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"Nature doesn't ask your permission; it doesn't care about your wishes,  

or whether you like its laws or not. You're obliged to accept it as it is,  

and, consequently all its results as well" 

Fyodor Dostoevsky 
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Abstract 

 

Bacteria are the most diverse domain of life. This diversity arises through the different ecological 

niches they are able to colonize. Adaptability herein is based on adjusting their metabolic demands 

to the available nutrients in the respective niche, as the environment dictates the possibilities as 

well as necessities of cellular metabolism. Subsequently, similar environments should produce 

similar metabolic phenotypes. Therefore, by recreating the putative ecological niche of an organ-

ism one can study its metabolism, even when studies in the actual environment are not possible.  

For the direct assessment of active metabolism, meaning the intracellular fluxes of metabolites, 

stable isotope labelling today is the benchmark technology. Herein an isotopically enriched tracer 

is added to growing bacteria and afterwards stable metabolic products are isolated. Analysis of 

their respective isotopologue composition allows statements about the activity and flux in specific 

metabolic pathways. 

One of the most important but inaccessible bacterial metabolic phenotypes is the metabolism of 

the earliest cellular organism. Understanding the metabolism of this organism bridges the gap be-

tween abiotic reactions producing the first biomolecules and the emergence of cellular life. The 

first organism  probably emerged at hydrothermal vents and was dependent on autotrophic carbon 

fixation. Recently the reverse oxidative tricarboxylic acid (roTCA) cycle was discovered as a new 

pathway for CO2-fixation. To get more insights into the driving force of this pathway and its rele-

vance for the first cellular organism, it was studied in Hippea maritima. This bacterium lives in 

association with hydrothermal vents and thereby presents a suitable surrogate system for the in-

vestigation of carbon fixation under conditions similar to the early earth. Labelling experiments 

with 13CO2 together with protein quantification showed that the cycle requires high cellular levels 

of citrate synthase as well as high partial pressures of CO2 to operate efficiently. This is necessary 

to allow the thermodynamically unfavourable citrate cleavage, as acetyl-CoA has to be removed 

from the equilibrium through carboxylation to pyruvate. Based on these results, the roTCA cycle 

at the moment is the most plausible carbon fixation pathway in the earliest cellular organism. It is 

energetically highly efficient, its intermediates act as precursors for a variety of cellular building 

blocks and its activity is correlated with an increased CO2-concentration that was present on the 

primordial earth. 

While during early evolution efficient CO2-fixation was the essential trait to sustain life, most 

organisms today are heterotrophs and therefore require a complex mixture of nutrients to survive. 

To extend and thereby generalize the connection between environment and bacterial metabolism, 

two heterotrophic bacteria were further studied in this work; despite both being heterotrophs, these 

organisms still show great disparities in their life style. On the one hand, Legionella pneumophila 

is mostly found in fresh-water and soil, while replication only occurs inside a variety of host cells 

like amoeba and also human alveolar macrophages. On the other hand, Helicobacter pylori is ex-

clusively found in the human stomach in the extracellular environment of gastric epithelial cells, 

where it has experienced a prolonged coevolution with the human host. 

To study the metabolic capabilities of H. pylori, it was cultivated in a complex medium, that re-

sembles its ecological niche during infection, with the addition of a variety of 13C-labelled tracers.  

This revealed an adaptive TCA cycle fully operating in the closed oxidative direction with rapid 

equilibrium fluxes between oxaloacetateðsuccinate and Ŭ-ketoglutarateðcitrate. 13C-Profiles of 



 

 

the four-carbon intermediates in the TCA cycle, especially of malate, together with the observation 

of an isocitrate lyase activity by in vitro assays, suggested carbon fluxes via a glyoxylate bypass. 

In conjunction with the lack of enzymes for anaplerotic CO2 fixation, the glyoxylate bypass could 

be relevant to fill up the TCA cycle with carbon atoms derived from acetyl-CoA.  

L. pneumophila employs a biphasic life-style, wherein after an initial replicative phase, virulence 

factors are expressed in the transmissive phase upon the shortage of nutrients. This biphasic be-

haviour suggests also metabolic adaptions during the life cycle. The growth-phase dependent me-

tabolism of L. pneumophila was therefore analysed during growth in Acanthamoeba castellanii. 

During the whole infection cycle L. pneumophila incorporated amino acids from its host into the 

bacterial proteins. However, partial bacterial de novo biosynthesis from exogenous 13C-serine and, 

at minor rates, from 13C-glucose could be shown for bacterial alanine, aspartate, glutamate, and 

glycine. Usage of serine increased during the post-exponential phase of intracellular growth, 

whereas glucose was utilized by the bacteria throughout the infection cycle and not only late during 

infection as assumed on the basis of earlier in vitro experiments. The early usage of 13C-glucose 

by the intracellular bacteria suggests that glucose availability could serve as a trigger for replica-

tion of L. pneumophila inside the vacuoles of host cells. 

Taken together, studies in surrogate systems of the respective niche allow to investigate bacterial 

metabolic adaptions to vastly different environments. The work in H. maritima demonstrated how 

sensitive the cellular metabolism reacts to changes in the growth environment on the molecular 

level, namely the CO2-partial pressure. Similarly, the heterotrophic organisms studied in this work 

showed idiosyncratic adaptions to their respective ecological niches. While L. pneumophila po-

tentially uses glucose as a signalling molecule instead of a nutrient source as common in many 

bacteria, H. pylori does not depend on CO2-fixation anymore in its central metabolic network, 

demonstrating its immense deviations from the earliest cellular organisms.  

L. pneumophila and H. pylori also represent human pathogens. Regarding pathogenic bacteria, the 

connection between environment and metabolism could be utilised to develop new treatment strat-

egies. These are desperately needed due to rising antibiotic resistance. However, in pathogens this 

interplay between environment and metabolism is further complicated by the fact that they inhabit 

a living niche, which they also interact with through virulence factors. As the environment controls 

the metabolism of the pathogen, which is again connected to the expression of virulence factors, a 

different nutritional environment should provoke differences in virulence. Therefore, modulation 

of the host metabolism ï representing the environment ï should influence bacterial virulence to 

yield a promising way to battle bacterial infections. 

 

 

 



 

 

 

Kurzzusammenfassung 

 

Bakterien bilden die vielfältigste Domäne des Lebens. Diese Vielfalt ergibt sich aus der Vielzahl 

von ökologischen Nischen, die sie besiedeln können. Ihre Anpassungsfähigkeit beruht dabei auf 

der Anpassung ihrer Stoffwechselbedürfnisse an die in der jeweiligen Nische verfügbaren Nähr-

stoffe, denn die Umwelt diktiert sowohl die Möglichkeiten als auch die Notwendigkeiten des zel-

lulären Stoffwechsels. Folglich sollten ähnliche Umgebungen ähnliche metabolische Phänotypen 

erzeugen. Die Nachbildung der vermeintlichen ökologischen Nische eines Organismus ermöglicht 

daher Studien zum Stoffwechsel, selbst wenn Studien in der tatsächlichen Umgebung nicht mög-

lich sind.  

Für die direkte Analyse des aktiven Stoffwechsels, d. h. der intrazellulären Stoffflüsse, ist die 

Markierung mit stabilen Isotopen heute die maßgebliche Technologie. Dabei wird ein isotopenan-

gereicherter ñTracerò Bakterienkulturen während des Wachstums zugesetzt und anschließend wer-

den stabile Stoffwechselprodukte isoliert. Die Analyse der jeweiligen Isotopenzusammensetzung 

erlaubt Aussagen über die Aktivität und den Fluss in bestimmten Stoffwechselwegen. 

Einer der wichtigsten, aber unzugänglichen bakteriellen Stoffwechselphänotypen ist der Stoff-

wechsel des ersten zellulären Organismus. Das Verständnis des Stoffwechsels dieses Organismus 

schließt die Lücke zwischen abiotischen Reaktionen, welche die ersten Biomoleküle hervorge-

bracht haben, und der Entstehung des zellulären Lebens. Der erste Organismus entstand wahr-

scheinlich an hydrothermalen Quellen und war auf autotrophe Kohlenstofffixierung angewiesen. 

Kürzlich wurde der reverse oxidative Tricarbonsäurezyklus (roTCS) als neuer Weg zur CO2-Fi-

xierung entdeckt. Um mehr Einblicke in die Triebkraft dieses Weges und seine Bedeutung für den 

ersten zellulären Organismus zu erhalten, wurde er in Hippea maritima untersucht.  

Dieses Bakterium lebt in der Umgebung von hydrothermalen Quellen und stellt damit ein geeig-

netes Surrogatsystem für die Untersuchung der Kohlenstofffixierung unter ähnlichen Bedingungen 

wie auf der frühen Erde dar. Markierungsexperimente mit 13CO2 zusammen mit der Quantifizie-

rung von Proteinen zeigten, dass der Zyklus hohe zelluläre Mengen von Citrat-Synthase sowie 

hohe Partialdrücke von CO2 benötigt, um effizient zu funktionieren. Dies ist notwendig, um die 

thermodynamisch ungünstige Citratspaltung zu ermöglichen, da Acetyl-CoA durch Carboxylie-

rung zu Pyruvat aus dem Gleichgewicht entfernt werden muss. Auf Grundlage dieser Ergebnisse 

ist der roTCS-Zyklus derzeit der plausibelste Kohlenstofffixierungsweg im frühesten zellulären 

Organismus. Er ist energetisch hocheffizient, seine Zwischenprodukte dienen als Vorstufen für 

eine Vielzahl von Zellbausteinen und seine Aktivität korreliert mit einer erhöhten CO2-Konzent-

ration, die auf der Urerde vorhanden war. 

Während in der frühen Evolution effiziente CO2-Fixierung die wesentliche Eigenschaft zur Erhal-

tung des Lebens war, sind die meisten Organismen heute heterotroph und benötigen zum Überle-

ben eine komplexe Mischung von Nährstoffen. Um den Zusammenhang zwischen Umwelt und 

bakteriellem Stoffwechsel zu erweitern und damit zu verallgemeinern, wurden in dieser Arbeit 

zwei Bakterien näher untersucht, die zwar beide heterotroph sind, aber dennoch große Unter-

schiede in ihrer Lebensweise zeigen.  

Einerseits kommt Legionella pneumophila hauptsächlich in Süßwasser und im Boden vor, wäh-

rend die Replikation nur in Wirtszellen wie Amöben und auch menschlichen Alveolarmakropha-

gen stattfindet. Helicobacter pylori hingegen ist ausschließlich im menschlichen Magen in der 



 

 

 

extrazellulären Umgebung von Magenepithelzellen zu finden, wo es eine lange Koevolution mit 

dem menschlichen Wirt erlebt hat. 

Um die metabolischen Fähigkeiten von H. pylori zu untersuchen, wurde das Baktrium in einem 

komplexen Medium kultiviert, das seiner ökologischen Nische während der Infektion ähnelt, und 

es wurden verschiedene 13C-markierte Tracer hinzugefügt. Diese Experimente zeigten einen adap-

tiven TCS-Zyklus, der geschlossener in oxidativer Richtung mit schnellen Gleichgewichtsflüssen 

zwischen Oxalacetat-Succinat und Ŭ-Ketoglutarat-Citrat arbeitet. 13C-Profile der C4-Zwischenpro-

dukte im TCS-Zyklus, insbesondere von Malat, zusammen mit der Beobachtung einer Isocitrat-

Lyase-Aktivität durch in-vitro-Assays, ließen auf Kohlenstoffflüsse über einen Glyoxylat-Bypass 

schließen. In Verbindung mit dem Fehlen von Enzymen für die anaplerotische CO2-Fixierung 

könnte der Glyoxylat-Bypass von Bedeutung sein, um den TCS-Zyklus mit Kohlenstoffatomen 

aus Acetyl-CoA aufzufüllen.  

