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Abstract 

Nadine Rücker; Acetate formation in Mycobacterium tuberculosis – A contribution to 
fermentative metabolism?  

 

Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB). During 

infection, Mtb survives inside granulomas subjected to lifethreatening conditions. 

Reflected by long lasting therapies, mechanisms of its survival strategy are poorly 

understood. Other bacteria successfully survive those stresses by metabolic adaptation 

from respiration towards fermentation.  

During mixed acid fermentation, the formation of acetate contributes to the production of 

energy, in from of adenosintriphosphate (ATP). The formation of acetate starts with the 

phosphorylation of acetyl-CoA to acetyl-phosphate by phosphotransacetylase (Pta). 

Acetyl-phosphate is used to phosphorylate adenosindiphosphate (ADP) to generate 

ATP and acetate by acetate kinase (AckA). In the genome of Mtb, genes for Pta and 

AckA are annotated, but the contribution to the survival of Mtb has to be elucidated.  

This thesis examined the role of PtaAckA pathway in Mtb. Acetate formation had not 

been reported before, neither for mycobacteria in general nor for Mtb in particular. 

Conditions for acetate formation in mycobacteria and in Mtb were established. The 

examination of different media in combination with the measurement of NADH/NAD+ 

suggested that acetate formation was induced in Mtb by high carbon flux and NADH 

accumulation. Gene expression during acetate formation was similar to oxygen 

limitation concerning the regulation of respiratory chain components and the increased 

needs for anapleorosis and gluconeogenesis. Acetate formation was accompanied by a 

ten fold lower succinate accumulation. With a genetic approach the PtaAckA pathway 

was proven to mediate acetate production. The role of PtaAckA for the in vitro and the 

in vivo survival of Mtb was analysed. Acetate formation via PtaAckA pathway was 

dispensable for murine infection. But it sustained survival and ATP levels when 

respiratory ATP-synthase was inhibited. 
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Kurzfassung:  

Nadine Rücker; Acetat Bildung in Mycobacterium tuberculosis - ein Betrag zum 
fermentativen Stoffwechsel?  

 

Mycobacterium tuberculosis (Mtb) ist der Erreger der Tuberkulose (TB), der am 

häufigsten zum Tode führenden bakteriellen Infektion. Während der Infektion überlebt 

Mtb innerhalb von Granulomen, die sich durch lebensfeindliche Bedingungen 

auszeichnen. Die zugrundeliegenden Überlebensmechanismen von Mtb sind schlecht 

verstanden, so dass ein Mangel an effizienten Antibiotikatherapien vorherrscht. In einer 

solchen Situation sichern andere Bakterien ihr Überleben, indem sie ihren Stoffwechsel 

von Atmung auf Fermentation umstellen.  

Während der gemischten Säuregärung trägt die Bildung von Acetat zur 

Energiegewinnung in Form von Adenosintriphosphat (ATP) bei. Die Bildung von Acetat 

beginnt mit der Phosphorylierung von Acetyl-CoA zu Acetylphosphat durch die 

Phosphotransacetylase (Pta). Das Acetylphosphate wird durch die Acetat-Kinase 

(AckA) zur Phosphorylierung von Adenosindiphosphat (ADP) verwendet, so dass Acetat 

und ATP gebildet werden. Gene für die Acetatbildung sind im Genom von Mtb annotiert, 

aber ihr Beitrag zum Überleben muss noch untersucht werden. Noch nie zuvor wurde 

Acetatbildung in Mykobakterien oder für Mtb dokumentiert. 

