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Zusammenfassung 

Die Erforschung des Metaboloms eines Organismus, einer Zelle oder eines Gewebes wird als 

Metabolomik bezeichnet. In der Metabolomik werden verschiedene analytische Techniken 

angewandt. 

In dieser Arbeit wurde eine analytische Plattform, bestehend aus Protonen-

Kernresonanzspektroskopie (1H-NMR), Gaschromatographie mit Massenspektrometrie-Kopplung 

(GC-MS, EI/Quadrupol) und Flüssigchromatographie mit Massenspektrometrie-Kopplung (LC-MS, 

ESI/TOF) verwendet.  

Fokussierend auf Metabolomanalysen von Mikroorganismen, war die Entwicklung von geeigneten 

Probenahmeprotokollen und -strategien Voraussetzung dieser Arbeit. Die Art der Probenahme muss 

für jeden zu analysierenden Organismus individuell optimiert werden, um eine hohe Probenqualität 

zu gewährleisten. In Metabolomik-Studien, vor allem im Zuge von mikrobiellen 

Metabolomuntersuchungen, ist der sogenannte „energy charge“ ein anerkannter Parameter um die 

Qualität von Proben zu überprüfen (Atkinson 1968). 

Das pathogene Bakterium Staphylococcus aureus und das biotechnologisch relevante Bakterium 

Bacillus subtilis waren Forschungsobjekte dieser Arbeit. Die Entwicklung der Probenahmeprotokolle 

"A protocol for the investigation of the intracellular Staphylococcus aureus metabolome” (Meyer et 

al. 2010) und “Methodological approaches to help unravel the intracellular metabolome of Bacillus 

subtilis” (Meyer et al. 2013) bestätigt die Notwendigkeit der Entwicklung und Überprüfung 

geeigneter Protokolle. Es wurde beobachtet, dass geringe Unterschiede im Verlauf der 

Probengenerierung zu großen Unterschieden in der Qualität der Proben führen können. Durch die 

Verwendung der validierten analytischen Plattform und der im Detail ausgearbeiteten Protokolle 

konnte das Metabolom von S. aureus und B. subtilis unter verschiedenen Bedingungen untersucht 

werden. 

Physiologische Untersuchungen am pathogenen Bakterium S. aureus sind von großem Interesse. 

Dieses Interesse ist bedingt durch zunehmende Resistenzen von S. aureus gegen Antibiotika. 

Angriffspunkt einer Reihe von Antibiotika wie z.B. der Beta-Lactam-Antibiotika, ist die bakterielle 

Zellwand. In unserer Studie “A metabolomic view of Staphylococcus aureus and Its Ser/Thr kinase 

and phosphatase deletion mutants: Involvement in cell wall biosynthesis” (Liebeke et al. 2010) 

wurde der Einfluss der Serin-Threonin-Kinase auf die Zellwand Biosynthese von S. aureus erforscht. 

LC-MS basierte Metabolomdaten deckten auf, dass im Vergleich zum S. aureus Wildtyp Stamm 8325, 

Vorstufen der Teichonsäuren vorwiegend in der Serin-Threonin-Kinase-Deletionsmutante (ΔpknB) 

vorkommen und Peptidoglycan-Vorstufen überwiegend in der Phosphatase-Deletionsmutante (Δstp). 

Dies zeigt eine bisher nicht beschriebene Bedeutung der Serin-Threonin-Kinase auf den Zellwand-

Metabolismus und schafft neue Einblicke in dessen Regulation.  

Der Nasen-Rachen-Raum und die menschlichen Haut sind häufig die ökologische Nische von 

S. aureus. Außerdem kann S. aureus außerhalb seines Wirtes wie z.B. auf Kathetern überleben. Je 

nach Nische, ist S. aureus unterschiedlichen Stressfaktoren und Einschränkungen ausgesetzt, wie z.B. 

Begrenzungen in der Verfügbarkeit von Kohlenstoffquellen. Um sich diesen unterschiedlichen 
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Bedingungen anzupassen, finden regulatorische zelluläre Prozesse statt. In “Life and death of 

proteins: a case study of glucose-starved Staphylococcus aureus“ (Michalik et al. 2012) wurde der 

durch Glukosemangel induzierte Proteinabbau untersucht. Eine auffällige Beobachtung war, dass 

Proteine, die an der Biosynthese verzweigtkettiger Aminosäuren und der Purin-Nukleotid-

Biosynthese beteiligt sind in der clpP Mutante deutlich herab reguliert sind. Dies führte zu der 

Annahme einer stärkeren CodY-abhängigen Genrepression in der clpP Mutante. Intrazelluläre 

Metabolomdaten zeigten eine höhere GTP Konzentrationen in der clpP Mutante. Diese könnte die 

höhere CodY Aktivität und die dadurch stärkere CodY-abhängige Genrepression in der clpP Mutante 

erklären. 

Da bekannt ist, dass unterschiedliche S. aureus Stämme verschiedene ökologische Nischen besiedeln, 

wurden globale extrazelluläre Metabolom-Analysen zu verschiedenen Kohlenstoffquellen (Glukose, 

Glukose-6-Phosphat, Glycerin, Milchsäure, Laktose und einem Gemisch von allen Vorgenannten) an 

drei verschiedenen S. aureus Stämmen (HG001: Laborstamm, EN493: menschliches Endokarditis-

Isolat und RF122: Rindermastitis-Stamm) durchgeführt. Deutlich wurde insbesondere, dass der 

Stamm S. aureus RF122 die verfügbare Laktose am besten nutzen konnte, während die Stämme 

EN493 und HG001 Glukose-6-Phosphat besser aufnehmen konnten als der bovine Stamm. 

Bacillus subtilis ist ein intensiv untersuchtes Gram-positives und nicht-pathogenes Bakterium. In der 

Studie “System-wide temporal proteomics profiling in glucose-starved Bacillus subtilis“ (Otto et al. 

2010) wurden Wachstumsphasen-abhängig Veränderungen im Proteom, Transkriptom und 

extrazellulären Metabolom untersucht. Durch massenspektrometrische Analysen von fünf 

unterschiedlichen zellulären Subfraktionen, konnten ~52% der vorhergesagten Proteine identifiziert 

werden. Um die Proteomdaten zu bekräftigen und zu vervollständigen, wurden Transkriptom- und 

extrazelluläre Metabolom-Analysen durchgeführt. Die extrazellulären Metabolomdaten stellten 

sicher, dass die Zellen Glukose limitiert waren und offenbarten Wachstumsphasen-abhängige 

extrazelluläre Unterschiede im Metabolom. 

“A time resolved metabolomics study: The influence of different carbon sources during growth and 

starvation of Bacillus subtilis“ ((Meyer et al. 2013), submitted) zeigte, dass B. subtilis in der Lage ist, 

eine, von der verfügbaren Kohlenstoffquelle (Glukose, Glukose und Malat, Glukose und Fumarat, 

Glukose und Citrat) unabhängige intrazelluläre Metaboliten-Homöostase aufrechtzuerhalten. Auf der 

anderen Seite wurden Kohlenstoffquellen- sowie Wachstumsphasen-abhängige Unterschiede im 

extrazellulären Metabolom festgestellt. In dieser Studie wurde außerdem der Einfluss von ATP und 

GTP auf die Aktivierung des alternativen RNA-Polymerase-Sigma-Faktors B (σB) untersucht. Unter 

allen untersuchten Bedingungen konnte beim Übergang in die stationäre Wachstumsphase ein 

Absinken der ATP und GTP Konzentration beobachtet werden. Während des Wachstums auf Glukose 

allein und beim Wachstum auf Glukose und Malat wurde nach einleiten der Verwertung der zweiten 

Kohlenstoffquelle ein leichter Anstieg der ATP und GTP Konzentration beobachtet. Ausschließlich 

unter Letzt genannten Bedingungen wurde beim Übergang aus der exponentiellen Wachstumsphase 

in die stationäre Wachstumsphase eine σB-Aktivität gemessen. 

Das entwickelte Probenahmeprotokoll für Metabolomanalyse von B. subtilis ermöglichte darüber 

hinaus im Rahmen einer "multi-OMICS" Studie zur Systembiologie, die physiologische Anpassung von 

B. subtilis an osmotischen Stress zu analysieren.  
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Summary 

Metabolomics is the scientific study of metabolites of an organism, cell, or tissue. Metabolomics 

makes use of different analytical approaches.  

In this thesis, an analytical platform consisting of proton nuclear magnetic resonance spectroscopy 

(1H-NMR), gas chromatography-mass spectrometry (GC-MS, EI/quadrupol) and liquid 

chromatography-mass spectrometry (LC-MS, ESI/TOF) was used for metabolite analysis. Due to the 

high physicochemical diversity of metabolites, the usage of different analytics is profitable. 

Focusing on metabolome analysis of microorganisms, the development of viable protocols was 

prerequisite. To ensure metabolome samples of best possible quality, particularly the sampling 

procedure has to be optimized for each microorganism to be analyzed individually. In microbial 

metabolomics, the energy charge value is a commonly used parameter to assure high sample quality 

(Atkinson 1968). 