L. pneumophila zeigt eine biphasische Lebensweise, bei der nach einer anfänglichen Replikations-

phase in der folgenden transmissiven Phase bei Nährstoffmangel Virulenzfaktoren exprimiert wer-

den. Dieses biphasische Verhalten lässt auch auf metabolische Anpassungen während des Lebens-

zyklus schließen. Daher wurde der wachstumsphasenabhängige Stoffwechsel von L. pneumophila 

während des Wachstums in Acanathamoeba castellanii  analysiert. Während des gesamten Infek-

tionszyklus baute L. pneumophila Aminosäuren aus seinem Wirt in die bakteriellen Proteine ein. 

Für Alanin, Aspartat, Glutamat und Glycin konnte jedoch eine partielle bakterielle de novo-Bio-

synthese aus exogenem 13C-Serin und in geringerem Umfang aus 13C-Glukose nachgewiesen wer-

den. Die Verwendung von Serin nahm während der postexponentiellen Phase des intrazellulären 

Wachstums zu, während Glukose von den Bakterien während des gesamten Infektionszyklus ver-

wendet wurde und nicht nur zu späteren Zeitpunkten der Infektion, wie aufgrund früherer in-vitro-

Experimente angenommen. Die frühe Verwendung von 13C-Glukose durch die intrazellulären 

Bakterien deutet darauf hin, dass die Verfügbarkeit von Glukose als Auslöser für die Replikation 

von L. pneumophila in den Vakuolen der Wirtszellen dienen könnte. 

Insgesamt ermöglichen Studien in Surrogatsystemen der jeweiligen Nische die Untersuchung der 

bakteriellen metabolischen Anpassungen an sehr unterschiedliche Umgebungen. Die Arbeiten an 

H. maritima haben gezeigt, wie empfindlich der zelluläre Stoffwechsel auf molekularer Ebene auf  

Veränderungen in der Wachstumsumgebung reagiert, in diesem Fall den CO2-Partialdruck. In ähn-

licher Weise zeigten die in dieser Arbeit untersuchten heterotrophen Organismen idiosynkratische 

Anpassungen an ihre jeweiligen ökologischen Nischen. Während L. pneumophila möglicherweise 

Glukose als Signalmolekül statt als Nährstoffquelle nutzt, wie es bei vielen Bakterien üblich ist, 

ist H. pylori in seinem zentralen Stoffwechselnetz nicht mehr auf CO2-Fixierung angewiesen, was 

seine immensen Abweichungen von den frühesten zellulären Organismen zeigt.  

L. pneumophila und H. pylori sind darüber hinaus menschliche Krankheitserreger. Bei den patho-

genen Bakterien könnte der Zusammenhang zwischen Umwelt und Stoffwechsel genutzt werden, 

um neue Behandlungsstrategien zu entwickeln.  

Diese werden aufgrund der zunehmenden Antibiotikaresistenz dringend benötigt. Bei Krankheits-

erregern wird dieses Wechselspiel zwischen Umwelt und Stoffwechsel jedoch noch dadurch ver-

kompliziert, dass Sie eine lebendige Nische bewohnen, mit der sie auch durch Virulenzfaktoren 

interagieren. Da die Umwelt den Stoffwechsel des Erregers steuert, der wiederum mit der Expres-



 

 

 

sion von Virulenzfaktoren zusammenhängt, sollten andere Nährstoffe in der Umwelt zu Unter-

schieden in der Virulenz führen. Daher sollte die Modulation des Wirtsstoffwechsels - der die 

Umwelt repräsentiert - die bakterielle Virulenz beeinflussen und einen vielversprechenden Weg 

zur Bekämpfung bakterieller Infektionen eröffnen. 
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1 Introduction  

1.1 Bacteria as the most adaptive domain of life 

 

ñ. . .Lying huddled together and wriggling, just as if you saw with your naked eye a whole tubful 

of very little eels and water, the eels moving about in swarms; and the whole water seemed to be 

alive with the multitudinous animalcules. For me this was among all the marvels that I have dis-

covered in nature the most marvellous of all, and I must say that, for my part, no more pleasant 

sight has yet met my eye than this of so many thousands of living creatures in one small drop of 

water, all huddling and moving, but each creature having its own motion.ò (1). In 1674, Antonie 

van Leeuwenhoek had the first glimpse into the microbial world through his self-built microscope 

(2). During ~350 years following his discovery, unicellular microorganisms and especially bacte-

ria have been recognised as the oldest, most diverse and most prevalent kingdom of life (3). 

The first unicellular organism, the last universal common ancestor (LUCA) living about 3.5 billion 

years ago, is thought to have been a bacterial cell (4, 5). Today, bacteria account for about 70 Gt 

of organic carbon thereby being responsible for about 15 % of all organic carbon on the earth (6). 

In the human body, there are equally as many bacterial cells as human cells (~37 trillion) (7). Their 

unrivalled ability to adapt through evolution has allowed them to subdue basically any niche on 

earth as their habitat. Bacteria have been found in potentially life-hostile environments covering 

temperature ranges from ï20 to 110°C, enduring pH-values from 0.7-11 and thriving in salinities 

up to e. g. five mol/L of NaCl (8). Fig. 1 gives an overview of extreme habitats, where bacteria 

have been isolated from. Not only do they inhabit every ecological niche on earth but even more 

so they shaped the overall ecology of the globe. Free oxygen has only been present on earth for 

about 2.4 billion due to the activity of photosynthetic cyanobacteria (9). 

Figure 1 Schematic overview of potentially uninhabitable environments, bacteria have been isolated from (8). 

 

Although higher animals are often considered the pinnacle of evolution, bacteria might be even 

more astounding in terms of the countless variations they produced from supposedly unicellular 

simplicity.  
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They are the most diverse kingdom of life, whereby the full extent of species in this domain has 

not been captured yet (10). While theoretical estimations suggest up to a trillion different bacterial 

species (11, 12), a census-based approach proposes 2.2-4.3 million species (13). Regardless of the 

actual number there is a wide gap between these estimations and the ~10.000 bacterial species 

known today (11).  

ñNothing in biology makes sense except in the light of evolutionò as Theodosius Dobzhansky put 

it (14). One of the main reasons for this unrivalled flexibility of bacteria is metabolic adaption. 

Metabolism represents the interface between an organism and its environment, as the organism 

can only use the nutrients available in the respective niche to produce energy and the building 

blocks for cellular material (15). Without the ability to adapt to a specific set of nutrients in an 

ecological niche, cell growth and thereby further adaptions would not be possible. Therefore, the 

environment dictates the possibilities as well as necessities of cellular metabolism (Scheme 1, A).  

 

 

 

 

 

 

 

 

 

 

Scheme 1 The environment shapes the metabolism of cellular life (A). In pathogenic bacteria this relation is compli-

cated by virulence factors that interact with the environment as well as metabolism (B). 

 

Subsequently, similar environments should produce similar metabolic phenotypes. Therefore, by 

recreating the putative ecological niche of an organism, one can study its metabolism, even when 

studies in the actual environment are not possible. Similarly, the metabolism from organisms orig-

inating from the same environment should be convergent. 

Based on this, insights into metabolic phenotypes that are not directly accessible to experimental 

investigations can be obtained. In this regard some of the most important but inaccessible bacterial 

metabolic phenotypes are the metabolism of the earliest cellular organism, which most likely was 

a bacterium, and the actual metabolism of bacterial pathogens during human infection.  

To answer the question about the origin life, information about the metabolism of the last universal 

common ancestor (LUCA) is crucial as it will bridge the gap between abiotic formation of bio-

molecules and the emergence of cellular life (4, 5). However, this putative organism does not exist 

anymore. Hence, investigations about its metabolism are only possible by studying present organ-

isms that live under similar conditions (see section 1.3). 

Likewise, the actual metabolism of pathogens during infections cannot be directly assessed, as this 

would require measurements within the human body while simultaneously not disturbing the or-

ganism. Nevertheless, in the face of rising antibiotic resistance, better insights into bacterial me-

tabolism are desperately needed. In terms of pathogens the unidirectional relationship between 

environment and metabolism is further complicated by the fact that pathogens can modify their 
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ecological niche through virulence factors, which are also influenced by metabolism (Scheme 1, 

B) (see section 1.4) 

In order to understand the connection between environment and bacterial metabolism, surrogate 

systems for the analysis of these otherwise inaccessible metabolic phenotypes will be used. In 

terms of carbon fixation under conditions similar to the early earth, the thermophilic bacterium 

Hippea maritima (see section 1.6) is studied. Further, two bacteria with highly different life styles 

are investigated in environments that recreate their respective ecological niche. The metabolic ca-

pabilities of Helicobacter pylori are analysed in a nutrient-rich medium mimicking environments 

during human infections (section 1.7). The growth-phase dependent metabolism of Legionella 

pneumophila is studied during infection of Acanthamoeba castellanii as a model for human mac-

rophages infected by the intracellular pathogen (section 1.8). Studying these two heterotrophic 

organisms extends the connection between the ecological niche and the resulting metabolic capa-

bilities to different environments. Additionally, as H. pylori and L. pneumophila represent human 

pathogens, a better understanding of their metabolism could lead to new strategies for treating 

infections. 

All sections focus on metabolic pathways comprising the central carbon metabolism. Therefore, 

before dealing with specific chapters about the organisms and their ecological niches under study, 

relevant pathways of the core metabolism are introduced in the next section. 
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1.2 Metabolic pathways comprising the central carbon metabolism 

 

Despite of the so far inextricable complexity of the metabolome (16), all metabolites are built from 

precursors, which arise through metabolic pathways that are similar in most organisms throughout 

all domains of life; this set of reactions is referred to as the central carbon metabolism (CCM) (15, 

17). These reactions comprise only about a hundred compounds and form the basis to fulfil the 

demands for energy and biomass during cell growth. In terms of heterotrophs, input substrates like 

glucose and amino acids are connected to essential metabolic precursors for other metabolites via 

a ñminimal walkò, meaning the least amounts of enzymatic steps necessary to connect all essential 

molecules to the input substrates (18). Similarly, autotrophs mostly produce acetyl coenzyme A 

(acetyl-CoA) from inorganic precursors, which is further shuttled into all parts of the CCM. The 

following sections briefly discusses the main metabolic pathways comprising the CCM.  

A central hub of carbon metabolism generally is a pathway for sugar degradation and production. 

The first degrading pathway to be discovered, referred to as glycolysis or more specifically the 

Embden-Meyerhof-Parnas-pathway, is central to many organisms. Its elucidation and isolation of 

the individual enzymes was completed by 1940 through studies in yeast as well as muscle tissue 

(19). This pathway allows the degradation of the C6-sugar glucose into two C3-units of pyruvate 

via ten enzyme-catalysed steps. Overall, the sequence can be divided into a preparatory phase, 

consuming two molecules of adenosine triphosphate (ATP) and a pay-off phase yielding four ATP. 

The preparatory phase uses phosphorylation and rearrangement reactions to produce two mole-

cules of glyceraldehyde-3-phosphate (GAP). Subsequently in the pay-off-phase, GAP is oxidized 

to pyruvate, wherein oxidation of GAP to 3-phosphoglycerate provides NADH (15). Since its in-

itial discovery it continues to be the most extensively studied metabolic pathway, mainly due to 

its importance in cancer cell metabolism (20). 