Die vorliegende Arbeit beschäftigt sich mit der Rolle des PtaAckA Stoffwechselweges in 

Mycobacterium tuberculosis. Bedingungen, die zur Acetatbildung bei Mykobakterien 

und bei Mtb führen, wurden etabliert. Die Untersuchungen von verschiedenen Medien in 

Kombination mit Messungen des NADH/NAD+ Verhältnisses ergaben, dass erhöhte 

Kohlenstoffflüsse und ein Anstieg der NADH Konzentration die Acetatbildung 

induzieren. Die einhergehenden Genexpressionsveränderungen ähnelten Änderungen, 

die während der Adaptation an Sauerstoffmangel dokumentiert wurden, insbesondere 

hinsichtlich des Gebrauchs von Atmungskettenkomponenten und des erhöhten Bedarfs 

für Anaplerose und Glukoneogenese. Die Acetatbildung wurde von einer zehnfach 

geringeren Succinatbildung begleitet. Mit Hilfe genetisch veränderter Bakterien, konnte 

nachgewiesen werden, dass Pta und AckA die Acetatbildung vermitteln. Weiter wurde 

die Rolle von Pta und Acka für das in vitro und in vivo Überleben von Mtb untersucht. 

Es stellte sich heraus, dass der Stoffwechselweg für die Etablierung einer murinen 

Infektion nicht essential ist, dass Pta und AckA allerdings die Aufrechterhaltung des 
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Überlebens und des ATP-Spiegels ermöglichen, wenn die respiratorische ATP-

Synthese inhibiert wurde. 
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1 Introduction 
Mycobacterium tuberculosis (Mtb) is the causative agent of tuberculosis (TB) and the 

leading cause of death by bacterial infections worldwide. Mtb enters the lungs of 

humans via aerosols and mainly infects macrophages. The immune system 

encapsulates the bacteria, building granuloms to prevent a further spread of the 

infection. Inside those granulomas, Mtb is subjected to reactive oxygen and nitrogen 

species that damage DNA, RNA and proteins, a low pH and oxygen limitation. But 

despite these stresses inside those granulomas, Mtb is able to survive for decades or 

even for the life time of the host. The meachnisms of Mtb used to endure are poorly 

understood. Other bacteria would adapt their metabolism to such a hostile environment, 

for example by shifting their energy metabolism from respiration towards fermentation. 

Research of Mtb`s metabolism contributes to improve the understanding of survival 

strategies and might reveal the Achilles`s heel of Mtb. 

1.1 Mycobacteria 

1.1.1 Classifications and Characteristics 

The family of Mycobacteriaceae belongs to the suborder of Corynebacterineae in the 

order of Actinomycetales in the phylum of Actinobacteria. The genus of Mycobacteria is 

the only genus inside the family of Mycobacteriaceae (Lehmann, 1896).  

Mycobacteria can be further subdivided by their growth rates into mycobacteria with a 

fast, an intermediate and a slow growth rate (Metchock, 2013).  

The group of the rapidly growing mycobacteria contains among other the 

Mycobacterium (M.) chelonae clade, with members like M. abcessus, chelonae and 

bolettii, the M. fortuitum clade and commonly used model organism like M. smegmatis. 

The members of the rapidly growing subgroup double every 1 - 4 h. The group of 

intermediary growth rates includes M. intermedium (Meier et al., 1993). The group of 

slow growing Mycobacteria includes the M. tuberculosis complex, the M. avium complex 

and further clades like M. gordonae and M. kansasii clade. Their doubling time is 20h. 

Mycobacteria have also been classified by their pathogenicity by Böttger, who 

differentiated between three classes (Böttger, 1991): Non-pathogenic, saprophytic 

mycobacteria, which can be found ubiquitously in the environment and do not cause 

any disease. Facultative pathogenic mycobacteria, like M. abcessus, M. avium and M. 

paratuberculosis, which survive in the environment causing illnesses only in 
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immunocompromised humans (Hof, 2002), but are important infectious agents for 

animals, like birds and cattle (Selbitz, 2002). Obligate pathogenic bacteria, relying on a 

host for replication. This group includes M. tuberculosis, causing TB and M. leprea, the 

causative agent of lebrosis. Other members are for example M. bovis, which mainly 

colonizes cattle but can also be transmitted to humans, and M. africanum, which is the 

main cause for TB in Africa (Selbitz, 2002). 

