in a comprehensive manner remains a challenging task for metabolomic 

research in the future. 

Regarding current metabolite data on S. aureus, in terms of absolute metabolite concentrations 

and time-resolved courses of metabolite abundances, this thesis provides a new quality of 

information. These results were proved to be suitable for integrative studies combining the -omics 

technologies. The powerful combination of transcriptomic, proteomic, metabolomic, and fluxomic 

datasets has the potential to unravel the complex but partly veiled biochemical network and 

regulatory system of this important pathogen. In this regard, this thesis offers valuable insights for 

researchers working on the identification and characterization of new antibacterial that are urgently 

required for the medical control of staphylococcal diseases.  
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