Simultaneously starting in the 1930s, another main catabolic pathway for sugars was investigated, 

which is known as the pentose phosphate pathway (PPP). In contrast to glycolysis, it operates in a 

non-linear fashion, which made its elucidation more laborious and time-consuming. The first draft 

was presented in 1955 (21) but discoveries about specific enzymes and reaction mechanisms con-

tinued until the early 2000s (22). However, similar to glycolysis it can be divided into two distinct 

phases namely the oxidative PPP and the non-oxidative PPP. The oxidative PPP is linked to gly-

colysis as they both use glucose-6-phosphate as a starting material; however, its outcome greatly 

differs. The PPP mainly produces NADPH as a reducing equivalent. The other product, ribulose-

5-phosphate, is further converted through the non-oxidative PPP, which is again intertwined with 

glucose, as it utilizes fructose-6-phosphate as well as GAP. The non-oxidative PPP comprises a 

variety of reversible sugar interconversions catalysed by transketolases and transaldolases. These 

enzymes allow exchange of C2- and C3-units between different sugars, yielding erythrose-4-phos-

phate, ribose-5-phosphate and sedoheptulose-7-phosphate, which serve as metabolic precursors 

for aromatic amino acids, the RNA backbone and lipopolysaccharides in the case of bacteria (15, 

22). 

Glycolysis and the PPP were thought to completely explain cellular sugar catabolism, but in the 

1940s evidence accumulated for an additional pathway ï the Entner-Doudoroff pathway (ED path-

way) (23). Although, mostly found in gram-negative bacteria, it was found in all domains of life 

(24).  
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It shows similarities to glycolysis, as overall again two molecules of pyruvate are produced from 

one molecule of glucose. Still, the intermediates are different. Glucose-6-phosphate is initially 

oxidized to 6-phospho-gluconolactone and further transformed to the central intermediate of this 

pathway, 2-keto-3-desoxy-6-phosphogluconate (KDPG). This molecule can be split up into py-

ruvate and GAP, which is again transformed to pyruvate in analogy to glycolytic reactions. The 

ED pathway allows the usage of additional carbon sources like aldol sugars but in comparison to 

glycolysis has an overall lower net yield in terms of ATP (one vs two per molecule of glucose). 

This is partly compensated by the reduced protein expression that is necessary for operation of the 

ED pathway. As reactions in glycolysis operate close to equilibrium, they require a 3.5-fold excess 

of protein compared to the ED pathway, which uses the early formation of pyruvate from KDPG 

as a strong driving force, thereby reducing the necessary protein concentrations for its activity 

(25).  

After discovery of the three main sugar degradation pathways, research in the late 1960s yielded 

gluconeogenesis as a pathway to sugar synthesis (26). This pathway reverses most enzymatic steps 

in glycolysis while replacing three enzymes that operate unidirectional under physiological con-

ditions. Namely, pyruvate is transformed to PEP via oxaloacetate as an intermediary step. Further, 

dephosphorylating reactions from fructose-1,6-bisphosphate to fructose-6-phosphate as well as 

from glucose-6-phosphate to glucose are carried out by the respective phosphatases (15). Using 

this pathway allows production of sugars during autotrophic growth as well as during growth on 

substrates like fatty acids. 

In terms of degrading pathways pyruvate, the end-product of glycolysis as well as the ED pathway, 

is further transformed to acetyl-CoA. This decarboxylation reaction happens in a multi-enzyme 

complex and produces NADH. Alternatively, in anaerobic organisms, ferredoxin is used as an 

electron acceptor (15). Acetyl-CoA plays a central role in metabolism as it serves as a building 

block for fatty acids and other biomolecules and is necessary for protein acetylation, an important 

posttranslational modification (15, 27, 28). Finally, it allows complete oxidation of carbon atoms 

originating from glucose through entering the Krebs cycle (15). 

The central carbon metabolism is completed by the Krebs cycle or tricarboxylic acid (TCA) cycle 

(29). Although it was already noted in the early 1930s that carbohydrates are completely oxidized 

to CO2, the pathway was unclear. Krebs and others elucidated an elegant cyclic reaction sequence 

thereby providing the final oxidative steps from acetyl-CoA to CO2. Alongside this cycle produces 

precursor molecules for amino acids, porphyrins and pyrimidines as well as GTP, NADH, and 

FADH2 (15, 30). The cycle is initiated by the condensation of acetyl-CoA with oxaloacetate to 

form citrate - the central intermediate of this cycle. Through rearrangement reactions and two de-

carboxylation steps, the acetyl-moiety is completely oxidized, leaving behind succinate as a C4-

intermediate that is readily oxidized to regenerate oxaloacetate.  

Like other enzymes in the CCM, the enzymes of the TCA cycle show homology across bacteria, 

archaea and eukaryotes and are generally highly efficient, suggesting a long-lasting evolution. 

Still, there are several variations observed either as incomplete topologies or through bypassing 

the canonical enzymes (31). The most prominent bypass to the TCA cycle was also discovered by 

Hans Krebs together with one of his coworkers, Hans Kornberg and is known as glyoxylate bypass 

or glyoxylate shunt (32). This pathway avoids decarboxylation reactions by utilising the isocitrate-

lyase reaction, which generates succinate and glyoxylate from isocitrate.  
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Glyoxylate is subsequently combined with acetyl-CoA to produce malate, which can again be 

converted to oxaloacetate. This cycle avoids loss of carbon thereby allowing for example growth 

solely on acetate, which can enter gluconeogenesis via this pathway. Occurrence of this pathway 

is widely distributed through plants, fungi and bacteria but there are no reports of it being active 

in mammals (33). The pathways comprising the CCM together with amino acids produced from 

its intermediates are summarized in Fig. 2.  

 

Figure 2 Overview of the central carbon metabolism and connections to amino acid biosynthesis. P: Phosphate; R5P: 

Ribulose-5-phosphate; E4P: erythrose-4-phosphate; KDPG: 2-keto-3-desoxy-phosphogluconate; GAP: glyceralde-

hyde-3-phosphate; 3-PG: 3-phosphoglycerate; PEP: phosphoenolpyruvate; OAA: oxaloacetate; 2-OG: 2-oxo-glu-

tarate. 

 

The pathways presented here form a metabolic blueprint for all domains of life but the actual 

functions vary for example due to alternative enzymes, multitasking pathways and metabolic re-

dundancies (34, 35). Additionally, new pathways and connections between known pathways are 
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still being discovered, although mostly due to serendipity. New pathways are often attributed to 

adaptions to specific ecological niches. Looking at the plethora of microorganisms, it is hard to 

estimate to which extent metabolism is already discovered especially talking into account that only 

a minority of microorganisms has been cultivated and an even smaller number was characterized 

extensively.  

Most studies focus on a small set of model organisms (36). Therefore, the discovery of novel 

pathways is mostly propelled by studies of so far uncultured microorganisms. Especially the field 

of microbial CO2-fixation pathways has become more diverse since initial reports about the om-

nipresent Calvin-Benson cycle in plants and phototrophic bacteria as the most important CO2 fix-

ation pathway as well as the reductive acetyl-CoA pathway and the reverse TCA cycle (rTCA) 

(37-39). This trinity of fixation pathways was greatly expanded by discoveries of the 3-hydroxy-

propionate (3-HP) pathway, the 3-hydroxypropionate/4-hydroxybutyrate (3-HP/4-HB) pathway, 

the dicarboxylate/4-hydroxybutyrate (DC/4-HB) pathway and most recently by the reverse oxida-

tive TCA (roTCA) cycle and the reductive glycine pathway (40-44). These discoveries were pos-

sibe through studies in so far uncharacterized bacteria. Especially the roTCA cycle shows that 

even a well characterised reaction like the citrate synthase can yield surprises. This enzyme can 

act in the citrate cleaving direction in Desulfurella activorans. Hence, the reverse oxidative TCA 

cycle functions without the usage of an ATP-dependent citrate lyase, which is employed in the 

rTCA (45).  

Other recent discoveries of new metabolic pathways tightly interconnected with the CCM include 

the ethylmalonyl-CoA pathway (46) and the methylaspartate cycle (47) as alternatives to the gly-

oxylate cycle or the ɓ-hydroxyaspartate cycle for growth on glycolate (48). Variations and new 

combinations of known pathways have also been shown. In Mycobacterium tuberculosis and gen-

erally in cyanobacteria, absence of 2-oxoglutarate dehydrogenase in the TCA cycle is compensated 

by a two-step reaction; 2-oxoglutarate is first reduced to succinate semialdehyde and subsequently 

oxidized to succinate (49, 50). Regarding sugar metabolism, an interesting case was observed in 

Pseudomonas putida. The bacterium uses a combination of the three pathways for sugar catabo-

lism outlined above, termed the EDEMP cycle: although most glucose is oxidized to gluconate in 

the ED pathway, a portion of GAP also enters the PPP and is used for gluconeogenesis to newly 

synthesize glucose-6-phosphate for oxidation (51). These few examples show that the concept of 

biochemical unity breaks down when looking at the constant evolution and adaption of microor-

ganisms as discussed above (35). These variations in metabolic pathways reflect the range of 

niches colonized by bacteria that require fine-tuned metabolic adaptions. As explained above car-

bon fixation, probably the oldest and therefore most-evolved aspect of cellular carbon metabolism, 

comprises a multitude of pathways that all yield the same or at least similar products in the form 

of acetyl-CoA, glycolate or GAP. The different pathways as well as their relevance for the origin 

of life will be discussed in more detail in section 1.3. 

In addition to identification of new metabolic pathways, the interplay between metabolism and 

other cellular functions receives more and more attention. This represents a conceptual shift from 

metabolism being just a vehicle driven by intra- and extracellular signals to metabolism sitting at 

the crossroad of multiple cellular functions and thereby providing as well as receiving input for 

other cellular processes (52). This interplay becomes especially important during infections. Here, 

the host also represents an ecological niche for the respective pathogen, compulsorily leading to 
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metabolic adaptions by the microorganism. Interaction and manipulation of the host are supposed 

to increase nutrient availability in general and also to fulfill  the specific demands of growth sub-

strates by the respective pathogen (53-56). Additionally, in contrast to abiotic niches, the host can 

actively react to the infection e. g. through nutritional deprivation to fight infections. This meta-

bolic interplay between host and pathogen will be elucidated in more detail in section 1.4 (55, 57). 
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1.3 Carbon fixation as the essential trait at the origin of cellular life 

 

When looking at the phylogenetic tree of life, all three domains converge at one point thereby 

suggesting a putative last universal common ancestor (LUCA). Understanding the metabolism of 

this organism could help to bridge the gap between abiotic reactions providing initial biomolecules 

and the emergence of cellular life. Looking at early cellular metabolism, autotrophic carbon fixa-

tion is the essential metabolic trait to sustain life (58-60). Biotic carbon fixation produces an un-

natural ratio of 12C/13C due to slightly faster reaction rates of the lighter isotope based on the kinetic 

isotope effect (61, 62). This carbon fractionation due to life is constant for over 3.5 billion years 

(63) and can even be traced back more than 4 billion years using gas inclusions in rock samples 

(64-66). This prolonged biotic carbon fractionation clearly shows the importance of carbon fixa-

tion for the emergence and progression of cellular life. 

Some of the oldest samples containing isotopically light carbon inclusions have been found in 

association with sea-floor and shallow-water hydrothermal vents (66, 67). Based on these findings 

different kind of approaches converge on hydrothermal vents as a suitable environment for the 

origin of life. Top-down approaches to generate a putative physiology for LUCA based on genome 

reconstruction project its ecological niche to have been geochemically active and rich in H2, CO2, 

iron, and nickel ï conditions present at hydrothermal vents (4). Similarly, phylogenomic studies 

show that clades associated with hydrothermal vents are the deepest branches so far in the tree of 

life (5). Chemical bottom-up approaches to the origin of life have yielded a variety of biomolecules 

like thioesters, amino acids, dipeptides and fatty acids when simulating conditions at hydrothermal 

vents (68-71).  