Mycobacteria have been further classified according to their pigmentation by Runyon 

and Timpe (Runyon, 1959) and their 16s rRNA sequence (Rogall et al., 1990). 

1.2 Tuberculosis 

Tuberculosis (TB) formerly described as “white plague”, “consumption” or phthisis 

(Greek for wastage) had been described by Hippocrates (430 BC – 370 BC) as a 

pulmonary disease characterized by weight loss, fever and coughing of blood, almost 

always ending fatal. He classified TB as the most widespread disease (Hippocrates, 

400). Analysis of a bison from 17.000 years ago showing sights of tuberculosis infection 

revealed DNA of Mtb, the causative agent of TB (Rothschild et al., 2001). And proof of 

Mtb infection had been found in Egyptian mummies from 2050 BC (Zink et al., 2003). It 

seems as if infection with Mtb accompanied human beginnings since the early 

beginnings. And things have not so much changed over time, as still today the World 

Health organization (WHO) classifies TB as the main cause of death due to bacterial 

infection (WHO 2012, 2012). Tuberculosis mainly attacks the lungs and is caused by 

different Mycobacteria from the Mtb-complex (M. africanum, M. bovis, M. bovis BCG, M. 

microti, M. canettii, M. pinnipedii and M. mungi), but usually by Mtb (Madigan et al., 

2006). 

1.2.1 Mycobacterium tuberculosis 

Mycobacterium tuberculosis (Mtb) is the main cause of TB, today. The identification of 

the causative agent of TB was done by Robert Koch in 1882. He isolated the bacteria 

from tuberculosis patients, infected guinea pigs, which started to suffer from 

tuberculosis-like disease and then he re-isolated Mtb. In 1905, his work was rewarded 

with the Nobel prize in physiology and medicine (Koch, 1905). 

Mtb are rod-shaped bacteria with a diameter of 0.4 µm and a length of 3-4 µm, they are 

non-motile and described to be obligate aerobic (Madigan et al., 2006). Their growth 

rate is slow; they double nearly every 20 h. The GC-content of their genome is 

61 - 71 mol% (Levy-Frebault and Portaels, 1992). They are not classified in either 

Gram-positive or Gram-negative bacteria, as their cell wall is lipid rich, so this staining is 
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ineffective. Mtb is described as acid-fast. Staining of Mtb is usually performed with 

Ziehl-Neelsen or auramin staining (Hahn, 2001). The lipid rich cell envelop with its 

species specific mycolic acids contributes to the low susceptibility towards mild 

disinfectants, the ability to survive dryness over weeks and the success during infection 

(Murray et al., 2005). 

1.2.2 Pathogenesis 

More than 90 percent of Mtb-infected individuals do not develop an active disease, the 

infection remains in a non-contagious latent state. Only a small group of patients, who 

develops active disease, sheds aerosols containing viable Mtb while coughing and 

sneezing (Russell et al., 2010). Aerosols can reach the lungs and only one bacterium is 

mathematically proven to be enough to cause TB (Nicas et al., 2005). Inhaled bacteria 

are engulfed by lung macrophages, but those macrophages fail to kill Mtb, as the 

bacteria inhibit the fusion of phagosome and lysosome (Ferrer et al., 2010; Welin et al., 

2011). During this initial phase of infection, Mtb starts to replicate inside macrophages 

(Armstrong and Hart, 1971; Ehlers, 2003; Welin et al., 2011). Macrophages start to 

produce pro-inflammatory-antigens and chemoattractants, like TNF-α, IL-6 and IL-8, 

and thereby recruit immune cells like monocyte derived macrophages, neutrophils, 

natural killer-cells and γδ-T-cells (Eum et al., 2010; Feng et al., 2006; Lockhart et al., 

2006) to the site of infection. Those cells fail to stop the infection, as they promote 

further potential host cells for Mtb replication, and thus more over contribute to the 

bacterial dissemination (Davis and Ramakrishnan, 2009). So far, the infection is 

characterized by a lose formation of cells. Attracted dendritic cells take up antigens and 

travel to the regional lymph node, while presenting antigen, mainly in major 

histocompatibility complex class II. Those cells activate T-cells and initiate the adaptive 

immune response (Anis et al., 2008; Mogues et al., 2001; Yahagi et al., 2010). Activated 

T-cells move to the site of infection and further stimulate macrophage killing. Together 

with invading fibroblast, the infection is encapsulated and the further progression is 

stopped with the formation of granulomas (Ehlers, 2003).  