The pathogenic bacterium Staphylococcus aureus and the biotechnical relevant bacterium Bacillus 

subtilis were main target of research. The sampling protocol development “A protocol for the 

investigation of the intracellular Staphylococcus aureus metabolome” (Meyer et al. 2010) and 

“Methodological approaches to help unravel the intracellular metabolome of Bacillus subtilis”s 

(Meyer et al. 2013) confirmed the need for development and verification of viable protocols. It was 

observed, that minor differences in the sampling procedure can cause major differences in sample 

quality. Using the validated analytical platform and the optimized protocols, we were able to 

investigate the metabolome of S. aureus and B. subtilis under different conditions. 

Investigations of the pathogenic bacterium S. aureus are of major interest due to its increasing 

resistance to antibiotics. Methicillin (multi)-resistant S. aureus (MRSA) strains are responsible for 

several difficult-to-treat infections. The cell wall of bacteria is the target of an array of antibiotics, like 

the beta-lactam antibiotics. Our study “A metabolomic view of Staphylococcus aureus and Its 

Ser/Thr kinase and phosphatase deletion mutants: Involvement in cell wall biosynthesis” (Liebeke 

et al. 2010) revealed the influence of the serine-threonine kinase on cell wall biosynthesis of 

S. aureus. LC-MS based metabolome data uncovered prevalent wall teichoic acid precursors in the 

serine-threonine kinase deletion mutant (ΔpknB), and predominantly peptidoglycan precursors in the 

phosphatase deletion mutant (Δstp), compared to the S. aureus wild type strain 8325. This 

uncovered a so far undescribed importance of the serine-threonine kinase on the cell wall 

metabolism and provides new insights into its regulation. 

The nasopharynx and the human skin are often the ecological niche of S. aureus. Furthermore, 

S. aureus exists outside its host, for example on catheters. Depending on its niche, S. aureus is 

exposed to several stress factors and limitation conditions, such as carbon source limitation and 

starvation. To cope with the latter, a number of regulatory cellular processes take place. In “Life and 

death of proteins: a case study of glucose-starved Staphylococcus aureus” (Michalik et al. 2012) 

protein degradation during glucose starvation was monitored. An intriguing observation was that 

proteins involved in branch chain amino acid biosynthesis and purine nucleotide biosynthesis were 

distinctly down-regulated in the clpP mutant. This lead to the assumption of a stronger repression of 

CodY-dependent genes in the clpP mutant. Intracellular metabolome data revealed higher GTP 
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concentrations in the clpP mutant. This may explain the higher CodY activity and thereby stronger 

repression of CodY-dependent genes in the clpP mutant.  

Since different S. aureus strains are known to colonize different niches, global carbon source 

(glucose, glucose 6-phosphate, glycerol, lactate, lactose and a mixture of all) and carbon source 

limitation dependent exo-metabolome analyses were performed using three different S. aureus 

strains (HG001: laboratory strain, EN493: human endocarditis isolate and RF122: bovine mastitis 

strain). The most apparent observation was that RF122 can utilize lactose best, while EN493 and 

HG001 are better at utilizing glucose-6-phosphate compared to the bovine RF122 strain. 

Bacillus subtilis is an extensively studied Gram-positive and non-pathogenic bacterium. In the 

functional genomics approach “System-wide temporal proteomics profiling in glucose-starved 

Bacillus subtilis” (Otto et al. 2010) growth phase dependent changes in the proteome, transcriptome 

and extracellular metabolome were monitored. By mass spectrometric analysis of five different 

cellular subfractions, ~ 52% of the predicted proteins could be identified. To confirm and complete 

the proteomic data transcriptome and extracellular metabolome analyses were performed. The 

extracellular metabolome data ensured that cells were glucose-starved and revealed growth phase 

dependent metabolic footprints.  

In “A time resolved metabolomics study: The influence of different carbon sources during growth 

and starvation of Bacillus subtilis” ((Meyer et al. 2013) submitted) four different compounded 

cultivation media were investigated as only glucose, glucose and malate, glucose and fumarate and 

glucose and citrate as carbon source. It could be shown, that B. subtilis is able to maintain an 

intracellular metabolite homeostasis independent of the available carbon source. On the other hand, 

in the exo-metabolome, carbon source as well as growth phase dependent differences were 

detected. Furthermore, in this study the influence of ATP and GTP on the activation of the alternative 

RNA polymerase sigma factor B (σB) was discussed. The concentration of ATP and GTP decreased for 

all conditions, as cells entered the stationary growth phase. While cell growth on solely glucose and 

during growth on glucose and additional malate, the ATP and GTP concentrations increased slightly 

when the consumption of the second carbon source was initiated. Only under these conditions, a 

considerable σB activity increase during the transition from exponential to stationary growth phase 

was observed. 

Furthermore, the developed sampling protocol for metabolome analysis of B. subtilis enabled us to 

be part of a “multi omics” system biological approach to study the physiological adjustment of 

B. subtilis to cope with osmotic stress under chemostat conditions. 
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Introduction 
 

1. Metabolomics 

The term metabolomics was coined in 1998 in analogy to genomics, transcriptomics, and proteomics 

(Oliver et al. 1998). It “refers to the comprehensive (qualitative and quantitative) analysis of the 

complete set of all low molecular weight metabolites present in and around growing cells at a given 

time during their growth or production cycle“ (Mashego et al. 2007). Thus metabolomics enhances 

functional genomics research by analysis of intermediates and the end product of cellular processes. 

The metabolome is the terminal downstream product of the genome and the result of the complex 

interaction between the genome, transcriptome, proteome and the environment (Fig. 1). 

 

Fig. 1: Overview of “omics” fields in science. 

 

At the current state of development, transcriptomics is able to cover the complete set of mRNAs in a 

cell, while proteomics still cannot detect or identify some proteins. Likewise, metabolomics fails to 

detect and especially identify many metabolites. This can have various reasons: i) A comprehensive 

analytical platform is necessary to cover the overall metabolome. The chemical diversity of 

metabolites makes it impossible to analyze them all by a single analytical technique. ii) Identification 

is often difficult due to an absence of commercial available standards. iii) Especially pathway 

intermediates may be present in concentrations below the limit of detection, due to enzymatic 

equilibriums, fast turnover rates, metabolic fluxes and the passing of metabolites from one enzyme 

to another enzyme without being released into the cytosol (channeling). All these issues makes it 

close to impossible to reach the aim of a comprehensive metabolome analysis, as required by the 

definition of metabolomics (Mashego et al. 2007). 

Metabolomics has become an increasingly large field and several related terms have arisen. For 

example, the closely related term metabonomics as well as the term “metabolic fingerprinting” (the 

analysis of intracellular metabolites (Ahmed et al. 2005; Ellis et al. 2007)), the term “metabolic 
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footprinting” (the analysis of extracellular metabolites (Kell et al. 2005)) and “metabolic profiling” 

(analysis of metabolic patterns (Azizan et al. 2012; Ellis et al. 2012)).  
Various organisms and their habitats have become the target of metabolome analyses. Those include 

plants, eukaryotic and prokaryotic cells, body fluids, water, soil and nutrients. Thereby the aim of 

research is greatly divergent. It reaches from analysis of a single metabolite of interest over basic 

physiological analysis, through nutrition metabolomics and personalized medicine. Each of them 

employs different analytical techniques. 

 

1.1. Analytical techniques  

Independent of the metabolomic purpose, several methods are applied. Frequently different 

analytical techniques are used in a single study to cover as many as possible metabolites. Commonly 

used methods are gas chromatography (GC) and liquid chromatography (LC) coupled to different 

mass spectrometric (MS) methods. More recently, capillary electrophoresis (CE) methods coupled to 

mass spectrometry (Ramautar et al. 2009; Ramautar et al. 2011; Ramautar et al. 2013) and mass 

spectrometry imaging (Miura et al. 2012) have become used in metabolomics. Also, several nuclear 

magnetic resonance (NMR) spectroscopic methods are available (1H-NMR, 13C-NMR, NOESY, COSY, 

JRES) (Zhang et al. 2012). All those methods have advantages and disadvantages. The main 

advantages of NMR spectroscopy are the simple sample preparation, good reproducibility, and the 

possibility of direct quantification, by comparing the analyte’s number of protons with TMS or TSP 

added as internal standard. A disadvantage of NMR spectroscopic methods is the absence of 

compound separation. The lack of a separation stage, prior to detection complicates metabolite 

identification in complex samples. In contrast, for GC or LC methods coupled to mass spectrometry, 

sample preparation is mostly more complex. For instance, for gas chromatography, samples have to 

be derivatized to gain volatility and to provide better thermal stability. The sample derivatization 

itself requires water free samples, which necessitate sample lyophilization prior to preparation. An 

advantage of chromatographic methods coupled to mass spectrometry is their low limit of detection 

(LOD). Another advantage is the reduced signal overlap due to chromatographic compound 

separation prior to detection. Compound separation during LC-MS and GC-MS based metabolite 

analyses is convenient for targeted metabolomics and essential for quantitative metabolomics. In the 

case of LC-MS, the separation is also vital for reducing ion suppression.  

Metabolomics can be divided into two approaches: Untargeted metabolomics aims to measure the 

entirety of all metabolites in a sample, including all unknowns and targeted metabolomics, aims to 

measure a defined set of selected metabolites. 