Taken together, carbon fixation in organisms that live in association with hydrothermal vents pro-

vides the most suitable and promising surrogate system to obtain insights into the metabolism of 

LUCA. However, this niche imposes several constraints on an organism. Most importantly, it has 

to be able to strive under elevated temperatures (> 50°C) as well as function without oxygen. So 

far eight different CO2-fixation pathways have been discovered as already mentioned above. Look-

ing at the constraints imposed by the putative environments around hydrothermal vents, the 3-

HP/4HB-bicycle, the 3-HP cycle as well as the Calvin-Benson cycle can be dismissed as they have 

only been reported in aerobic organisms. The reductive glycine pathway has so far only been 

demonstrated in Desulfovibrio desulfuricans, which is not associated with hydrothermal vents and 

has an optimal growth temperature of only 34-37°C (44). Additionally, one of the key enzymes in 

this pathway - formate dehydrogenase ï has been shown to be irreversibly inactivated at elevated 

temperatures (72). Therefore, this pathway is probably not suitable for conditions similar to the 

early earth. 

The four remaining pathways (table 1) have been reported in anaerobic, thermophilic organisms 

and all yield acetyl-CoA, formed from two molecules of CO2, to feed the CCM. Looking at the 

overall free energy difference in the production of acetyl-CoA, the roTCA cycle is so far the ener-

getically most efficient pathway. This is achieved by replacing the ATP-dependent citrate lyase 

used in the rTCA by a reversible citrate synthase thereby saving one molecule of ATP per molecule 

of acetyl-CoA (43). In contrast to all other fixation routes, the roTCA cycle does not depend on a 

pathway-specific enzyme. Instead, it uses the widely distributed enzymes of the TCA cycle, which 

are of central importance to almost all organisms today. 
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Table 1 (adapted from (45)) Comparison of CO2-fixation pathways that could have been operated by the earliest 

cellular organism. roTCA cycle: reverse oxidative tricarboxylic acid cycle; rTCA cycle: reverse tricarboxylic acid 

cycle; WL-pathway: Wood-Ljungdahl pathway; DC/4-HB-pathway: Dicarboxylate/4-Hydroxybutyrate-pathway. 

Pathway Estimated ȹGô0
 (kj/mol)  Pathway-specific enzyme 

roTCA cycle -50.9 - 

rTCA cycle -53.5 ATP-dependent citrate lyase 

WL-pathway -77.3 CO dehydrogenase/acetyl-CoA synthase 

DC/4-HB-pathway -152.3 4-hydroxybutyryl-CoA dehydratase 

 

The roTCa cycle was first demonstrated in D. acetivorans and Thermosulfidibacter takaii that both 

grow optimally at elevated temperatures (> 52°C) in the absence of oxygen (43, 60, 73, 74). These 

characteristics make the roTCA cycle a premier candidate for the oldest carbon fixation pathway. 

Despite depending on enzymes common to almost all anaerobic organisms, its discovery occurred 

only recently in 2018. This raises the question about its driving force and prevalence 

, as one would expect a highly efficient, ancient CO2-fixation pathway to be widely distributed in 

nature. To shine light on this potential contradiction, in this work the roTCA cycle is studied in 

depth in Hippea maritima. This organism is presented in detail in section 1.6. 
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1.4 Metabolism in the context of antibiotic resistance and infections 

 

"Bacterial in vivo metabolism is one of the most fundamental aspects of virulence of pathogenic 

bacteria yet our understanding of it is relatively limited (75)." Similar to metabolism of the earliest 

cellular organisms, actual bacterial in vivo metabolism of human pathogens is rather inaccessible. 

According to a recent report, the five most prevalent classes of bacterial pathogens (mycobacteria, 

chlamydia, gonococci, pneumococci and meningococci) accounted for about 456 million cases of 

bacterial infections in 2017. Additionally, these numbers do not take into account 2.4 billion cases 

of respiratory infections and diarrhoeal diseases, which are also often caused by bacterial patho-

gens (76). The burden of bacterial infectious diseases is aggravated by the rising number of anti-

biotic-resistant pathogens. According to estimations, about 700.000 people died due to infections 

with resistant pathogens in 2017, while this number could increase to ten million in 2050 (77). 

Many antibiotic compounds used today target similar cellular functions like peptidoglycan bio-

synthesis or the DNA gyrase. Further, the current way of antibiotic research tends to often identify 

compounds that are similar to the ones already discovered (78). Therefore, new targets are desper-

ately needed. Relieve of the antibiotic burden could also lower selective advantages through the 

uptake of resistance gens in nature, as these genes generally compromise other cellular functions, 

making resistant pathogenic bacteria less competitive in an environment without antibiotics (79). 

Metabolism and especially carbon metabolism could provide an alternative target for antibiotic 

development due to several reasons. (i) There is accumulating evidence that metabolic activity is 

related to virulence or controls virulence. This will be explained in more detail below. (ii) The 

identification and disturbance of metabolic bottlenecks could lead to attenuated growth without 

killing the bacteria, thereby reducing the chance of resistance formation as no selection pressure 

is applied, which would provoke evolution. (iii) Bacteria partially rely on different metabolic path-

ways compared to their human host. These biorthogonal pathways could be exploited as there are 

potentially no harmful effects for the host (75). (iv) Recent reports link metabolic alterations to 

increased susceptibility to known antibiotics (80-83). (v) Antibiotic resistance due to horizontal 

gene transfer from globally present resistance genes (ñresistomeò) could be reduced as enzymes 

especially in the CCM are highly conserved in nature (84). (vi) Although, metabolic pathways are 

highly conserved, the carbon substrates used by pathogens during infection are highly specific. 

This is again a testament to metabolic adaption to the environment as pathogens are only able to 

replicate within specific niches of the host. This could allow for selective therapy in contrast to 

todayôs broad-band antibiotics. (vii) Pathogens manipulate the host during infection to access nu-

trients. Therefore, antibacterial therapy could also be done through treatment of the host cell to cut 

off crucial nutrients and thereby avoiding bacterial replication (85). 

Taken together, targeting the central carbon metabolism of pathogens as well as the host offers a 

promising route to new antibiotics with an overall lower risk of resistance formation compared to 

current broad-band antibiotics. Still, this could lead to metabolic adaption as a new mechanism of 

resistance in addition to target modification, drug inactivation and inhibition of drug import, which 

have already been reported (86).  
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As mentioned in section 1.1, the connection between metabolism and environment is complicated 

through virulence in pathogenic bacteria. The extent of this triangle relationship is not yet known 

and potentially specific for each pathogen. Still, general trends can be extracted, when compara-

tively discussing different pathogens. Although these interrelations (scheme 2) have considerable 

overlap, for simplification the next section is split into interactions between metabolism and viru-

lence (blue arrows) as well as virulence factors influencing the host for metabolic purposes (red 

arrows). 

Scheme 2 Interrelation between the environment, namely the host cell, metabolism and virulence in pathogenic bac-

teria. Metabolism and virulence are interrelated to ensure that expression of virulence factors correlates with the met-

abolic state of the pathogen (blue arrows). Virulence factors modulate the host cell environment to meet the metabolic 

demands of the pathogen (red arrows). 

 

 Connection between metabolism and virulence 

 

Pathogens are generally heterotrophs with preferred carbon sources (53) due to genome reduction, 

which leads to decreased metabolic abilities (87). This is often attributed to adaptions to the host 

as a replicative niche leading to a pathogen-specific sub-set of usable carbon sources, although 

pathogens might encounter up to 100 potential carbon sources during infection (88).  

Due to this specificity, disturbance of specific enzymes for metabolite uptake or turnover severely 

impacts the colonization of the host by arresting growth and virulence subsequently. These liable 

enzymes are not restricted to a specific part of the metabolism or a class of substrates. Many ex-

amples have already been found for mutants with defects in substrate uptake (89-92), sugar deg-

radation as well as gluconeogenesis (93-99), the TCA cycle (100-102), branched chain or aromatic 

amino acid biosynthesis (103, 104) and purine biosynthesis (105, 106).  

Besides solely controlling bacterial growth during infection, the availability or absence of metab-

olites can also trigger the expression of virulence genes as indicated in scheme 2. The metabolic 

composition in the surroundings of a bacterium herein works as an anatomic sign post telling the 

bacterium, if it is in an environment suitable for infection (107). Subsequently, virulence factors 

are expressed when metabolite levels are above or beyond a certain threshold (108-112). Similar 

to the growth substrates during infection, these metabolites are again pathogen-specific, which 

underlines adaption to the respective niche in the host. 

Besides metabolism regulating virulence gene expression, these two traits can also be directly 

connected on the genetic level as genes for metabolic enzymes have been found in pathogenicity 

islands. These are genomic islands, found only in pathogenic strains of a class of bacteria that are 

exclusively expressed during infection (113-115). Further transcriptional master regulators can 

control virulence as well as metabolic genes simultaneously. As the production of virulence factors 

puts an additional energetic and metabolic burden on the pathogen, expression of these traits has 

to be regulated in respect to the metabolic state of the cell.  
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A prominent example is PrfA in L. monocytogenes; on the on side it activates hexose-phosphate 

transporters upon infection and is sensitive to glycerol or glutathione levels, but on the other side 

it also regulates expression of the toxin listeriolysin, one of the major virulence factors of Listeria 

(104, 116-118). CodY, a global regulator in many gram-positive bacteria responds to metabolic 

queues like low levels of branched chain amino acids during infection through upregulation of 

branched chain amino acid synthesis and expression of virulence genes (119-121).  

The carbon storage regulator Csr, the carbon catabolite control protein Ccp as well as the catabolite 

repressor Cra repress the usage of other carbon sources, when glucose or in general a preferred 

carbon source is available and subsequently redirect metabolism, when this carbon source is no 

longer available, while they also control the expression of virulence factors (122-130). Owing to 

this simultaneous transcriptional control of virulence and metabolism, bacterial transcriptomic 

profiles before and after infection revealed tight regulation and remodelling of metabolism due to 

infection (104, 106, 131-133).  

In terms of regulator proteins, metabolism and virulence are closely connected via a genetic regu-

lation circuit as explained above, but this feedback loop can be even tighter through the action of 

moonlight proteins, meaning proteins that directly participate in a metabolic pathway and addi-

tionally have active or regulatory functions in virulence (134, 135). Generally, these moonlighting 

functions are observed when a metabolic protein is expressed at a different location than the cyto-

sol. In this regard, enzymes of the central carbon metabolism were shown to work as adhesins, 

transporters or to combat reactive oxygen and nitrogen species when expressed on the cell surface 

(136-139). Similarly, within the host cell or in association with secretion systems, these proteins 

can act as virulence factors (140-142).  

Taken together, metabolism is tightly connected to virulence of bacterial pathogens, as the avail-

ability of carbon substrates is crucial for replication as well as expression of virulence traits during 

infection. While bacteria try to manipulate their replicative niche during infection to fulfil their 

specific metabolic demands by expressing virulence factors, the host cell simultaneously combats 

this effort leading to a kind of chess match at the cellular level (scheme 2, red arrows) (107). This 

perpetual interplay demands increasingly complex strategies by the pathogen, which will be dis-

cussed in the next section. 

 

Connection between virulence and the host environment during infections 

 

As mentioned before, pathogens often require specific nutritional conditions for replication during 

infection, but these often stand in contrast to the environment they face. The host cytosol is already 

considered as a nutrient-poor environment and intracellular pathogens residing within a vacuole 

additionally have to transport nutrients across the vacuolar membrane. Further immune response 

reactions can aggravate nutrient deprivation (56, 107, 143-153). Although immune reactions, sim-

ilar to the metabolic demands, are specific for each pathogen due to different pathogen associated 

molecular patterns (PAMPs) being presented to the host cell (154), there are general strategies 

observed in host cells upon encountering pathogens.  