Mtb infection can rest at this state for the live time of the host without active TB. But 

changes in the immunocompetence of the host or a reinfection with Mtb can result in the 

reactivation of this latent infection. The probability for active tuberculosis is 5-10%. Co-

infection with the human immunodeficiency virus (HIV) increases the probability up to 

30% (WHO 2012, 2012). Typical symptoms of active tuberculosis infection are diverse 

and unspecific: Fever, loss of appetite, weight loss and night sweats. 
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1.2.3 Treatment and Vaccination 

World Health Organization (WHO) guidelines emphasize that the main goals of TB 

treatment are not only the cure of the patients, but also the prevention of relapse, 

reduction of the transmission rate and the prevention of the development of drug 

resistances (WHO 2010, 2010). Recommended therapy bases on the application of 

isoniazid, rifampicin, ethambutol and pyrazinamid for the first two months, followed by 

treatment with isonazid and rifampicin for the next four months. 

Currently, the only available vaccine is an attenuated M. bovis strain, called bacille 

Calmette-Guérin (BCG). It had been attenuated through 13 years of passage of a 

M. bovis strain by Albert Calmette and Camille Guérin. At this time, children growing up 

in Mtb-positive families had a mortality risk of 25%. With the introduction of BCG-

vaccination, the mortality decreased to 1% (Calmette, 1927; Mogues et al., 2001; 

Yahagi et al., 2010). Later, research revealed the limited efficacy of BCG-vaccination: 

although, it protects against TB meningitis and disseminated miliary tuberculosis, both 

extra pulmonary and pulmonary diseases in children, but it showed less protection 

against the pulmonary disease in adults (Colditz et al., 1994; Colditz et al., 1995; Fine, 

1995). Current research in vaccination persues three different strategies: first, the 

optimization of BCG; second, the attenuation of Mtb; and third, the application of 

adjuvants, which increases the immune reaction against the vaccine and thereby 

optimize immune reaction against potential Mtb-infection (Romano and Huygen, 2012). 

1.2.4 Epidemiology 

In 2011, the WHO reported 8.7 million new TB cases, 13% percent were co-infections 

with HIV. 1.4 million deaths were registered, including 430.000 deaths of HIV-co-

infected humans. Estimating that only a small percentage of Mtb-infected individuals 

develops active disease and is registered, the reservoir of Mtb is supposed to be 

2 billion latently infected people, corresponding to one third of the world population (Dye 

et al., 1999). TB incidences are high in countries with low incomes and low 

developmental standards. When compliance of TB-treated patients is reduced or 

therapy is not properly conducted, resistances may occur. Multi-drug-resistant- (MDR-) 

TB is classified as the infection with Mtb which is resistant to the first-line drugs 

isoniazid and rifampicin. 60.000 new MDR-TB cases were reported in 2011, in MDR-TB 

high burden countries. This corresponds to nearly every fifth case. In 2010, the highest 

rate of MDR-TB ever occurred (Lehmann, 1896; WHO 2011, 2011). The MDR-TB wave 

has not reached India and China, reporting the largest number of TB cases, yet. An 
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increase of MDR-TB in these countries is expected for the next years (WHO 2012, 

2012). Extensively drug-resistant strains are classified as resistant to rifampicin, 

isoniazid, any member from the quinolone group and one second-line drug like 

kanamycin, capreomycin, or amikacin (WHO 2010, 2010). Even totally drug resistant 

strains have been reported (Velayati et al., 2009). 