 

1.2. Untargeted metabolomics 

The main challenge in untargeted metabolomics is to maintain the integrity of all data. Thus, 

untargeted metabolomics approaches are often analyzed via chemometrics. Chemometrics is the 

science of extracting information from complex data. This includes various data exploration methods 
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and statistical procedures to reduce large data sets. Multivariate analysis, like principal component 

analysis (PCA), partial least squares-discriminant analysis (PLS-DA) and/or orthogonal partial least 

squares-discriminant analysis (OPLS-DA) are frequently used in chemometrics to determine 

consistencies and differences in large data sets (Trygg et al. 2007). In order to preclude, that the 

uncovered differences are artifacts, identification efforts are important. For instance, during a 

comparison of medication and control groups in clinical studies, it has to ensured, that the observed 

differences are not degradation products of the administered drug itself.  

Ideally, metabolite identification is performed by comparison with a pure reference substance. 

However, if this is not possible, purification of the unknown, with subsequent structural elucidation 

or a database search may be used as alternative (Bowen and Northen 2010). Different commercial 

and online based metabolomic databases are available: The human metabolome database (HMDB 

(Wishart, et al. 2007)), the yeast metabolome database (YMDB (Jewison et al. 2012)), the E. coli 

metabolome database (ECMDB (Guo et al. 2012)) as well as the METLIN metabolome database 

(Smith et al. 2005), the FiehnLib (Kind et al. 2009), the GOLM metabolome database (GMD (Kopka et 

al. 2005)), the NIST library (National Institute of Standards and Technology) and PubChem. 

A major drawback of untargeted metabolomics is that data sets of different scientific studies cannot 

be compared directly, whereas data comparison of different investigations is possible for targeted 

and especially quantitative, targeted metabolomics. 

 

1.3. Targeted metabolomics 

In targeted metabolomic approaches, data sets are often smaller, but targeted and especially 

quantitative metabolomics entails extra challenges. Not only for the identification but especially for 

quantification, pure standards are essential. Apart from the high costs of many of these compounds, 

the number of metabolites which can be identified and/or quantified is limited by the number of 

available standards due to a lack of demand or inherent instability (Bowen and Northen 2010). Plenty 

of pathway intermediates, such as those of amino acid synthesis or degradation intermediates as 

well as purine and pyrimidine metabolism intermediates are not commercially available.  

Another challenge in targeted, quantitative metabolomics is the optimization of the analytical 

method. In particular for chromatographic separation techniques, good analyte separation, with 

stable retention times is important. For GC-MS based systems, the coupled mass spectrometers 

often use electron ionization (EI, formerly electron impact) to produce the ions necessary for the 

mass spectrometric measurement. With EI, unique fragmentation patterns can be generated for 

different molecules. Nevertheless in some cases the fragments of metabolites are identical, and no 

metabolite specific quantification ion (QI) is produced during electron ionization. If in addition the 

chromatographic properties of analytes are similar, differentiation between the metabolites is 

impossible. This often is the case for isomeric sugars and sugar-phosphates. Consequently, if 

metabolites with similar physicochemical properties co-exist in biological samples, identification and 

quantification is close to impossible. Another MS ionization technique is the electro spray ionization 

(ESI). ESI is a more gentle ionization technique which overcomes the propensity of molecules to 
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fragment. If ESI is used for ionization (which is mostly the case when a prior LC metabolite separation 

is used), a major problem, is ion suppression. This occurs, when analytes elute simultaneously from 

the chromatographic column (Annesley 2003). While co-elution of metabolites can be avoided in 

standard mixtures during calibration or chemical defined quality control (QC) sample measurement, 

co-elution can often not be avoided for biological samples.  

Ion suppression is caused by ions competing during desolvation and/or incomplete drying of the 

droplet caused by salts and polymers. Indeed, the ion suppression phenomenon is not entirely 

understood (Jessome and Volmer 2006). Caused by the often higher complexity of biological samples 

compared to chemical defined QC samples (and standard mixture dilutions for quantification 

measurements), ion suppression can influence the quantitative accuracy (Antignac et al. 2005). There 

are at least two approaches to minimize ion suppression: i) matrix components in biological samples 

can induce strong ion suppression. Thus matrix compounds like proteins should be eliminated prior 

to mass spectrometric measurement (Mallet et al. 2004; Stahnke et al. 2012), ii) chromatographic 

separation before mass spectrometric analysis reduces the amount of simultaneous ionization of 

molecules and therewith ion suppression. Moreover, two methods are commonly used to gauge ion 

suppression effects: i) stable isotope compound addition (Freitas et al. 2004; Wang et al. 2007) and ii) 

spiking experiments by the usage of unlabeled compounds (Antignac et al. 2005).  

Stable isotope labeled compounds with the same structure as the analytes can be used to normalize 

the effect of ion suppression. A defined amount of the labeled compounds is added to all samples 

prior to sample preparation and analysis. Since they have similar ionization properties as the analyte, 

they can be used to correct for the ion suppression and/or other errors during sample preparation 

and analysis. The limited commercial availability of labeled metabolites limits the last mentioned 

approach. Besides, the generation of stable isotopic labeled molecules via cultivation of the analytical 

target in 13C-glucose labeled medium is limited by the circumstance, that not all organisms or 

microorganism are able to grow on medium, only containing glucose as carbon source or another 

single carbon source.  

Spiking experiments can be used to validate the sample preparation protocol and further to estimate 

the impact of the biological matrix and the impact of ion suppression during analysis. A defined 

concentration of an unlabeled standard mixture is added to the biological sample prior to sample 

processing and measurement. The obtained concentrations are compared to those obtained by the 

measurement of the standard mixture only, as well as to the ones of the biological sample only. 

Thereby the recovery rate is used to investigate the effects of ion suppression and matrix effects 

(Matuszewski et al. 1998; Meyer et al. 2010).  

A major challenge in quantitative metabolomics is the dynamic nature of metabolite concentrations. 

Metabolite concentrations in an organism can span across many orders of magnitude. Analytical 

techniques, especially chromatographic techniques coupled to mass spectrometry, have mostly a 

narrow linear range for quantification measurements. Hence, for quantification curves, polynomial 

regression may have to be used instead of linear regression. Indeed, even for polynomial regression 

the limit of quantification (LOQ) is finite in the lower and upper concentration range: In the upper 

concentration range due to signal saturation and in the lower concentration range mainly due to the 

limit of detection (LOD).  
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The possibility to inject higher amounts of metabolites and thereby raise the concentration of 

metabolites over the LOD is often limited by the amount of available biomass. Beside, this approach 

would further increase the concentration of the metabolites with concentrations above the LOD and 

thus cause problems caused by signal saturation. Moreover, not only the concentrations of different 

metabolites in a cell strongly vary but also the LOD and LOQ are exceedingly metabolite dependent 

(Kiefer et al. 2008; Vo Duy et al. 2012). It would be best, albeit impractical, to measure different 

dilutions of one biological sample. Furthermore, the inaccuracy of extrapolation limits metabolite 

quantification for each metabolite to a unique range.  

All together, targeted and untargeted metabolomic approaches can be combined. In this case, the 

analytical settings have to be optimized with regard to either approaches, allowing robust 

identification and quantification and further the detection of comprehensive features in a sample. If 

considering, that only a few metabolites can be identified and quantified, an additional untargeted 

approach can help to prize out further, important insights. 

 

1.4. “Separating the wheat from the chaff” 

In untargeted metabolomic approaches, and MS based metabolomics in particular, it is important to 

identify valuable molecule masses (features) and reject redundant or artifact features. Recently, a 

workflow for “separating the wheat from the chaff” was presented (Jankevics et al. 2012). This study 

aimed to develop an analytical method that would be able to eliminate a substantial share of the 

spurious signals from a data set. This is achieved by rigorous filtering of the measured signals based 

on a series of sample dilutions. Jankevics and colleagues (2012) report, that by the use of this data 

filtering approach, about 80% of the detected signals can be discarded, as they can be assumed to be 

uninformative.  

Due to chromatographic separation times of about 40-60 min in established LC-MS methods (Liebeke 

et al. 2010; Meyer et al. 2010; Michalik et al. 2012) the above mentioned method to eliminate 

artifact features is not applicable. Hence, another, more time-efficient method to discover artifacts 

was examined. This approach is based on a deletion of features with low fold changes compared to 

blank measurements.  

A standard mixture of 30 metabolites was used to proof the usability of the strategy. 11 different 

dilutions ranging from 0.005 mM to 1.000 mM and four blank samples were measured in one batch. 

The different concentrations were used to gauge the dynamic concentration range in biological 

samples. Data were analyzed by XCMS (method: centwave, span: 0.4, bw: 60 and mzwid: 0.5) 

resulting in 1118 detected features.  

As many more masses than the ones present in the analyzed standard mixture, were detected, a 

procedure to define and eliminate uncertain masses became relevant. For this purpose, the m/z 

integral for each detected mass in both the blank and standard mixture measurements were 

calculated. Subsequent the fold change of each feature m/z integral of each dilution was related to 

those in the blank sample (Tab 1). All features with a mean fold change lower than firstly 10, then 

100 and finally 1000 were assumed to spurious and have been deleted. This resulted in 
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approximately 220, 200 and 180 remaining features, respectively. For all 30 metabolites in the 

standard mixture, except CoA, the mean fold m/z integral change compared to those in the bank was 

over 100 and even over 1000 except for CDP, CTP and GSH (Tab. 1). This demonstrates, that via a 

deletion of all feature with a mean fold change lower than 100, more than 80% of the uninformative 

features are discarded. 