According to a recent work, recognition of so-called danger associated metabolic modifications 

(DAMMs) triggers immune response (151). These can be for example alterations in the glycolytic 
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flux, mitochondrial integrity or oxidative phosphorylation activity of the host cell, leading to in-

flammasome activation (155, 156). Amino acid deprivation is another defense-mechanism by im-

mune cells upon infection that specifically targets bacterial carbon substrates. Especially trypto-

phan availability is often restricted through activation of indolamine-2,3-dioxygenase, which con-

verts tryptophan to formylkynurenin (157). Further, expression of immunoresponsive gene 1 al-

lows for the production of itaconate, which exerts antibacterial effects e. g. through inhibition of 

isocitrate lyase in the glyoxylate bypass (158, 159). 

To combat these adverse conditions and exploit host nutrients during infection pathogens have 

evolved a plethora of strategies for which the term ñnutritional virulenceò was introduced (160, 

161). This covers a plethora of cellular reactions of the bacterium starting already at the point of 

nutrient uptake (145). 

Herein, bacteria can either manipulate host transporter systems (162-164) or use high affinity up-

take systems for substrates that are essential to their growth like specific amino acids (92, 165, 

166). Besides just consuming common substrates available from the host, pathogens can use alter-

native carbon substrates. There is already a quite diverse pallet of carbon substrates used by path-

ogens during infection, which constantly keeps expanding (56). Besides glucose or amino acids as 

general carbon sources, also very specific compounds like sialic acid, sorbitol or a glycosylamine 

composed of fructose and asparagine were demonstrated to be metabolised by certain pathogens 

during infection (85, 167-169). 

Bacteria can also increase carbon substrate availability by various mechanisms e. g. degradation 

of macromolecules or manipulation of autophagy. In terms of macromolecules degradation and 

further metabolisation of sphingomyelin, collagen or fatty acids from lipid droplets have been 

shown (170-172). Regarding autophagy, a controlled degradation process to regulate homeostasis 

in the host cell, some bacteria circumvent it to avoid lysis of their subcellular compartments, while 

others actively provoke it e. g. to increase the availability of amino acids (173-175).  

Finally, the host metabolism can be directly manipulated through virulence factors to increase 

substrate availability. In this context, up- as well as down-regulation of host glycolysis as well as 

fatty acid synthesis were demonstrated depending on the nutrient demands of the respective path-

ogen (176-182). 

Another emerging paradigm for bacterial metabolism during infection is the concept of a bipartite 

metabolism (56, 93, 148). For several pathogens, it has been shown that they use a combination of 

carbon substrates simultaneously during colonization of the host; this stands in contrast to diauxic 

growth in broth observed for example in Escherichia coli where different substrates are consumed 

successively. In contrast, a bipartite metabolism conveys several advantages for pathogens during 

host colonization (93-95, 102, 183). (i) The metabolic demands can be quickly adapted to changing 

environments during infections. (ii) Utilisation of multiple substrates alleviates the metabolic bur-

den on the host cell thereby avoiding or at least dampening the inflammatory response (56). Taken 

together, ñnot surprisingly, it has transpired that hostïpathogen interactions are fundamentally reg-

ulated by an interplay between host and microbial metabolic pathways and the levels of metabo-

lites in infection microenvironments (149).ò The variety of interplays between the host cell as an 

ecological niche and bacterial virulence and metabolism requires species-specific analysis of a 

pathogen in an environment that resembles the actual infection. This work studies the metabolism 
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of Helicobacter pylori and Legionella pneumophila, which will be presented in more detail in 

section 1.7 and 1.8. 

The reasons mentioned above make clear, why knowledge about the actual bacterial metabolism 

is crucial in respect to antibiotic resistance as well as the origin of life. Additionally, on-going 

discoveries constantly expand the metabolic map suggesting it to be far from complete (184). For 

the direct assessment of active metabolism, meaning the intracellular fluxes of metabolites, stable 

isotope labelling today is the benchmark technology. The next section provides a summary of the 

historic development and todays applications of this technology with a focus on the metabolism 

of bacteria. 
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1.5 Isotopes as tracers in metabolic research 

 

1.5.1 Historic development 

 

Isotopes have a longstanding tradition as tracers in biological research. This concept was first in-

troduced by Rudolf Schoenheimer in 1935 with his seminal study about the incorporation of deu-

terated fatty acids into rat fat storage (185). Although there were earlier studies tracing the fate of 

specific compounds in vivo like the usage of lead-isotopes (186) or phenyl-labelled fatty acids 

(187), Schoenheimer was the first to use the concept of labelling a biological compound without 

significantly changing its metabolic and physiologic properties. ñ"In the new approach, the fate of 

the molecule into which the isotope had been incorporated was studied, not simply the isotope 

itself (188)." As Schoenheimer wrote already in 1935: ñThe number of possible applications of 

this method appears to be almost unlimitedò. Research on this subject quickly expanded in parallel 

with the availability of stable as well as radioactive isotopes of the core set of biologically relevant 

elements, namely hydrogen, carbon, nitrogen, oxygen, phosphorus and sulfur (189-195). 

In terms of carbon metabolism, due to the available instrumentation and limited scope of labelled 

carbon precursors, studies were mainly focussed on carboxylation reactions and following the 

metabolic fate of molecules carrying a labelled carboxyl-group. Despite these limitations carbon 

isotopes quickly contributed to break-through discoveries. 14CO2 was a crucial tool in the elucida-

tion of the Calvin-Benson-Bassham-cycle in photosynthesis, which represents the most important 

CO2-fixation pathway in the global carbon cycle today (37, 196). Supplying 13CO2 to heterotrophic 

bacteria led to the discovery of the Wood-Werkmann reaction, meaning the carboxylation of py-

ruvate to oxaloacetate also known as an anaplerotic reaction. This changed the perception that only 

autotrophs are able to assimilate CO2 (197, 198). The knowledge about CO2-fixation in the central 

metabolism of heterotrophic bacteria quickly expanded and as Hans Krebs put it:ò The facts so far 

available suggest that the significance of carbon dioxide assimilation, by way of carboxylation of 

pyruvic acid, lies in the fact that this reaction is an essential link in the synthesis of indispensable 

cell constituents (199).ò 

Krebs himself used carbon isotopes to investigate intermediates in the tricarboxylic acid cycle 

named after him and experiments with 14C-acetate were crucial in the elucidation of the glyoxylate 

bypass of the Krebs cycle (29, 32). Amongst a variety of studies, 14CO2 also helped to elucidate 

the role of CO2 as a reducing agent in methanogenesis and its participation in the Urea cycle (200, 

201). 

In the late 1960s, the metabolic map was seen as kind of complete but contained only a very limited 

number of pathways compared to today (16). Subsequently, research on metabolic pathways de-

clined and isotopes were mainly used in environmental studies or as standards in analytical chem-

istry (202). Regarding isotopes in metabolism, they were intensively used in nutritional research 

and for studies in mammalian tissue. This led for example to the discovery of numerous breath 

tests, allowing a non-invasive diagnosis of several diseases (203).  

After several decades with low interest in metabolic pathway research, improvements in the main 

techniques for analysis of isotopes in biomolecules ï nuclear magnetic resonance spectroscopy 

(NMR spectroscopy) and mass spectroscopy-based applications (MS) ï laid the foundation for 

metabolomics as a field of research in the late 1990s, following the already established genomics, 
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proteomics and transcriptomics (204-207). The new instrumentation allowed for unbiased analysis 

of whole cell extracts (208) and made an instant impact by revealing the huge unexplored space 

of biochemical intermediates and pathways thereby leading to re-emerging interest in metabolism 

(209). The number of studies based on metabolic analysis kept expanding since then (207, 210); 

subsequently in contrast to the readily comprehensible metabolic map from the early 1970s (16), 

the KEGG database currently comprises 16000 metabolites connected via more than 8700 reac-

tions and is still expanding (211).  

Similar to the pure detection of metabolites in biological samples, the improvements in MS and 

NMR also greatly advanced the usage of stable isotope tracers in metabolic research (204). There-

fore, these techniques in combination with isotopes are now used regularly in many fields of re-

search, e. g. geobiochemistry (212), in vivo metabolic analysis of mammalian tissue (213), meta-

bolic pathways in cancer cells (214) or in nutritional research (215). 

Looking at bacterial metabolism, new studies emerged, which greatly expanded the palette of met-

abolic pathways and at least for microorganisms again and again disproved the concept of bio-

chemical unity, as the diversity of ecological niches occupied by bacteria mentioned above directly 

translates to their metabolic diversity (35). Looking at CO2-fixation pathways specifically, it was 

a long-standing opinion that there were only three pathways, namely the Calvin-Benson-cycle, the 

reductive TCA cycle and the Wood-Ljungdahl-pathways (37-39, 216). Since the early 1990s, five 

new fixation pathways have been discovered, for which the usage of elegant labelling strategies in 

newly cultivated microorganisms was crucial (40-43). These experiments will be discussed in 

more detail in section 1.5.2. 

In the context of microorganisms relevant for biotechnology, 13C-metabolic flux analysis (13C-

MFA) emerged as a tool to quantitatively evaluate metabolic fluxes in bacteria thereby facilitating 

metabolic engineering (217-219). Flux here means the ñrate of metabolite interconversion in bio-

chemical pathwaysò (220). Similar to reaction rates in chemistry, fluxes cannot be measured di-

rectly, but can be calculated based on quantification of extracellular metabolites and evaluation of 

the labelling patterns of several intracellular metabolites, when microorganisms are cultivated in 

the presence of e. g. 13C-labelled substrates. By inducing additional constraints on the possible 

flux via 13C-labelling patterns, they can be mathematically determined (220-222). This technique 

allowed the elucidation of general metabolic capabilities of many model organisms such as E. coli 

or Chlostridium acetobutylicium (223, 224).  
13C-MFA is generally performed under controlled conditions, meaning usually only one carbon 

source with a defined portion of the labelled substrate is supplied to bacteria growing in chemostat 

cultures to ensure constant growth conditions. Additionally, the metabolic network has to be 

known at least for the most part to allow flux calculation and all products and educts of the network 

have to be quantified (217, 225). Therefore, 13C-MFA analysis is generally performed in a chem-

ical defined medium, to limit the number of possible substrates and to facilitate the analysis of 

excretion products (226). 

Even though, these rigorous conditions can hardly be applied when growing pathogenic bacteria 

especially in a host-pathogen situation, the introduction of a labelled tracer for metabolic analysis 

of pathogenic organisms and their host has been yielding valuable insights into infection biology 

over the last 15 years. These results will be discussed in detail in section 1.5.2. Beforehand the 

terminology as well as basic assumptions for labelling experiments in general will be clarified. 
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 Basic assumptions for isotopologue profiling in bacteria 

 

In general, to perform isotopologue profiling, an organism is cultivated in the presence of a tracer 

molecule ï meaning a compound that is artificially enriched for a certain isotope, like 13C, 2H, 15N, 
18O or 33S, beyond its natural abundance. This work focuses on experiments with tracers enriched 

for 13C, therefore the following examples are also based on the carbon composition of metabolites. 

Utilisation of this tracer by the organism leads to enrichment of the respective isotope in a metab-

olite producing different isotopologues of this metabolite. Isotopologues have the same chemical 

structure and bond connectivity but differ only in their isotopic composition e. g. in the case of 

acetic acid CH3COOH vs. 13CH3COOH. Herein, the molecule containing only 12C is referred to as 

M, while the respective isotopologues carrying 13C-atoms are indicated by M+1, M+2, . . . M+n. 