1.3 Fermentative Metabolism 

Bacteria colonize nearly every place in the world, ranging from different hosts to soil to 

deep sea. Regarding the geological history of earth, life in the presence of oxygen is a 

quite recent phenomenon. Thus, it is not surprising that there are lots of metabolic 

pathways allowing live in the absence of oxygen. Pasteur first described live without 

oxygen as fermentation (Pasteur, 1879). Today the concept of fermentation is defined 

more stricter differentiating between two different conceptions: first, the possibility to live 

in the absence of oxygen using inorganic compounds as final electron acceptors, 

termed anaerobic respiration; second, the live without oxygen and nitratre, without the 

use photosynthesis and respiratory chain reactions, termed fermentation. During 

fermentation the primary electron donor is an organic compound and the final electron 

acceptor is another organic compound with lower energy content. The production of 

ATP is mainly mediated via substrate level phosphorylation (Gottschalk, 1986).  

1.3.1 Acetate formation 

Acetate formation in bacteria is mediated by the reaction of phosphotransacetylase 

(Pta) and acetate kinase (AckA). Pta phosphorylates acetyl-CoA with inorganic 

phosphate to acetyl-phosphate and free CoA. AckA phosphorylated adenosin-

diphosphate (ADP) with acetyl-phosphate to adenosine triphosphate (ATP) and acetate. 

Acetate production occurs in bacteria in two different modes: Homoacetogenesis and 

acetate production during mixed acid fermentation. 

1.3.1.1 Homoacetogenesis 

Homoacetogenesis has been found in strictly anaerobic bacteria of the following 

genera: Acetobacterium, Clostridium, Moorella and Sporomusa (Kim and Gadd, 2008). 

These bacteria, classified as homoacetogens, possess a carbon monoxide 

dehydrogenase. Acetogenesis is performed by CO2, CO and H2 fixation 

(chemolithotrophy) or sugar and methanol metabolism. One molecule of glucose leads 

to three molecules of acetate. This process involves the oxidation of glucose to pyruvate 

during glycolysis. Pyruvate is further decarboxylated into acetyl-CoA by pyruvate 
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oxidoreductase (PoxB). Acetyl-CoA is transformed to acetate and ATP by Pta and 

AckA. During the reductive acetyl-CoA pathway or Wood-Ljungdahl-pathway, a third 

molecule of acetate is produced with the use of two molecules carbon dioxide from 

PoxB reaction, reduced ferredoxin and NADH from glycolysis (Figure 1). Carbon dioxide 

is reduced to carbon monoxide catalyzed by carbon monoxide dehydrogenase. Carbon 

monoxide is fused to a methyl group catalyzed by acetyl-CoA synthase (Diekert and 

Wohlfarth, 1994; Wood, 1991). The genome of Mtb encodes genes with homology to 

carbon monoxide dehydrogenase, Rv0373c-Rv0375c (Cole et al., 1998; Park et al., 

2003; Park et al., 2007; Cole et al., 1998) and carbon monoxide and hydrogen fixation 

have been demonstrated in mycobacteria ((King, 2003), carefully reviewed in (Zacharia 

and Shiloh, 2012)). 
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Figure 1: Scheme of metabolic pathways leading to homoacetogenesis. 
Heterotrophic growth on sugars or lipids and autotrophic growth on gases (CO or CO2 + H2) connected to 
acetate production is depicted. Glycolysis, pentose phosphate pathway, ß-oxidation for heterotrophic 
growth and the Wood–Ljungdahl pathway for autotrophic growth are underlaid in gray. The white boxes 
represent substrates and the dark gray boxes with white letters represent products. Single reactions do 
not represent stoichiometric fermentation balances. Ack, acetate kinase; ACS, acetyl-CoA synthase; Co-
FeS-P, corrinoid iron-sulfur protein; Fd, ferredoxin; GAP, glyceraldehyde-3-phosphate; PFOR, 
pyruvate:ferredoxin-oxidoreductase; Pta, phosphotransacetylase; PTS, PEP-dependent 
phosphotransferase system; THF, tetrahydrofolate. Adapted from (Kopke et al., 2010). 