 
Tab. 1: Feature integral fold changes of metabolites in a standard mixture compared to blank measurements. 
Different concentrations ranging from 0.00 5mM to 1.000 mM of the standard mixture were used to determine 
the fold change to the mean of detected features in four blank (water) measurements (LC column 
manufacturer: OTU). The right column (mean fold change) shows the mean fold change of the 11 investigated 
standard mixture concentrations compared to the mean of the four blank measurements. The fold change is 
indicated as infinite if the m/z value was not detected in the blanks. Uridine could also be the [M-H] isotope of 
cytidine. 

 
 

This feature sizes can strongly vary dependent on the column manufacturer and the column lot, the 

mobile phase, the gradient and various other LC and/or MS parameters (Tab. 2). To validate the 

approach, the strategy was repeated for i) a column of another manufacturer and ii) for two different 

column lots of the same column manufacturer. The data in table 2 confirm that the number and 

signal integral of detected features are column manufacturer and column lot dependent. Hence, the 

fold change for the deletion has to be chosen carefully and the separation of useful or valuable 

features from the redundant features have to be done for every batch independently (unpublished 

data). 

concentration 0.005mM 0.0075mM 0.010mM 0.025mM 0.050mM 0.075mM 0.100mM 0.250mM 0.500mM 0.750mM 1.000mM 

metabolite fold change to 4 blanks
mean fold 

change
Adenosine infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
Acetyl-CoA 269 399 552 1294 2705 3105 5496 12964 23017 30113 36191 10555
ADP 33 51 70 179 370 420 675 1427 2229 2969 3404 1075
AMP 114 158 209 422 762 855 1339 2735 3866 5678 5879 2002
ATP infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
Cytosine infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
C6-6-P 1352 1879 2324 4180 3329 7095 9247 14014 17203 21655 26815 9918
cAMP infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
CDP 32 48 65 166 341 395 636 1244 1663 1880 2154 784
CMP infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
CoA 1 1 1 2 4 5 8 22 56 70 89 24
CSA (iSTD) infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
CTP 21 50 60 31 447 240 119 197 1240 287 902 327
Erythrose-4-P infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
FAD infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
Fructose-1,6-bis-P 498 745 1032 2458 4820 5460 8502 16427 20925 24703 28208 10343
Guanosine infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
GDP 47 77 108 277 575 656 1023 2072 3148 3961 4673 1511
GMP 87 117 151 291 514 588 926 1800 3057 4776 5324 1603
GSH 45 56 83 127 184 250 340 404 598 763 994 350
GSSG 848 1260 1659 3746 7653 8306 15086 32998 61292 85316 100715 28989
GTP 18 31 54 216 641 958 1995 5068 9340 13021 15386 4248
NAD infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
NADP infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
Ribose-5-P infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
Uridine* 6753 9429 11991 25877 53411 53176 91194 199479 328060 380774 445177 145938
UDP 88 136 187 450 903 1022 1560 3048 4129 4555 4180 1842
UMP infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
UTP 104 152 214 880 2518 3394 6102 14103 22775 27770 32550 10051
Xanthosine infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite infinite
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Tab. 2: Column dependent feature integrals: Different concentrations ranging from 0.005 mM to 1.000 mM as 
listed in table 1 were used as standard mixture. The table presents the number of detected feature integrals 
dependent on the used LC column and remaining feature integrals after deletion of features with a mean fold 
change compared to blank measurements lower 10, 100 and 1000, respective. The numbers in the bracket 
indicate the number of remaining standard compounds of the standard mixture (containing 30 metabolites), 
after fold change depending deletion of features. 

LC Column manufacturer all features FC > 10 FC > 100 FC > 1000 
OTU 1118 (30) 224 (30) 199 (29) 180 (26) 
Waters lot 1 1493 (30) 245 (30) 300 (28) 264 (22) 
Waters lot 2 1166 (30) 487 (30) 451 (28) 366 (27) 
 

The outcomes presented in table 1 and table 2 demonstrate, that “separating the wheat from the 

chaff” is a complex, LC-MS parameter as well as concentration dependent challenge. Especially in 

untargeted metabolomics it is important to i) measure all samples of one study in one batch and ii) to 

separate valuable features from artifacts to ensure that data analysis is based on useful features 

only. 
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2. Microbial metabolomics 

Regardless of the aim of the metabolomic investigations, the applied analytic or the data evaluation 

strategy, the sample preparation has to be adapted and optimized for each analytical target. 

Important steps in metabolomics are the sampling procedure, the extraction of metabolites, and the 

sample work up prior to analysis. These steps have to be optimized individually for each target of 

interest.  

The metabolite pool in a cell is the result of the complex interactions of all cell components. Smallest 

alterations or interferences in the genome and environment can cause diverse transcript and protein 

based adaptation processes, which again can induce significant changes in the metabolome. This 

among other reasons is caused by the high turnover rates of certain metabolites. (Buchholz et al. 

2002; Mashego et al. 2007; Meyer et al. 2010). Thus, in microbial metabolomics a major challenge is 

the sample generation. As the sampling is the first step to obtain suitable metabolome data, the 

need for a well proven and adapted sampling protocol is obvious (Bolten et al. 2007; Meyer et al. 

2010; Meyer et al. 2013). In the following section, important aspects of microbial metabolomics will 

be described in more detail. 

 

2.1. The sampling procedure 

Two coefficients have become established indicators to ensure an appropriate sampling procedure in 

metabolomics. The ratio of glucose-6-phosphate to fructose 6-phosphate (Kleijn et al. 2010) and the 

more frequently used adenylate energy charge (EC) (Atkinson 1968; Taymaz-Nikerel et al. 2009; 

Meyer et al. 2010; Tredwell et al. 2011; Meyer et al. 2013). 

The ratio of glucose-6-phosphate to fructose-6-phosphate can be used as a parameter for 

appropriate sampling, since this ratio decreases rapidly if glucose utilization stops before metabolism 

is arrested. The ratio has been described to be approximately 4.2 for yeast cells (Ewald et al. 2009). A 

major drawback of this factor is the difficulty of the analytical separation of isomeric sugars. In 

biological samples plenty of sugars with same molecular masses and similar chromatographic 

properties could be present, such as glucose-1-phosphate/glucose-6-phosphate, mannose-1-

phosphate/mannose-6-phosphate, galactose-1-phosphate/galactose-6-phosphat and even myo-

inositol-phosphate. Their identical molecular weight and similar physicochemical properties, often 

causes similar retention times during gas-chromatographic or liquid-chromatographic separation. As 

a consequence, individual quantification and following determination of the ratio between glucose-6-

phosphate and fructose-6-phosphate is extremely difficult (Buescher et al. 2012).  

The adenylate energy charge is an index to characterize the energy status of a cell. The EC relates to 

the concentrations of the adenosine phosphates and is calculated by the formula: 

 

EC =
[ATP] + 1

2  [ADP]
[ATP] + [ADP] + [AMP] 
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For non-limited, growing cells the EC is described to be in the range of 0.80 - 0.95 (Atkinson 1968). 

Since many metabolic reactions are controlled by the adenosine phosphates, the EC drops when cells 

are exposed to stress. Thus, under non stressed experimental condition, the EC-value can be used as 

an indicator for the appropriateness of a sampling procedure. An EC in the range described by 

Atkinson (1968) confirms the absence of external biases during the sampling procedure.  

To obtain microbial samples for metabolome analysis, three common methods have been described: 

i) cold centrifugation (Krall et al. 2009), ii) direct quenching (Hans et al. 2001; Villas-Boas and 

Bruheim 2007; Link et al. 2008; van Gulik 2010) and iii) fast vacuum dependent filtration (Meyer et al. 

2010; Carnicer et al. 2012; Meyer et al. 2013). The first mentioned method is rarely used, most likely 

as this method is the most time consuming and thereby most stress inducing approach. The 

drawback of the second method is the possibility of cell lysis during the direct quenching (for 

example with methanol (Bolten et al. 2007)). The third method, however, may elude the drawbacks 

of the two first mentioned methods (Meyer et al. 2010; Meyer et al. 2013). To verify the usability of a 

method, the sampling procedure and sample workup must be tested individually for each organism.  

As a part of the investigations “A protocol for the investigation of the intracellular Staphylococcus 

aureus metabolome” ((Meyer et al. 2010) page 37-47) and “Methodological approaches to help 

unravel the intracellular metabolome of Bacillus subtilis”((Meyer et al. 2013), page 84-97), it was 

found, that minor differences in the sampling procedure can cause major differences in the 

outcomes. Particularly the necessity of a preceding liquid nitrogen cooling step and the exclusion of 

the washing step during sampling for metabolome analysis of Bacillus subtilis compared to 

Staphylococcus aureus (Meyer et al. 2010; Meyer et al. 2013) must be mentioned (Fig. 2). 