A molecule with n carbon atoms can produce n+1 carbon isotopologues. Isotopologues can be 

further differentiated into isotopomers. Isotopomers have the same chemical structure, same bond 

connectivitiy and the same number of isotopes, but the isotopic atoms differ in terms of their po-

sition within the molecule e. g. 13CH3COOH and CH3
13COOH. In theory, a compound with n C-

atoms can produce 2n carbon isotopomers. Analysis of the isotopomer and isotopologue composi-

tion of a metabolite allows to calculate the overall excess of the respective isotope within the mol-

ecule. Excess means the percentage of the overall enrichment of the respective isotope in a mole-

cule, so for 13C the overall percentage of 13C in a molecule minus the natural abundance. Following 

the nomenclature for isotopologues introduced above, the excess is calculated with the following 

formula (227). 

ὉὼὧὩίί
В ὓ Ὥ Ὥz
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Besides this terminology, some basic assumptions have to be made for isotopologue profiling in 

pathogenic bacteria as performed in this work. These will be explained in the following. 

(i) Cells and their proteins do not distinguish between heavier and lighter isotopes. This also im-

plies that the isotopic constitution of a metabolite is constant in the natural state. There are some 

limitations to this assumption, as organisms/enzymes tend to favour lighter isotopes due to higher 

reaction rates related to the kinetic isotope effect (61, 62). This effect is especially pronounced for 

hydrogen, leading to D2O being toxic for many cell types in contrast to H2O (228). The effect 

becomes smaller with heavier elements e. g. for carbon-12 versus carbon-13 this effect produces 

uncertainties of about 0.005 %. This effect can also be utilized in distinguishing the source of early 

carbon inclusions. Here a certain range of carbon isotope fractionation is associated with a biolog-

ical origin (229, 230).  

In terms of using labelled carbon in metabolic research, this is neglectable as enrichment is con-

sidered to be significant >0.5 % (231). However, in specific cases, this effect should be included 

in the analysis of isotopomer distributions, considering especially its variance depending on the 

respective enzymatic reactions (232). 

(ii) Retrobiosynthetic analysis allows the deduction of labelling patterns from metabolic precursors 

and intermediates through analysis of stable products. As already mentioned, the metabolome 

comprises thousands of compounds and even restriction to central metabolic compounds still 

leaves hundreds of molecules. Analysis of each individual compound is practically impossible 
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especially talking into account the low abundance and instability of some compounds (16). Anal-

ysis in labelling studies therefore mostly focuses on highly abundant, stable compounds ï protein-

bound amino acids (233). As half of the cellular dry weight typically accounts for proteins (234), 

amino acids are easy to obtain and analyse from little cell material (225). Although more and more 

applications based on liquid chromatography coupled to mass spectrometry (LC-MS) are devel-

oped to analyse more metabolites simultaneously and to capture also low-abundant labile interme-

diates (211), analysis of protein-bound amino acids with gas-chromatography coupled to mass 

spectrometry (GC-MS) still remains the gold standard for reliable and robust metabolic flux anal-

ysis (220). 

The retrobiosynthetic approach, borrowing principles from synthetic chemistry, now allows state-

ments about the labelling patterns of metabolites that were not directly assessed. Therefore, the 

biosynthesis of the respective amino acid or in general the compound under analysis is traced back 

to the compound of interest with considerations of eventual rearrangements of the carbon skeleton 

(233, 235). "If the labelled precursor is proffered together with a large amount of unlabelled ma-

terial, the resulting secondary metabolites will be mosaics assembled from labelled as well as un-

labelled modules. The site of the building blocks is easily gleaned from this mosaic pattern (233).ò 

Data interpretation initially often relies on identifying the shortest metabolic link between the 

tracer, the compound of interest and the molecule under analysis. 

(iii) Isotopic as well as metabolic steady state has to be reached in the experiment. Metabolic and 

isotopic steady state should ideally be achieved in the labelling experiment to generate reliable 

data. Metabolic steady state means that the metabolic fluxes as well as the extracellular and intra-

cellular metabolite concentrations are constant. Similarly, at isotopic steady state the isotopic com-

position of all metabolites remains constant (236). 

During in vitro cultivation of bacteria real metabolic steady-state can be reached through chemo-

stat cultivation (237); additionally, a quasi-steady state is generally assumed to be reached during 

exponential growth, as the division rate of cells is at its peak (236). At isotopic steady state fluxes 

are independent of the metabolite concentration; the isotopologue composition of a metabolite 

solely depends on the production fluxes and is independent of its consumption fluxes (238). The 

time-frame for metabolites to reach isotopic steady state generally depends on the growth rate of 

the bacterium and greatly varies for example between soluble cytosolic metabolites and amino 

acids bound in proteins or sugars fixated in the cell wall. While soluble metabolites equilibrate 

their isotopic composition within minutes after introduction of a labelled tracer, this can take sev-

eral hours for bound metabolites (217, 236). Isotopic steady state can be verified by assessing the 

isotopic composition of a metabolite at several time-points after the introduction of the label (239). 

When studying microbial carbon fixation, metabolic or isotopic steady-state is usually ensured 

through harvest of the cells at mid-exponential phase. This can be difficult to achieve in pathogen-

host situations, as labelling periods are more likely to be governed by infection periods feasible 

for bacterial replication, viability of the host or with regard to the timescale of an actual infection. 

However, comparison of isotopologue compositions under different conditions or between wild-

type and mutant strains can still allow statements about the activity of metabolic pathways. The 

next chapter will describe several examples of isotope labelling experiments to analyse bacterial 

metabolism.  
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1.5.2 Isotopologue profiling of bacterial metabolism  

 

With the use of stable isotope labelled metabolites, in this context of this work referred to as 

isotopologue profiling, significant progress has been made in the understanding of microbial me-

tabolism. The next section will discuss the relevance of isotope labelling in discovering carbon 

fixation pathways as well as deciphering the metabolism of pathogenic bacteria. 

 

 Elucidation of microbial carbon fixation pathways 

 

Section 1.5.1 already alluded to the importance of isotopically labelled precursors, especially CO2 

for the understanding of biological carbon fixation. For the discovery of the CB-cycle, and the 

WL-pathway in the 1950s and 1960s, experiments relied on analysing the incorporation of 14CO2 

into the metabolic end-products of the respective pathway, meaning sugars in the case of the CB-

cycle or acetate for the WL-pathway (37, 38). For analysis of the rTCA label incorporation was 

already shown for a direct intermediate of the cycle (succinate) as well as amino acid analogues 

of intermediates (aspartate for OAA; glutamate for 2-OG) (39). Discovery of the 3-HP cycle in-

volved a combination of 14C- as well as 13C-labelled precursors. Initial experiments with 13C-la-

belled propionate or acetate and subsequent positional analysis of label incorporation into amino 

acids and nucleosides through NMR analysis hinted at a novel CO2-fixation pathway (240), which 

was subsequently confirmed with enzymes assays and H14CO3-incorporation experiments (40). 

Similarly, discovery of the DC/4-HB was facilitated by using a combination of labelled precursors. 

In detail, selectively 13C-labelled 4-hydroxybutyrate, succinate and pyruvate were used. These 

compounds were all intermediates of the newly proposed carbon fixation cycle. Subsequent anal-

ysis of isotopologue patterns in protein-bound amino acids through GC-MS allowed the validation 

of the predicted pathway (42). 

In terms of the roTCA, NMR analysis from supernatants supplied with [U-13C6]citrate were cru-

cial, as oxaloacetate/malate and acetyl-CoA could be unequivocally identified in the 13C-spectrum 

thereby proving the central step of this cycle (43). Finally, activity of the reductive glycine path-

way was supported by experiments using 13C-labelled formate. Similar to the discovery of the 

DC/4-HB-pathway, GC-MS analysis of label incorporation into specific positions of proteinogenic 

amino acids confirmed the predicted pathway (44). 

While the study of carbon fixation pathways yielded results that could be generalized to a variety 

of organisms, the metabolism in pathogenic bacteria is species-specific. Although general trends 

like a bipartite metabolic network and the connection between virulence and metabolism on dif-

ferent levels of regulation (see section 1.4) can be extracted, the actual metabolic phenotypes differ 

greatly. This is again attributed to the wide array of ecological niches within the human host that 

are occupied by these organisms and subsequently require metabolic adaption. The following sec-

tion presents a few examples, where isotopologue profiling allowed medicinally relevant insights 

into the metabolism of pathogenic bacteria. 
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Listeria monocytogenes 

 

Extensive work has been done on the metabolism of L. monocytogenes. Investigations concerned 

the central carbon metabolism as well as the nitrogen metabolism of L. monocytogenes under in 

vitro as well as in vivo conditions. Initial experiments, where 13C-enrichment in proteinogenic 

amino acids was determined by NMR after growth on [U-13C6]glucose in broth already revealed 

differences in the metabolic capabilities compared to the genome based metabolic network (241). 

While the pathways for production of serine and isoleucine are annotated in the genome of L. 

monocytogenes (242), they were found to be inactive under experimental conditions. Further, la-

belling revealed the importance of pyruvate carboxylation to oxaloacetate as a compensating re-

action for the incomplete TCA cycle (241).  

After establishing metabolic capacities of L. monocytogenes grown in broth, experiments with the 

pathogen growing inside primary as well as transformed macrophages revealed discrepancies be-

tween in vitro and in vivo metabolism (93, 243, 244). As observed for many intracellular patho-

gens, de novo synthesis of basic metabolic building blocks like amino acids is generally avoided 

and compensated by the uptake of these compounds from the host (56). Still synthesis of alanine, 

aspartate, glutamate, threonine and valine by L. monocytogenes could be observed using mutants 

that are defective in glucose uptake (243). In depth analysis of the isotopologue profiles from the 

host as well as bacterial fraction further supported de novo synthesis of these amino acids. The 

incomplete TCA cycle in L. monocytogenes led to a pronounced M+3 isotopologue in aspartate 

compared to the host, when metabolising glucose (244). Further experiments revealed a bipartite 

metabolic network for intracellularly growing L. monocytogenes, where glycerol is only used for 

catabolic purposes but not for gluconeogenesis (93). Together these data provided insights into a 

metabolic network, which is highly adapted to its intracellular niche. While some metabolic capa-

bilities are neglected during intracellular growth, the utilisation of selected pathways is tightly 

controlled, probably to increase the overall energy-/carbon-efficiency under nutrient-limiting con-

ditions and to dampen the metabolic burden on the host. Additionally, labelling experiments with 

intracellular pathogens allowed the simultaneous analysis of the host metabolism, when host and 

bacterial fractions were separated. Looking at primary and transformed macrophages as host cells 

for L. monocytogenes infection, primary macrophages showed a distinct upregulation of glycolysis 

due to infection (244). 

 

 Mycobacteria 

 

Mycobacteria and especially M. tuberculosis have also been already extensively studied using 

isotopologue profiling. During cultivation in vitro, the general metabolic capabilities of this path-

ogen were assessed using glucose, acetate and glycerol as potential substrates. Surprisingly M. 

tuberculosis showed co-utilisation of these substrates, which accelerated growth in comparison to 

the theoretical addition of growth rates on single substrates (245). Subsequently rigorous 13C-MFA 

was performed in chemostat culture. This revealed the activity and importance of the so-called 

GAS-pathway (glyoxylate shunt-anaplerosis-succinyl-CoA synthetase) for M. tuberculosis 

growth. Herein, acetate is the main substrate and utilization proceeds through the glyoxylate shunt. 