1.3.1.2 Mixed acid fermentation 

Acetate production via PtaAckA pathway also occurs during mixed acid fermentation. 

Mixed acid fermentation includes several different reaction pathways (see Figure 2) 

and is performed by bacteria from the following genera: Escherichia, Salmonella, 

Shigella, Bacillus and Pseudomonas. And even other bacterial genera use parts from 

the various reactions involved (Kim and Gadd, 2008). 
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Glucose, processed through glycolysis, provides phosphoenolpyruvate (PEP), ATP 

and NADH. PEP is dephosphorylated into pyruvate by pyruvate kinase. Pyruvate is a 

central molecule of fermentative metabolism. Alternatively, PEP is transformed into 

oxaloacetate via phosphoenolpyruvate carboxylase. Oxaloacetate is reduced to 

succinate via the reductive branch of tricarboxylic acid (TCA) cycle reaction. Thereby 

finally, fumarate reductase provides reoxidization of NADH into NAD+. Lactate 

dehydrogenase reduces pyruvate into lactate and oxidizes NADH to NAD+. Pyruvate 

can also be transformed into acetolactate by acetolactate synthase. Acetolactate is 

further transformed into acetoin by acetolactate decarboxylase. Acetoin can be 

secreted or is further process into 2, 3-butanediol by acetoin reductase which also 

regenerats NAD+. Alternatively, pyruvate can be transformed into acetyl-CoA and 

formate by pyruvate formate lyase (Pfl). Another possibility for pyruvate processing is 

the production of acetyl-CoA vie pyruvate dehydrogenase. Furthermore, pyruvate can 

be oxidized into acetate via pyruvate oxidoreductase (PoxB). Acetyl-CoA is also a 

central metabolite in fermentative metabolism. Acetyl-CoA can be transformed into 

ethanol via acetaldehyde, through acetaldehyde and alcohol dehydrogenase reaction. 

Both steps generate NAD+. Additionally, acetyl-CoA can be used to gain ATP, via 

phosphotransacetylase and acetate kinase reaction, as described previously in this 

chapter. 
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Figure 2: Mixed acid fermentation scheme. 
Common reactions used during mixed acid fermentation. Enzymes involved 1: pyruvate kinase; 2: 
pyruvate dehydrogenase; 3: lactate dehydrogenase; 4: pyruvate oxidase; 5: phosphotransacetylase and 
acetate kinase; 6: pyruvate formate lyase; 7: phosphoenolpyruvate carboxylase; 8: malate 
dehydrogenase, fumarase, fumarate reductase / succinate dehydrogenase complex; 9: 2-acetolactate 
synthase; 10: 2-acetolactate decarboxylase; 11: 2, 3 butanediol dehydrogenase; 12: acetaldehyde 
dehydrogenase; 13: ethanol dehydrogenase. Boxes indicate secreted metabolites. Adapted from (Kim 
and Gadd, 2008). 

 

Acetate fermentation occurs during mixed acid fermentation both at normal and 

decreased oxygen concentration. At aerobic conditions, acetate production has been 

associated with overflow metabolism. Overflow metabolism meaning the switch from 

respiratory high energy yield pathways, like glycolysis with TCA cycle and respiratory 

chain reaction to low-yield pathway, meaning fermentation, when ATP is mainly 

produced via substrate level phosphorylation. During high yield metabolism, oxidation of 

one molecule of glucose leads to more than thirty molecules of glucose; whereas, at low 

yield metabolism the oxidation of glucose only generates two to three molecules of ATP 

(van Hoek and Merks, 2012). Overflow metabolism is associated with an excess of 

assimilable substrates. High flux through TCA cycle reaction (Majewski and Domach, 

1990) leads to NADH accumulation (Vemuri et al., 2006). In prokaryotes and yeasts, 

overflow metabolism is also named “Crabtree effect”. But it also occurs in multi-cellular 

organism and eukaryotic cells, for example in muscle or cancer cells, than it is termed 

“Warburg effect”. 
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During oxygen limitation the above mentioned situation, especially the accumulation of 

NADH, worsens and mixed acid fermentation occurs during the saturation of respiratory 

chain reactions (Andersen and von Meyenburg, 1980; Han et al., 1992), the saturation 

of energy production (Andersen and von Meyenburg, 1980) and when free CoA is 

lacking (El-Mansi, 2004).  