 

2.2. Metabolite extraction 
 

Beyond a fast sampling procedure, the extraction of metabolites is an important and result defining 

step. A major hindrance during metabolite extraction is the complexity of the physicochemical 

properties of metabolites. The number of elements metabolites are composed of is limited (mainly C, 

H, O, N, P and S), but the structural variation is close to infinitive (Verpoorte et al. 2010). As a 

consequence of the high chemical and physical diversity of metabolites, such as organic acids (TCA), 

polar and non polar amino acids, numerous of sugar phosphates (glycolysis, pentose phosphate 

pathway), nucleosides and nucleotides as well as various co-factors and fatty acids it is hard to find 

an optimal extraction solution. If the comprehensive coverage of the metabolome is the aim of 

investigation, this is in particular challenging. Thereby, metabolite modifications and/or degradation, 

caused by the extraction solution have to be avoided or must be kept to a minimum. 

It was found, that the used extraction solution for metabolite extraction strongly influence the 

outcomes (Meyer et al. 2010). Thereby the extraction solution does not only influence the 

metabolite extraction efficiency, but also the energy charge. For Staphylococcus aureus the amount 

of adenosine and AMP was observed to be higher after metabolite extraction by a chloroform 

containing extraction solution. Likewise, for Bacillus subtilis, it was shown, that the extraction of 

metabolites by chloroform drastically decreased the EC. Accordingly, the suitability of the extraction 
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solution should be carefully considered. During the protocol development for S. aureus and B. subtilis 

the main requirement for the final protocol was to gain physiological meaningful data, ensured by an 

EC in the range of 0.80- 0.95 (Atkinson 1968).  

 

 
Fig. 2: Metabolomic workflow for different bacteria: A) Staphylococcus aureus (Meyer et al. 2010), 
B) Bacillus subtilis (Meyer et al. 2013). 
 

The outcomes of the protocol development for metabolomics of the Gram-positive bacteria S. aureus 

and B. subtilis showed that minor differences in the sampling procedure can optimize the outcomes. 

When validating several steps for preparation of metabolome samples, it was found, that not alone 

the quantity of the metabolites was affected, but even the EC was influenced. For sampling of 

B. subtilis for metabolomics, it was moreover indicated, that in fact the growth media defines which 

sampling procedure should be the method of choice (Fig.2). These findings highlight the statement, 

that it is of utmost importance to validate the sampling protocol for each organism individually.  

By the usage of the validated sampling protocol and the use of several analytical techniques (Meyer 

et al. 2010; Meyer et al. 2013), it was possible to investigate the metabolome of S. aureus and 

B. subtilis.  
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3. Applications of metabolomics 

 

3.1. Staphylococcus aureus 

Staphylococcus aureus is a wide spread facultative anaerobic Gram-positive bacterium. It is 

frequently found as part of the skin flora and the mucous membranes. While S. aureus can cause a 

wide range of diseases in mammalians, it is as well known to colonize healthy people. 30 - 50% of the 

population is estimated to be carrier, whereby mostly the nasal passages are colonized, without 

causing a disease. However, if the immune system is weakened, S. aureus infections can provoke a 

number of illnesses like minor skin infections and abscesses, pneumonia, meningitis, mastitis, 

osteomyelitis, endocarditis, toxic shock syndrome (TSS), bacteremia, and sepsis. 

Emerging strains of S. aureus are commonly known as MRSA (Methicillin- or Multi resistant 

Staphylococcus aureus) (Appelbaum 2006). MRSA strains are mostly associated with hospitals or 

institutions like prisons, schools and almshouses. Further ORSA (Oxacillin-resistent Staphylococcus 

aureus) (Gravenkemper et al. 1965), VISA (Vancomycin-intermediate Staphylococcus aureus), VRSA 

(Vancomycin-resistent Staphylococcus aureus) (Appelbaum 2006) and community associated MRSA 

strains or infections have been described (Cooke and Brown 2010; Mediavilla et al. 2012). 

Particularly because of the resistance to multiple antibiotics, S. aureus infections are hard to deal 

with. Thus, studies on the patho-physiology of S. aureus are of increasing importance (Schito 2006). 

Not only the finding of new antibiotics, but also the basic research to understand the physiology of 

S. aureus, is the aim of investigations. The knowledge of the basic physiology and patho-physiology 

can help to find new antibiotic targets and/or to elucidate the mode of action of existing antibiotics.  

 

3.1.1. The cell wall  

A common target of antimicrobial agents is the microorganism’s cell wall. The cell wall of Gram-

positive bacteria consists of a complex network of peptidoglycan (PG, also known as murein) and 

teichoic acids. The PG of Staphylococcus aureus is characterized by relatively short glycan chains 

(with alternating units of N-acetylglucosamine (GlcNAc) and N-acetylmuramic acid (MurNAc)) and a 

high degree of cross-links via a characteristic pentaglycine interpeptide bridge (Snowden and Perkins 

1990). Compared to Bacillus subtilis (Litzinger et al. 2010) the MurNAc attached amino acid chain of 

S. aureus contains beside alanine, D-iso-glutamine instead of D-glutamate and L-lysine instead of 

meso-diaminopimelic acid (Sharif et al. 2009). Like most Gram-positive bacteria, S. aureus produces 

wall teichoic acids (WTA) and lipoteichoic acids (LTA) at the same time. Teichoic acids are polymers of 

ribitol phosphate or glycerol phosphate (Sanderson et al. 1962). The WTAs are connected to the PG, 

while the LTAs are connected to the cytoplasmatic membrane. Detailed information of the wall 

teichoic acid and lipoteichoic acid polymer structure of S. aureus was recently reviewed (Xia et al. 

2010). 

Outside influences can affect the structure of the cell wall. Under anaerobic conditions, the cell wall 

of S. aureus is about 5 times thicker, but formed by a more loosely peptidoglycan network (O'Brien 
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and Kennedy 1971). Under prolonged salt stress, cardiolipin - a diphosphatidylglycerol lipid of the 

membrane - is necessary for survival (Tsai et al. 2011). Furthermore, it is known, that S. aureus is 

protected against antimicrobial fatty acids from human skin by their wall teichoic acids (Kohler et al. 

2009). Recently, it was shown, that the peptidoglycan structure changes in dependence of the 

available nutrients and that the peptidoglycan structure and cell-wall morphology are growth-phase-

dependent. The cell wall of stationary growth phase cells are thicker and 12% of the PG have no 

attached pentaglycine bridges. Mechanistically, differences are postulated to be triggered by glycine 

limitation in the growth media, when cells enter stationary phase (Zhou and Cegelski 2012).  

Nutrient-dependent differences in the cell wall precursor compounds could also be shown in our 

study “A metabolomic view of Staphylococcus aureus and its Ser/Thr kinase and phosphatase deletion 

mutants” ((Liebeke et al. 2010), page 48-59). For S. aureus 8325 grown in chemical defined 

medium (CDM) (Gertz et al. 1999) and LB broth, UDP-sugar derived cell wall precursors were less 

abundant for S. aureus grown in CDM. Beyond GMP, GDP and GTP levels were significantly lower in 

CDM-derived cells. Beside, in the latter study, the influence of protein phosphorylation processes on 

the metabolome was revealed. The phosphorylation of proteins by the serine/threonine protein 

kinases (STPKs) is a key regulatory mechanism in signal transduction pathways (Lomas-Lopez et al. 

2007; Ohlsen and Donat 2010). Phosphorylation processes are also involved in the virulence of 

S. aureus (Debarbouille et al. 2009). Transcriptome studies uncovered the impact of the eukaryotic-

like serine/threonine protein kinase PknB on gene expression. The expression of genes encoding for 

proteins involved in the purine and pyrimidine biosynthesis, the cell wall metabolism, autolysis, and 

glutamine synthesis are affected (Donat et al. 2009). Accordingly, differences in the intracellular 

nucleotide pool were detected. Considerably higher relative concentrations of wall teichoic acid 

precursors were detected in the serine-threonine kinase deletion mutant (ΔpknB) and mostly 

peptidoglycan precursors were detected in the phosphatase deletion mutant (Δstp), compared to the 

S. aureus 8325 wild type (Liebeke et al. 2010).  

 

3.1.2. The influence of proteolysis on the metabolome of Staphylococcus aureus 

Clp proteolytic complexes are widely conserved in bacteria. They may play a major role in protein 

turnover of damaged proteins, as well as regulated degradation of proteins in low GC, Gram-positive 

bacteria (Krüger et al. 2001; Frees et al. 2005; Frees et al. 2007). The ClpP protease represents the 

ATP dependent proteolytic subunit. A broad impact of the Staphylococcus aureus ClpP protease on 

several regulons involved in virulence, heat shock response, oxidative stress response, DNA repair 

and autolysis has been revealed (Michel et al. 2006). clpXP mutants produce reduced extracellular 

virulence factors and were found to be avirulent in a mouse skin abscess model (Frees et al. 2003).  