Next, oxaloacetate is decarboxylated to allow for gluconeogenesis, while succinyl-CoA synthetase 
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compensates for the interrupted TCA cycle (177). 13C-MFA of M. tuberculosis during growth in 

macrophages for the first time provided direct evidence for carbon substrate usage of this bacte-

rium during infection. A mixture of labelled amino acids as well as acetate were taken up from the 

host and experiments with 13C-bicarbonate demonstrated active carboxylation reactions during in-

fection. Additionally, the results suggested the usage of a C3-substrate as another carbon source 

(239). Based on these results, infection in human macrophages revealed the critical role of lactate 

as carbon substrate during intracellular growth besides lipids as the main substrates (246). As lac-

tate is produced in excess in activated macrophages, this presents an elegant exploit of the immune 

reaction caused by bacterial infection (247). Studies using Mycobacterium leprae infecting 

Schwann cells revealed the active usage of host glucose by the pathogen to synthesize amino acids. 

While M. tuberculosis uses the PEP carboxykinase for anaplerosis of acetate, in M. leprae this 

reaction is crucial for glucose catabolism (248). 

 

 Other intracellular pathogens  

 

For Chlamydia trachomatis labelling studies revealed efficient metabolization of [U-13C4]malate 

to diaminopimelate, a component of  peptidoglycan, during intracellular growth in HeLa or CaCo-

2 cells. Herein, the host cells were pre-labelled before infection (183). Further studies of C. tra-

chomatis infection in primary human umbilical vein endothelial cells (HUVEC) revealed the im-

portance of host glutamine metabolism for C. trachomatis replication, as the infection led to up-

regulation of glutamine import and metabolization via a glutaminase (102). Together these studies 

provide insight on how C. trachomatis infection influences the host metabolism and how this path-

ogen uses specific substrates to compensate for its incomplete TCA cycle to allow intracellular 

growth. 

An elegant study by Kentner et al. combined proteomics, metabolomics and 13C-profiling with [U-
13C6]glucose or [U-13C3]pyruvate to show that Shigella flexneri reroutes almost all pyruvate pro-

duced through host glycolysis for its own metabolism. Pyruvate is further metabolized to acetate 

by the pathogen, which is then again excreted by the host cell. This nutrient scavenging by S. 

flexneri allows fast replication inside the host, with generation times comparable to cultivation in 

broth under ideal conditions (249). 

Coxiella burnetii is another obligate intracellular pathogen that was grown in axenic medium in 

2009 for the first time (250). Experiments with 13C-glucose, 13C-serine and 13C-glycerol under 

these conditions showed again a bipartite metabolism, where serine mainly contributes to energy 

generation through the TCA cycle, while glycerol enters gluconeogenesis. Analysis of the activity 

of metabolic modules was facilitated by comparing the 13C-enrichment in representative interme-

diates, e. g. alanine for glycolysis, aspartate for the TCA cycle as well as diaminopimelate and 

glucosamine for cell wall synthesis (95). 

Experiments with Salmonella enterica growing inside CaCo-2 cells, revealed glucose as a nutrient 

source during intracellular replication. This finding was corroborated by labelling experiments 

with mutants deficient in glucose uptake (251). 
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Extracellular pathogens  

 

Similarly, to the already discussed intracellular pathogens, isotopologue profiling is also used to 

characterize the central carbon metabolism of extracellular pathogens as in the case of Streptococ-

cus pneumoniae. Here experiments with [U-13C6]glucose and [U-13C2]glycine revealed glycolysis 

as the main glycolytic pathway. Further, serine is not produced from 3-phosphoglycerate but ex-

clusively from glycine through the addition of formate. Interestingly, mutants with defects related 

to virulence showed no differences in metabolism, when grown in liquid cultures (252). Similarly, 

metabolic capabilities were assessed in Streptococcus suis. Herein, the EMP pathway was again 

identified as the main catabolic route for glucose. Further the PEP carboxylase reaction plays a 

central role in the metabolism to produce oxaloacetate, as other anaplerotic reactions are absent 

and the TCA cycle is incomplete (253). This observation is similar to experiments in M. leprae 

and underlines the importance of this metabolic node especially, when the TCA cycle is incom-

plete. 

For Staphylococcus aureus, the metabolic phenotype of the wild-type strain was compared to a 

small colony-variant, which is related to persistent infections. Experiments with [U-13C6]glucose 

together with transcriptome analysis showed reduced 13C-excess in TCA cycle related amino acids 

due to a reduced aconitase activity in the small-colony variant (254).  

In Campylobacter jejuni, isotopologue profiling was combined with a transposon insertion library 

to evaluate metabolic requirements for the colonization of mice. This revealed a metabolic network 

with limited capabilities and low redundancy as well as the importance for the uptake of serine 

and aromatic amino acids during infection (255). 

In Pseudomonas aeruginosa using [1-13C]glucose, the ED pathway was identified as the main 

route for glucose catabolism (256). Further studies during growth on labelled glycerol or acetate 

revealed a bipartite metabolic network, as already discussed for other pathogens. While glycerol 

preferentially enters gluconeogenesis, acetate is mainly metabolized in the TCA cycle (257). An-

other study reported metabolic differences between clinical isolates of P. aeruginosa suggesting 

adaption to the respective niche in the host. Either, TCA cycle and ED pathway activities were 

high, while PPP activity was low or vice versa pointing to different extents of biofilm formation 

in the isolates or adaption to different oxygen levels (258). 

Another study compared usage of 13C-glucose of enterohemorrhagic E. coli in different media, 

that imitate growth in the ileum or the colon, respectively. Both conditions produced different 

metabolic phenotypes as well as different expression of virulence factors, suggesting a close con-

nection between virulence and metabolism that is governed by the respective ecological niche 

(259). Together these experiments show the valuable insights into the metabolism of various bac-

teria that can be gained by isotopologue profiling. The next sections will introduce the organisms 

studied in this work together with the respective objective. 
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1.6 Hippea maritima ï carbon fixation in environments similar to early earth 

H. maritima is a Gram-negative bacterium that grows at elevated temperatures (40-75 °C) with an 

optimum at 53 °C in anoxic conditions, while tolerating pH 6-7.5 but requiring the presence of 0.1 

% yeast extract when grown in broth. Sulfur reduction producing H2S serves as the energy source 

for growth (260). This reaction is carried out by a membrane-bound polysulphide:quinone oxi-

doreductase as well as a cytoplasmic sulphide:NADPH oxidoreductase (261). H. maritima is mo-

tile using one flagellum and its genome (~1.7 mbp) was sequenced in 2011 (262). 

Initial assessment of the 16S rRNA led to classification of H. maritima as a deltaproteobacterium, 

but more recent analysis suggests the family of Hippeaceae to be a subspecies within the Desul-

furellacaea, which represents a monophylogenetic class within the epsilonproteobacteria (263, 

264). This is also underlined by the 87 % sequence similarity between the 16S rRNA gene of H. 

maritima and members of the genus of Desulfurella (265).  

Initially, H. maritima was isolated from shallow-water hot vents of the Bay of Plenty in the south-

western Pacific Ocean (260) but its presence has also been recognized in meta-genomes from the 

sister peak hydrothermal chimney (266), the sungai khan hot spring (267) and upper-sediments 

from lake Baikal (268). Isolates from hydrothermal fields at the mid-atlantic ridge as well as the 

east pacific rise yielded Hippea jasoniae and Hippea alviniae as additional members of the genus 

Hippea (265). All these environments are characterized by elevated temperatures, absence of ox-

ygen as well as increased CO2-concentrations. Hence, H. maritima is suited as a surrogate organ-

ism for the metabolism at the origin of cellular life. In terms of carbon fixation pathways, the 

genome does not feature any pathway-specific enzymes. This absence of pathway-specific en-

zymes together with the close genetic relationship to the family of Desulfurellacae suggests activ-

ity of the roTCA cycle in H. maritima.  
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1.7 Helicobacter pylori ï metabolic adaptions after prolonged evolution in the human stom-

ach 

H. pylori is a Gram-negative, spiral-shaped bacterium hence the name from greek ñhelixò meaning 

anything assuming a spiral shape. It was first isolated in 1982 from gastric biopsy samples taken 

from the pylorus of patients with gastritis and ulcers (269). After the realisation that the highly 

acidic gastric environment does not prevent colonization of the stomach by microorganisms, H. 

pylori infection was quickly identified as the biggest risk-factor for the development of gastric 

cancer (270). In 2018, gastric cancer accounted for more than one million cases with 783.000 

deaths making it the 6th most common type of cancer (271).  

H. pylori can withstand the acidic conditions in the gastric juice only for several minutes, but long 

enough to reach the pH-neutral gastric mucosa ï the actual ecological niche of this bacterium 

(272). The pathogen has a rather intimate relation with humans, who are its only natural host and 

colonization has been found to prevail for at least 88.000 years already (273). Today, infection 

affects about half of the global population and usually persists throughout life (274). H. pylori 

treatment suffers from antibiotic resistance and therefore was listed on the WHO priority list for 

new antibiotics in 2017 (275). 

Studies on the metabolism of H. pylori were mostly performed in the 1990s relying on photometric 

enzyme assays, NMR-analysis of cell extracts and genome-based reconstruction of the metabolic 

capacities (276, 277). These studies will be explained in more detail in section 2.2. The pathogens 

life style suggests extensive connections between metabolism and virulence, as discussed in gen-

eral for bacterial pathogens in section 1.4.  

Vacuolating toxin A (VacA) is a protein-toxin that is secreted by H. pylori during gastric coloni-

zation. Amongst a variety of deleterious effects for the host cell it leads to increased autophagy 

through inhibition of mTORC1 signalling (278) and can induce apoptosis in epithelial cells as well 

as macrophages (279). Together, these could be mechanisms to enhance the concentration of free 

amino acids in the host cell, which are then released upon apoptosis and can subsequently be used 

by H. pylori. 

The cytotoxin associated gene A protein (CagA) is directly injected into cells that H. pylori has 

adhered to via a type 4 secretion system. Similar to VacA, the CagA protein interferes with a 

variety of cellular functions in the host, but instead of apoptosis leads to increased cell proliferation 

in host cells (280, 281), which could be one reason why the presence of CagA is closely related to 

gastric cancer development after H. pylori infection (282). Highly proliferating cells and especially 

cancer cells generally adopt a Warburg-type metabolism, where energy is generated mainly 

through glycolysis and lactate is excreted as the end-product (283). Lactate, produced by gastric 

epithelial cells, was already reported to be used by H. pylori under in vitro conditions (284) and 

the presence of the lactate-responsive chemoreceptor TlpC suggests lactate as a chemotactic signal 

for H. pylori (285). Additionally, both VacA and CagA interfere with the structural integrity of 

the gastric epithelium thereby potentially facilitating access to nutrients for H. pylori (279, 286). 

ɔ-Glutamyl-transpeptidase, another virulence factor secreted by H. pylori during infection, cata-

lyzes the conversion of glutamine into glutamate and ammonia as well as the production of gluta-

mate from glutathione (287). On the one side this deprives host cells of glutamine, an important 

metabolite especially for immune cells; on the other side glutamate can be utilized by H. pylori e. 

g. through incorporation in the TCA cycle (288). 
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H. pylori lives in close association with gastric epithelial cells and has a variety of adhesins (289) 

that anchor the pathogen to the epithelial host cell to avoid mucosal shedding (290). As the mucosa 

itself does not provide nutrients for bacterial replication (291), the host cells are the most likely 

source for nutrients during infection (292). Indeed, experiments, using co-cultivation of H. pylori 

together with gastric epithelial cell lines in vitro showed that metabolites secreted by the putative 

host cells allowed growth of H. pylori in an otherwise unfavourable medium. Namely, hypoxan-

thine, L-alanine, L-proline and lactate were identified as crucial for H. pylori replication under 

these conditions (284, 293). In this work, the central carbon metabolism of H. pylori is investigated 

using isotopologue profiling. To mimic the ecological niche of H. pylori during infection, a nutri-

ent rich, complex medium is chosen, as gastric epithelial cells potentially yield a diverse mixture 

of abundant nutrients.  
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1.8 Legionella pneumophila ï growth in amoeba resembles human infection 

L. pneumophila was first recognized during the annual convention of the American legion in 1976, 

were among 221 attendees 34 fatal cases of pneumonia were reported (294). Since then, L. pneu-

mophila is known as one of the major environmental causes of community acquired pneumonias 

(295), and although overall case numbers are low (0.3-56.4 per 1.000.000 inhabitants) they show 

a constant increase (296). Additionally, due to under-diagnosis and variations in awareness levels 

the actual extent of Legionellosis is difficult to estimate (297). Yet, L. pneumophila is only an 

accidental human pathogen and normally lives in fresh-water and soil environments within bio-

films or protozoa as its natural hosts (298). 