Recently, in the mass spectrometry based pulse-chase SILAC (Stable isotope labeling by amino acid in 

cell culture) approach “Life and death of proteins: a case study of glucose-starved Staphylococcus 

aureus” ((Michalik et al. 2012), page 60-73), protein degradation during glucose starvation was 

investigated. The protein stability was monitored and compared for S. aureus COL wild type and an 

isogenic clpP mutant grown in a seven amino acid containing CDM (alanine, glycine, valine, 
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isoleucine, arginine, proline and cysteine (Michalik et al. 2009)). It was shown, that proteolysis 

influences proteins with vegetative functions, anabolic enzymes and selected catabolic enzymes. 

Most proteins accumulated in the clpP mutant such as increasing amounts of TCA cycle and 

gluconeogenesis enzymes. One of the most conspicuous observations was that the level of enzymes 

involved in branch chain amino acid (BCAA) biosynthesis and purine nucleotide biosynthesis were 

distinctly lower in the clpP mutant. This leads to the assumption of a stronger repression of CodY-

dependent genes in the clpP mutant. The CodY protein is a global transcriptional repressor that 

controls many late exponential phase and early stationary phase genes and its derepression allows 

cells to adapt to general nutrient limitation (Slack et al. 1995). The CodY repressor activity is known 

to be stimulated by high concentrations of the BCAA and GTP, while the BCAA pathway genes in turn 

are repressed by CodY (Shivers and Sonenshein 2004; Handke et al. 2008). Thus, extracellular and 

intracellular metabolome analyses were performed to investigate if the BCAA and GTP 

concentrations differ between the wild type and the clpP mutant. Correlating with the down-

regulation of the branch chain amino acid synthesis enzymes in the clpP mutant, lower intracellular 

concentrations of valine, leucine and isoleucine were found. Moreover, the clpP mutant showed a 

decreased isoleucine uptake. Nevertheless, if the concentrations of the BCAA were normalized to the 

CodY amount, the ratio was almost the same. The intracellular concentration of GTP was higher in 

clpP mutant, even if normalized to the amount of CodY. This may explain the higher CodY activity and 

thereby repression of CodY dependent genes in the clpP mutant.  

 

3.1.3. Nutrient availability effects on the exo-metabolome of Staphylococcus aureus 

Dependent on the current niche or life state (dormant, growing, and invasive) of Staphylococcus 

aureus, different nutrients are available in its environment. In laboratory studies, mostly complex 

media or chemical defined media consisting of glucose as predominant carbon source are used. 

These do not necessarily reflect the natural lifestyle of S. aureus. Accordingly, six different 

compounded media (RPMI-R1383 supplemented with glucose, glucose-6-phosphate, glycerol, 

lactose, lactate or a complete mixture of all mentioned) were used to study the growth behavior and 

the exo-metabolome of S. aureus depending on the available carbon source. Furthermore, three 

different S. aureus strains (the laboratory strain HG001, the bovine mastitis strain RF122 and the 

human mastitis isolate EN493) were used to consider that different strains are known to colonize 

different niches and causes different diseases.  

Carbon source utilization and therewith the growth rates differ between the three strains and the six 

media compositions, which were investigated (Fig. 3) (unpublished data).  

Noticeably, the RF122 strain only utilizes glucose-6-phosphate, if all five tested carbon sources are 

available in the medium, but nearly does not use glucose-6-phosphate if none of the other carbon 

sources are present in the growth medium. On the contrary, HG001 and EN493 metabolize glucose-

6-phosphate under both conditions (Fig. 3).  

A predominant observation is, that only the bovine mastitis strain RF122 consumes lactose, under 

conditions, under which all five carbon sources are available in the medium. Contrary, HG001 and 
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EN493 do not utilize lactose, if the other carbon sources are available in the growth medium. 

Interestingly, if only lactose is available, HG001 and more obvious EN493 are able to utilize lactose 

and to grow. Still, RF122 grows the fastest on only lactose, compared to EN493 and especially if 

compared to HG001 (Fig. 3).  

 

 
 
Fig. 3: Growth curve and carbon source utilization of HG001, RF122 and EN493. A) Plotting of the logarithm 
(base 10) of the OD620 against the sampling time points [min] of three independent replicates. Black: all carbon 
sources, brown: glucose, green: glucose-6-phosphate, blue: glycerol, red: lactate and yellow: lactose. B) carbon 
source utilization during growth in the presence of a mixture of all investigated carbon sources; plotting of the 
concentration [mM] against the sampling time points [min] of three independent replicates. C) carbon source 
utilization during growth in the presence a single of the investigated carbon sources; plotting of the 
concentration [mM] against the sampling time points [min] of three independent replicates. Black: all carbon 
sources, brown: glucose, green: glucose-6-phosphate, blue: glycerol, red: lactate and yellow: lactose. 
 

A global view on the exo-metabolome profile (carbon sources are excluded) via PCA indicates further 

differences but also consistencies in the exo-metabolome between the strains and between the 

investigated carbon sources (Fig. 4).  

All three strains predominantly secrete acetate under all conditions. Therefore the acetate 

concentration has a high impact on the PCA clustering along the PC1 shown in figure 4. Additionally, 

secretion of several metabolites, such as pyruvate, acetoin, butandiol, lactate, isovalerate and 

isobutyrate secretion as well as TCA metabolites such as citrate, 2-oxoglutarate, succinate and 

fumarate, was detected. HG001 and EN493, for example, show an uptake of 2-oxoglutarate once 

B)

HG001 RF122 EN493

A)

C)
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cells enter stationary phase, whilst a similar trend is not as marked for RF122 (data not shown, 

unpublished). This trend is most evident during growth on glucose. 

 

 
Fig. 4: PCA based on all extracellular detected metabolites for all strains and all carbon source conditions. 
The PCA is created by tMev (centering mode: mean) based on the concentration [mM] of all identified 
metabolites (the concentrations of the second carbon sources are excluded) and the relative amount (signal 
integral related to the TSP signal integral) of the not identifiable metabolites.  
Black/grey: all carbon sources, brown: glucose, green: glucose-6-phosphate, blue: glycerol, red: lactate and 
yellow: lactose. Darkest color: RF122, brightest color EN493, middle color: HG001. The clustering along the PC1 
is mainly growth phase based, with increasing growth time to the left.  
 

The fact, that only the bovine mastitis strain RF122 utilizes lactose if beside lactose, the other 

investigated carbon sources are available, seems to be most reasonable observation. The mastitis 

isolate RF122 is habituated to lactose in its natural environment. Hence, it could be speculated, that 

in contrast to HG001 and EN493, genes necessary to utilize lactose are permanently expressed in 

RF122. This hypothesis can be supported by the finding that RF122 growth was the fastest on lactose 

only, compared to HG001 and EN493.  

 

3.2. Bacillus subtilis 

Bacillus subtilis is a spore-forming Gram-positive bacterium and one of the best studied 

microorganisms. Hence, it is widely used as a model organism for cell differentiation processes and 

related pathways. Physiological studies relating to stress and limitation conditions, as well as to the 

core carbon metabolism and its regulation revealed, that B. subtilis is equipped with several 
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capabilities to cope with environmental changes and stresses. The interaction of several regulatory 

systems, such as gene regulation networks, signal transduction networks and metabolic networks 

enable B. subtilis to adapt to a wide range of environmental changes. The regulation of gene 

expression is made possible by at least 17 alternative RNA polymerase sigma factors (Kunst et al. 

1997; Yoshimura et al. 2004). Substantial components of the gene regulation network that mediate 

the adaptation of cellular functions to conditions of nutrient starvation are governed by RelA, CodY 

(4.1.2), σB (RNA polymerase sigma factors B), and σH (RNA polymerase sigma factors H). The relA gene 

encodes a (p)ppGpp synthetase and RelA mediates the stringent response in B. subtilis. RelA is 

activated, if uncharged tRNA binds to the ribosome. σH is a transcriptional regulator of early 

stationary phase genes (sporulation, competence) and σB controls the general stress response of 

B. subtilis. Induced by nutrient limitation, high osmolarity or several other stress factors, σB controls a 

large regulon consisting of more than 150 genes (Martinez et al. 2010; Nannapaneni et al. 2012).  

Another regulatory mechanism is the so called carbon catabolite repression (CCR). CCR is a process 

controlling the utilization of a preferred carbon source by bacteria. CCR is achieved by the global 

transcription regulator CcpA. Different regulatory systems prevent the expression of genes and/or 

the catabolic activity which is required for the usage of secondary carbon sources as long as the 

preferred substrate is available. It is known, that most bacteria selectively use a preferred carbon 

source (mostly glucose) from a mixture of different substrates (Görke and Stülke 2008). While the 

global mechanism of CCR is similar in many bacteria, the molecular mechanism to enable this global 

regulation is different.  

 

3.2.1. Carbon source utilization and carbon catabolite repression of Bacillus subtilis  

In B. subtilis, CCR is mediated by the histidine containing protein HPr of the phosphotransferase 

system (PTS), the bifunctional HPr kinase/phosphorylase (HPrK) and the catabolite control protein A 

(CcpA) which is a pleiotropic transcription factor (Fujita 2009). HPr is phosphorylated at Ser46 by 

HPrK if the intracellular concentration of ATP is high. High concentrations of the latter indicate 

glycolytic activity, which implies the presence of the preferred carbon source. Glucose-6-phosphate 

and fructose-1,6-bis-phosphate are fine-tuning effectors during CCR. HPrK activity is enhanced by 

high concentrations of fructose-1,6-bis-phosphate. Moreover, the interaction between HPr-Ser46-P 

and CcpA or/and the affinity of the CcpA-HPr-P complex to the DNA is improved by glucose-6-

phosphate and fructose-1,6-bis-phosphate (Schumacher et al. 2007; Görke and Stülke 2008). The 

HPr-CcpA complex binds to the cre sites on the DNA and leads to transcription repression of catabolic 

genes (Fig. 5)  

Carbon catabolite repression is mostly caused by glucose, whose presence represses the utilization of 

other carbon sources. Interestingly, it was found, that malate is a second preferred carbon source for 

B. subtilis, which can be co-utilized in parallel with glucose (Kleijn et al. 2010). Like glucose, malate 

prevents the uptake of a second carbon source. Recently, the molecular mechanism was shown, to 

also be exerted by the HPr(Ser46-P)-CcpA complex (Meyer et al. 2011). 
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Fig. 5: Carbon catabolite repression: schematic overview of the molecular mechanism of carbon catabolite 
repression in Bacillus subtilis (modified after Görke and Stülke 2008). HPr. is a central component of the 
phosphoenolpyruvate-carbohydratet sugar phosphotransferase system (PTS), which transfers carbohydrates 
across the cell membrane. Enzyme I (EI) is autophosphorylated via phosphoenolpyruvate (PEP). The phosphoryl 
group (P) is subsequently transferred to the His15 residue of the histidine-containing phosphocarrier protein 
(HPr). HPr-His15 donates the P to the histidine residue in domain A of a substrate specific transporter. HPr can 
further be phsophorylated at Ser46 by the ATP dependent HPr kinase/phosphoryl HPrK. HPr-Ser46-P bind to 
the catabolite control protein A (CcpA) and the complex of HPr-ser46-P and CcpA binds to the cre site of the 
DNA. Thereby this complex represses the transcription of catabolic genes. 

 

The findings of Kleijn and collegues (2010) could be confirmed in “System-wide temporal proteomics 

profiling in glucose-starved Bacillus subtilis” ((Otto et al. 2010), page 74-83). Besides, we observed 

that malate is utilized even faster than glucose. The main aim of this study was to monitor temporal 

changes caused by glucose starvation. Proteins of five different proteomic subfractions (cytosolic, 

integral membrane, membrane, surface and extracellular proteome fraction) were investigated. The 

proteomic profile leads to the identification of ~52% of the predicted proteome. Transcriptome and 

extracellular metabolome data complemented the proteome data. The extracellular metabolome 

data confirmed that cells were glucose starved and it could also be shown, that when malate was 

exhausted the malate transporter MaeA decreases in protein amount. Furthermore, growth phase 

dependent metabolic footprints were detected and compared with the proteome data. Succinate 

and fumarate were secreted during exponential growth and reutilized of the starved cell. 

Accordingly, the amount of the C4-dicarboxylate transport protein (DctP) increases in amount in 

stationary growth phase. Nevertheless, interestingly most of the substrates of the expressed 

transporter systems were not detected in the extracellular metabolite pool. 
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By the usage of the specific developed metabolite sampling protocol (Meyer et al. 2013), it was 

possible, to study the carbon source dependent metabolome of B. subtilis. In “A time resolved 

metabolomics study: The influence of different carbon sources during growth and starvation of 

Bacillus subtilis” ((Meyer et al. 2013), submitted, page 98-136), we uncovered, that differences 

between cells grown on solely glucose, glucose/malate, glucose/fumarate and glucose/citrate mainly 

exist in the extracellular metabolome (Fig. 6).  

 

 
 
Fig. 6: PCA based on i) all extracellular metabolites and ii) all intracellular metabolites. The PCA is created by 
tMev. A) PCA based on all extracellular quantified metabolites for all sampling time points (second carbon 
sources are excluded). B) PCA based on all intracellularly quantified metabolites for all sampling time points. 
Color coding is red: glucose cultivation, blue: glucose and malate cultivation, green: glucose and fumarate and 
yellow: glucose and citrate. Color intensity increases with ongoing cultivation time ((Meyer et al. 2013), 
submitted). 

 
In contrast to malate, it was found that fumarate and citrate are not used markedly until glucose is 

consumed, indicating carbon catabolite repression in the presence of glucose.  

Cells grown on glucose/malate show the strongest overflow metabolism. Particularly acetate, 

pyruvate and acetoin are secreted in higher amounts. Moreover, valine and leucine as well as 

intermediates of the BCAA and/or branch chain fatty acids (BCFA) and in exponential growth phase 

succinate are increasingly secreted during growth on glucose/malate. A secretion of cis-aconitate and 

iso-citrate were only observed, when cells were grown on glucose/citrate. Furthermore, a secretion 

of malate and of succinate in stationary growth phase was only detected for cells grown on 

glucose/fumarate. 

In the intracellular metabolite pool, only minor differences could be found for 55 identified and 

quantified metabolites. This includes slightly higher nucleotide-triphosphate concentrations during 

exponential growth phase for cells grown on glucose/malate, compared to all other conditions. 

Taken together, the amino acid composition and the metabolite pools of most metabolites are very 

similar between the four growth conditions. This findings led to the assumption, that B. subtilis is 

able to maintain a carbon source independent intracellular metabolite homeostasis under the 

investigated conditions. This may be accomplished via the variety of regulatory systems on the mRNA 

and protein level and possibly moreover via a balanced metabolite secretion to maintain the 

intracellular metabolite pool.  

A B
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Most likely, a combination of all regulatory systems leads to the maintenance of the intracellular 

metabolite equilibrium.  

In this study, moreover only specific growth phase dependent changes were found. A decrease of the 

nucleotide-triphosphates and a less strong decrease of fructose-1,6-bis-phosphate were detected, 

when cells enter the stationary phase due to carbon source limitation. Especially ATP and fructose-

1,6-bisphosphate are key players in regulatory systems and metabolic pathways. The high 
concentrations of ATP and fructose-1,6-bisphosphate in exponential growing cells reflect good 

nutritional supply and glycolytic activity and enhance the CCR, for example.  

 

3.2.2. The alternative RNA polymerase sigma factor B  

During nutrient limitation, it is postulated, that σB activation is triggered by a drop in the GTP and/or 

more likely in the ATP concentration (Alper et al. 1996; Zhang and Haldenwang 2005).  

For cells grown on glucose solely, glucose/malate, glucose/fumarate and glucose/citrate, differences 

in the σB activation were observed (Fig. 7). Clear σB activation was observed only as cells were grown 
on glucose only or if grown on glucose/malate. Thus, intracellular metabolome data were used to 

verify, if ATP (Dufour and Haldenwang 1994; Kuo et al. 2004) and/or GTP (Zhang and Haldenwang 

2005) are the triggers for the σB activation, as postulated. 

It was found, that during all four conditions the ATP and GTP concentrations of the cells decreased 

considerably during the transition from exponential to stationary growth phase. The low level of ATP 

was not maintained when fumarate or citrate were used as second carbon sources but ATP-levels 

started to recover during entry into stationary phase (Fig. 7).  

 

 

Fig. 7: Growth behavior, σB activity and ATP concentration. Bacterial growth was monitored by optical density 
measurement (OD) at 600nm. Represented is the log10 value of the OD. σB activity was monitored with the aid 
of an ctc:lacZ-fusion and is presented in Miller units [MU]. The ATP concentrations in [nmol/ mg CDW] are 
plotted against the time of cultivation in [min]. A) only glucose, B) glucose/malate, C): glucose/fumarate and D) 
glucose/citrate ((Meyer et al. 2013), submitted). 
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This closer view of the ATP-levels and the EC provided a potential hint for the absence of σB-activity 

during entry into stationary phase in glucose/fumarate and glucose/citrate medium. However, it 

cannot be proved if ATP or GTP pools directly control activity of σB or whether other low molecular 

weight effectors are the direct mediators since the observations are based on associations only 

((Meyer et al. 2013), submitted). 
 

3.2.3. Metabolic changes of Bacillus subtilis during osmotic stress 

As a soil bacterium Bacillus subtilis is exposed to various environmental changes and stresses in its 

natural habitat. For example, B. subtilis has to adapt to changing osmolarity, which requires it to have 

a well-balanced adaptive stress response. The molecular mechanisms of the adaptation of B. subtilis 

to changing osmolarity were intensively studied by Erhard Bremer and colleagues.  

Today it is known, that the regulatory network activated by hyper-osmotic stress induces an influx of 

potassium (K+) and subsequently the uptake and/or biosynthesis of compatible solutes, such as 

proline and glycine betaine (Fig. 8) (Whatmore et al. 1990; Brill et al. 2011; Brill et al. 2011). 

 

 
 

Fig. 8: Cellular response systems of B. subtilis to high osmolarity. The primarily transported compatible solutes 
by the Opu-transporters are indicated (modified after Kempf and Bremer 1998). KtrAB: high affinity potassium 
transporter, KtrCD: low affinity potassium transporter, GltT: major H+/Na+-glutamate symport protein, PutP: 
high affinity proline permease, PutB/C: proline utilization, ProB/I/G: proline biosynthesis, ProA: general and 
osmoinduced proline biosynthesis, ProI/H: osmoadaptive de novo synthesis of proline. 
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The B. subtilis genome contains six genes for the proline biosynthesis: ProB, ProA, ProI and ProG 

(Belitsky et al. 2001) for anabolic purposes and ProJ and ProH for osmo-adaptive purposes (Brill et al. 