The pathogen has a biphasic life-style: after entry into a suitable host cell, bacteria start replicating 

in a Legionella containing vacuole (LCV) until nutrients, especially amino acids, become limited 

(299). Subsequently, virulent traits are expressed to initiate the transmissive phase, wherein L. 

pneumophila leaves the LCV and initial host cell to look for a new replication site (300). The 

expression of virulence factors due to nutrient shortage clearly establishes the connection between 

metabolism and virulence in L. pneumophila (301). The overall mechanisms for host colonization 

are thought to be highly similar in amoeba and macrophages (302, 303), proposing amoeba as a 

suitable surrogate system to study human infection. Additionally, the association of L. pneumoph-

ila with amoeba in fresh-water reservoirs affects eradication efficiency by standard treatment like 

heat or low-concentration chlorine-solution (304). Therefore, understanding the relation between 

L. pneumophila  and its amoebal host could help to boost eradication efficacy in fresh-water res-

ervoirs. 

During its intracellular life-phase, L. pneumophila secretes over 300 effector proteins into the host 

cell, which is the largest arsenal known so far by any pathogen (305). As described in section 1.4, 

these proteins contribute to virulence as well as the metabolic demands of the pathogen during 

infection. Many effector proteins interfere with the host metabolism to provide nutrients for L. 

pneumophila. LamA, an amylase leads to glycogen degradation in the host, potentially providing 

sugars for the pathogen (306). Among other proteins interfering with protein degradation in the 

host, the effector AnkB recruits polyubiquitinated proteins to the LCV surface, where they are 

subjected to proteasomal degradation and thereby providing amino acids for L. pneumophila (153, 

307).  Another strategy is the T4SS-dependent induction of mitochondrial fragmentation, leading 

to a Warburg-like metabolism in the host cell that favours bacterial replication (308). The metab-

olism of L. pneumophila and other factors of its interaction with host cells will be further discussed 

in section 2.3. 

The metabolism of L. pneumophila has already been under investigations using isotopologue pro-

filing . To understand biosynthetic capabilities, L. pneumophila was grown under standard culture 

conditions with [U-13C6]glucose, [1,2-13C2]glucose and [U-13C3]serine in the medium. Both glu-

cose and serine were efficiently metabolized by L. pneumophila. Using [1,2-13C2]glucose as a pre-

cursor, it was possible to differentiate between glycolysis and the ED pathway as the preferred 

sugar catabolism. Herein, glucose was almost exclusively metabolized via the ED pathway, even 

though both pathways are completely annotated in the genome. Additionally, analysis of polyhy-

droxybutyrate (PHB) revealed efficient transfer of carbon from glucose into this macromolecular 

storage compound that is formed from acetyl-CoA units (309).  



1.8 Legionella pneumophila ï growth in amoeba resembles human infection 

28 

 

Further experiments expanded the substrate palette used by L. pneumophila, as [U-13C3]glycerol 

was used in vitro as well as in vivo. Metabolisation of glycerol mainly proceeded through glycol-

ysis, supporting a bipartite metabolism already observed in other pathogens (55, 94). Experiments 

with a CsrA-mutant of L. pneumophila showed the role of this global regulator in mediating the 

switch from amino acid metabolism during exponential growth to glycerolipid metabolism, when 

amino acids became limited. Further, using [1,2,3,4-13C4]palmitate as a precursors, the role of li-

pids as carbon substrates was corroborated using isotopologue profiling (123). 

To get more insights into the metabolism of L. pneumophila with a special regard to its biphasic 

life-cycle, the growth-phase dependent metabolism was investigated during cultivation in broth. 

Using [U-13C6]glucose and [U-13C3]serine, which were added at the beginning of the early expo-

nential, post-exponential or stationary phase, respectively, a growth-phase dependent metaboliza-

tion of these compounds was indeed observed (310). While serine is predominantly used during 

early phases of exponential growth via the TCA cycle, glucose mainly serves for PHB synthesis 

during the later stages (310, 311). Building on these experiments, in this work the analysis of the 

growth-phase dependent metabolism is transferred into a scenario more closely related to infec-

tion, namely the intracellular growth of L. pneumophila in an amoebal host cell. 
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1.9 Objective  

This work aims to characterize the interrelation between environment and metabolism in bacteria 

to gain insights into metabolic phenotypes that are not directly accessible but highly important. As 

explained in section 1.5, incorporation of stable isotopes into metabolic intermediates provides the 

most direct imprint of cellular metabolism. For this purpose, metabolites are extracted from cellu-

lar material after bacterial cultivation in the presence of an isotopically enriched tracer molecule; 

subsequent enrichment-analysis of central metabolic intermediates provides insight into the pres-

ence and activity of metabolic pathways. This analysis is performed using gas-chromatography 

coupled to mass spectrometry (GC-MS) and focuses on protein-bound amino acid, which are de-

rived from intermediates of the central carbon metabolism, as well as cytosolic metabolites like 

fatty acids and dicarboxylates.  

As explained in section 1.3, one of the most important but inaccessible bacterial metabolic pheno-

types is the metabolism of the earliest cellular organism. Understanding the metabolism of this 

organism bridges the gap between abiotic reactions producing initial biomolecules and the emer-

gence of cellular life. Regarding the metabolism of this earliest cellular organism, H. maritima is 

used as a model that lives under potentially similar conditions. As introduced earlier autotrophic 

carbon fixation is the foundation of any cellular metabolism on the early earth. H. maritima po-

tentially operates the roTCA cycle for carbon fixation, which is among the possible candidates for 

the earliest carbon fixation pathway to have emerged. To understand the activity and driving force 

of this cycle, initial experiments with 13CO2 as a tracer allow to check for the activity of this path-

way in H. maritima. As explained earlier, metabolism is dictated by the environmental niche of 

the respective organism. To test the pathways relevance for the earliest cellular organism, activity 

of the roTCA cycle will also be analysed under elevated CO2-concentrations that were present on 

the early earth. Further, experiments with [1-13C1]glutamate allow in depth characterisation of the 

cycle by yielding isotopologue patterns that are specific for the roTCA cycle.  

To extend and thereby generalize the connection between environment and bacterial metabolism, 

two heterotrophic bacteria will  further be studied in this work; despite both being heterotrophs, 

these organisms still show great disparities in their life style. While L. pneumophila is found ubiq-

uitously in soil and fresh-water with replication occurring only inside host cells like amoeba, H. 

pylori solely colonizes the human stomach. To mimic these niches, different experimental setups 

are used. 

The metabolism of H. pylori is investigated during growth in nutrient-rich Brucella broth medium 

with 10% fetal calve serum. This complex medium provides a diverse mixture of possible sub-

strates thereby reflecting conditions during H. pylori colonization of the gastric epithelium, where 

the bacterium obtains a potentially equally complex mixture of nutrients from gastric epithelial 

cells (312-314). In terms of L. pneumophila labelling experiments will be performed during intra-

cellular growth in A. castellanii, a natural host of this bacterium. In contrast to earlier studies, this 

work will focus on the growth-phase dependent metabolism of L. pneumophila during replication 

inside the amoebal host. Despite the knowledge about the biphasic life cycle of this organism, the 

underlying metabolic changes during replication inside a host are poorly understood. 

 

Besides extending the relation between environment and metabolism to heterotrophic organisms 

living in different ecological niches, studying H. pylori and L. pneumophila additionally provides 
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new insights into treating bacterial infections, as both of these organisms are human pathogens. 

Due to rising antibiotic resistance, new treatment strategies are desperately needed. Herein, the 

central carbon metabolism offers a promising target but is often poorly characterised regarding the 

actual infection. Further the metabolic capabilities of human bacterial pathogen are highly diverse 

due to variety of niches they colonize. This requires individual characterisation of pathogens in 

terms of their metabolic capabilities. Therefore, this work also aims to contribute a deeper under-

standing to the actual metabolism of H. pylori and L. pneumophila during infection to open new 

avenues for potential treatment strategies. 
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2 Results 

2.1 High CO2 levels drive the TCA cycle towards autotrophy  

Steffens L.*, Pettinato E., Steiner T. M.*, Mall A., König S., Eisenreich W., Berg I. A. Nature 

592, 748-788 (2021), 10.1038/s41586-021-03456-9. 

*These authors contributed equally as first authors. 

Summary A study in 2018 identified the reversed oxidative TCA cycle (roTCA cycle) as a new 

pathway for CO2-fixation. Herein, the ATP-dependent citrate lyase, which was thought to be nec-

essary for a CO2-fixating TCA cycle, is replaced by a reversible citrate synthase, thereby saving 

one molecule of ATP per acetyl-CoA produced from CO2. This makes the roTCA cycle the most 

energy-efficient CO2-fixation pathway known today but its driving force and prevalence in nature 

were unclear.  

The cycle is difficult to identify through bioinformatics, as it lacks pathway-specific enzymes but 

it requires high expression levels of citrate synthase to work. Therefore, codon usage analysis 

allowed to search for other organisms that potentially operate the roTCA cycle. Analysis yielded 

H. maritima, which showed high citrate synthase expression but no genes related to other CO2-

fixation pathways. The bacterium was grown with 13CO2 at different concentrations (4 %, 10 %, 

20 %) to monitor 13C-incorporation into protein-bound amino acids. Comparative analysis of 

isotopologue distributions in alanine, aspartate and glutamate revealed a correlation between CO2-

partial pressure and activity of the roTCA cycle. Operation of the roTCA cycle at low CO2-con-

centrations could still be undoubtedly shown by supplementing [1-13C]glutamate to the growth 

medium. Subsequently, analysis of 13C-incorporation in different parts of the carbon skeleton of 

aspartate and glutamate showed low but significant 13C-excess in Asp(C2-4) and Glu(C2-5) as 

expected from an active roTCA cycle. 

Besides roTCA cycle activity, overall growth of the bacterium was also enhanced with increasing 

CO2-concentrations. This behaviour was corroborated for other organisms that operate the roTCA 

cycle. In depth analysis of amino acid fragments from the experiments with 13CO2 revealed the 

connection between CO2-partial pressure and roTCA cycle activity. The carboxylation of acetyl-

CoA to pyruvate was shown to be highly dependent on the CO2-concentration. Citrate cleavage by 

the citrate synthase requires a high CoA:acetyl-CoA ratio to operate under physiological condi-

tions. This imbalance puts an energetic burden on the pyruvate carboxylase reaction but can be 

compensated by increased CO2-concentrations. 

These observations suggest that the roTCA cycle might by highly prevalent among organism living 

under conditions with high CO2-levels. Additionally, early earthôs atmosphere contained high lev-

els of CO2 suggesting the roTCA cycle as the most probable ancient CO2-fixation pathway. 

Author contribution I was involved in the design of the labelling experiments with 13CO2 and [1-
13C]glutamate to track the activity of the roTCA cycle and performed the subsequent isotopologue 

analysis. Additionally, I carried out analysis of amino acid distribution in Hippea maritima pro-

teins as well as analysis of the growth medium to quantify amino acid consumption as well as 

potential fermentation products. I was involved in all steps of preparing the final manuscript. 
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