2011). For the uptake of organic compatible solutes 5 transporter systems are described: OpuA, 

OpuB, OpuC (Horn et al. 2005; Horn et al. 2005), OpuD (Kappes et al. 1996) and OpuE (von Blohn et 

al. 1997). Beside the OpuE proline transporter, which is mainly known to be expressed during 

osmotic stress, B. subtilis has a second proline transporter system - PutP (Fig. 8).  

To gain a global insight into the physiological adaptation to continuous salt stress, a “multi-omics” 

approach was used. Transcriptome, proteome, fluxome as well as extracellular and intracellular 

metabolome analyses were performed in a chemostat based experimental setup. Besides control 

conditions (growth rate: µ=0.1, adjusted by glucose limitation) and continuous salt stress (1.2 M 

NaCl) conditions, B. subtilis was cultivated under continuous salt stress with additional glycine 

betaine (1 mM) inside the medium. In the following, the main focus is given to the investigation of 

the metabolome data within these experiments.  

Several differences were found in the exo-metabolome and in the endo-metabolome as shown in the 

principal component analysis in figure 9. 

Since glycine betaine is known as a compatible solute like proline (Boch et al. 1994; Boch et al. 1996) 

a protection against salt stress could be expected. Accordingly, it may be assumed, that if glycine 

betaine is available, the metabolome correlates to control conditions. A global view on the 

untargeted metabolome data indicates that this is not entirely the case (Fig. 9).  

 

 

Fig. 9: Principal component analysis. The PCA’s are created by MetaboAnalyst: A) Untargeted intracellular 
metabolome data measured via GC-MS (TIC by GAVIN (Behrends et al. 2011)) and LC-MS (XCMS (Smith et al. 
2006) results after blank deletion). B) Quantitative intracellular metabolome data C) Quantitative extracellular 
metabolome data (incl. relative concentrations of three unkowns). Blue: reference condition (µ=0.1), red: 
continuous salt stress (-GB) and green: continuous salt stress in the presence of glycine betaine (+GB).  

 

More detailed information was gained by targeted, quantitative metabolomics. The exo-metabolome 

data showed that by-product formation was generally weak, but revealed a secretion of the pyruvate 

derived amino acids leucine and valine, exclusively in the presence of salt without additional glycine 

betaine (Fig. 10a). The secretion of both BCAA is associated with higher extracellular pyruvate 

concentrations under high osmolarity. A correlation between high extracellular pyruvate 

concentration and a secretion of valine and leucine was also found in our metabolomics study of the 

A B C
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influence of the external carbon source on growth and metabolism of B. subtilis ((Meyer et al. 2013), 

submitted).  

In the multi-omics approach it was found, that the cells are able to maintain the overall fluxes 

through the core network, by only adjusting the split ratio at two distinct nodes (fluxomics were 

accomplish by Michael Kohlstedt, TU Braunschweig). One is the node from pyruvate. In the presence 

of salt, the flux from pyruvate switched towards overflow metabolism and the BCAA. This is in 

agreement with the exo-metabolome profiles. Secondly, the node form 2-oxoglutarate towards 

enhanced synthesis of glutamate, glutamine, and proline are affected in the presence of NaCl. 

Correspondingly, the intracellular proline concentration is significantly (p < 0.05) higher under salt 

stress conditions. When cells are exposed to salt stress in the presence of glycine betaine the 

intracellular proline concentration drops towards the concentration found under control conditions. 

These finding confirms a protection against osmotic stress by glycine betaine. 

Moreover, the pool of several amino acids is higher under osmotic stress conditions. This is especially 

the case for valine, leucine, aspartate and alanine (Fig. 10b). In the presence of glycine betaine, the 

intracellular concentration of the mentioned amino acids drop to the concentration, detected under 

control conditions.  

 

 

Fig. 10: Heatmap visualization of the mean values of quantified metabolites. Heatmaps are created by tMev. 
For L-methionine* the relative metabolite concentrations are used (signal integral related to the internal 
standard integral and the cell dry weight). Color limits are displayed above each heatmap. Not detected 
metabolites are colored gray. A) extracellular metabolites (mean of 4 replicates), B, C, D) intracellular 
metabolites (mean of 3 replicates) for B) amino acids, C) core carbon metabolism, D) energy metabolism. 
Reference condition (µ=0.1), continuous salt stress (-GB) and continuous salt stress in the presence of glycine 
betaine (+GB). 
 

Beside the amino acids, core carbon metabolism intermediates, co-factors as well as nucleotides 

were identified and quantified intracellularly. The strong decrease of key metabolites like ATP and 

GTP and a significant (p-value < 0.05) decrease of fructose-1,6-bis-phosphate under osmotic stress 

conditions (Fig. 10b and 10c) imply that metabolic control is involved in maintaining flux. As 
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mentioned in section 3.2.1 and 3.2.2 those metabolites function as regulatory metabolites for carbon 

catabolite repression and adaptation to environmental changes (CodY, SigB). The concentration of 

ATP, GTP and fructose-1,6-bis-phosphate are decreased even under protection conditions. These 

observations indicate that glycine betaine can only partially restore the reference state (µ=0.1) on 

the metabolite level. 
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Concluding remarks 

In the post genomic area, the “omics” techniques - genomics, transcriptomics, proteomics, 

metabolomics and fluxomics - used in systems biology enable the possibility of comprehensive 

studies of biological systems.  

In this work, it was shown, that by the use of a validated analytical platform and optimized sampling 

protocols, metabolome analysis lead to a better physiological understanding of pathogenic and 

biotechnological relevant bacteria. 

Investigations of Staphylococcus aureus uncovered nutrient and protein phosphorylation process 

related differences in the composition of cell wall precursors. Moreover, clpP dependent metabolic 

differences were revealed, whereby higher concentrations of GTP in a clpP mutant may explain the 

higher CodY activity and thereby stronger repression of CodY dependent genes.  

Studies on Bacillus subtilis disclosed a nutrient independent homeostasis of the intracellular 

metabolome. Through a time resolved monitoring of the metabolite pool of B. subtilis, only specific 

growth phase dependent changes in the intracellular metabolome were observed, such as a 

reasonable decrease of regulatory metabolites as ATP and fructose-1,6-bis-phosphate during entry 

into stationary growth phase. The concentration trends of ATP and GTP during cell growth provided a 

hint for the absence of σB activity during growth under glucose/fumarate and glucose/citrate. Beside, 

considerably more differences depending on the growth phase as well as the carbon source were 

revealed in the exo-metabolome compared to the endo-metabolome. 

In this thesis, numerous metabolites of S. aureus and B. subtilis could be identified and quantified. 

Nevertheless certain detected metabolites were not identifiable. This indicates the need of further 

efforts to manage metabolite identification. 

Although the presented data revealed new insight into the metabolism of S. aureus and B. subtilis, 

also new questions arose, which are worth to be further investigated. This includes the secretion of 

BCAA/BCFA pathway intermediates by both S. aureus and B. subtilis. Moreover, it could not be 

proved, if ATP and GTP pools directly control the σB activation of B. subtilis or whether other small 

molecules are the direct mediators since observations are based on associations only. New 

metabolite identification approaches may allow identifying so far unknown or until now not 

identifiable metabolites contributing to the activation of σB. 
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List of abbreviations 

 

ADP adenosine diphosphate QC qualitiy control 
AMP adenosine monophosphate QI quantifier ion 
ATP adenosine triphosphate RNA ribonucleic acid 
AXP  enclosing adenosin phosphates S sulfur 
BCAA branch chain amino acids suffix -P phosphoryl group 
BCFA branch chain fatty acids TCA tricarboxylic acid 
C6 sugar containg six carbon atoms 

 
TMS tetramethylsilane 

CCR carbon catabolite repression TOF time of flight 
CDW cell dry weight TSP trimethylsilyl propanoic acid 
COSY correlation spectroscopy WTA wall teichoic acids 
DNA desoxyribonucleic acid µ growth rate 
EC energy charge 

  ES electron ionization 
  ESI electrospray ionisation 
  GB glycine betaine 
  GC gas chromatography 
  GTP guanosine triphosphate 
  H hydrogen 
  HPLC high pressure LC 

   iSTD internal standard 
  JRES J-resolved spectroscopy  
  LC liquid chromatography 
  LOD limit of detection 
  LOQ limit of quantification 
  LTA lipoteichoic acids 
  mg  milligram 
  mM mmol per liter 

   mRNA messenger ribonucleic acid 
  MS Mass spectrometry 
  N nitrogen 
  NMR nuclear magnetic resonance 

spectroscopy  
   NOESY nuclear Overhauser effect spectroscopy 

 O oxygen 
 OD optical densitiy 

   OPLS-DA orthogonal partial least squares-
discriminant analysis 

  P phosphorus 
PCA principal component analysis  

   PG peptidoglycan 
  PLS-DA partial least squares-discriminant 

analysis  
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