The use of PtaAckA pathway and some special variations concerning the fermentative 

metabolism will be presented for the two main representatives of Gram-negative and 

Gram-positive bacteria classes: Escherichia (E.) coli and Pseudomonas (P.) aeruginosa 

for the Gram-negative bacteria; Bacillus (B.) subtilis and Corynebacterium (C.) 

glutamicum for the group of the Gram-positive bacteria. 

1.3.1.2.1 Escherichia coli 

The production of acetate, especially by E. coli, as it is probably the most important 

microorganism in industrial processes, has been studied in detail. E. coli starts to 

produce acetate at anaerobic conditions and when the assimilated amount of carbon 

source exceeds the bacterial needs for growth. 

Progression from pyruvate to acetyl-CoA at aerobic conditions is mediated by pyruvate 

dehydrogenase (Pdh); whereas, at anaerobic conditions E. coli preferably uses Pfl (Xu 

et al., 1999). 

Acetate production happens not only at high glucose consumption rates (Vemuri et al., 

2006) or low oxygen concentrations (Phue and Shiloach, 2005) but also when E. coli is 

fed with pyruvate. Pyruvate is even mentioned to sustain “the largest flux to acetate” (el-

Mansi and Holms, 1989). When the bacteria lacked PtaAckA pathway, metabolism was 

balanced by shifting the carbon excretion towards lactate (Yang et al., 1999). E. coli 

possesses a further possibility to produce acetate. Pyruvate oxidoreductase (PoxB) 

oxidizes pyruvate directly to acetate. PoxB is repressed during logarithmic growth and 

induced when entering the stationary phase. Expression analyses showed that pta and 

ackA genes are transcribed during aerobic acetogenesis; whereas, at oxygen limitation, 

additionally poxB expression is induced (Phue and Shiloach, 2005). Deletions in 

PtaAckA pathway did not influence poxB expression (Chang and Cronan, Jr., 1983; 

Chang et al., 1994). Interestingly, a triple mutant (ackA, pta, poxB knock out) of E. coli 

K12 still secreted small amounts of acetate, indicating the existence of a further acetate 

producing pathways (Phue et al., 2010). 

Further analyses revealed that during acetate overflow metabolism, acetate 

consumption by acetyl-Co synthethase (Acs) was repressed (Valgepea et al., 2010). 
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Pyruvate and variations in redox state induced the arcAB regulatory machinery 

(Georgellis et al., 2001). Acs is also annotated in Mtb. But arcA homologues have not 

been found in the Mtb genome (Cole et al., 1998).  

1.3.1.2.2 Pseudomonas aeruginosa 

P. aeruginosa has been described to grow preferentially at aerobic conditions, but 

during infection it even survives in deep oxygen restricted layers of biofilms (Stoodley et 

al., 2002; Xu et al., 1998). 

At oxygen limitation, P. aeruginosa performs anaerobic respiration via nitrate and nitrite 

(Davies et al., 1989) and in the absence of nitrate and oxygen; arginine deimminase 

pathway supports growth (Vander et al., 1984). 

Analyses of fermentative process in P. aeruginosa revealed that pyruvate in contrast to 

glucose and gluconate facilitates anaerobic survival. Eschbach and colleagues further 

analyzed fermentation products in the presence of pyruvate at anaerobic conditions and 

found mixed acid fermentation including the production of acetate, lactate and 

succinate. Mixed acid fermentation facilitates survival of P. aeruginosa at anaerobic 

conditions (Eschbach et al., 2004). P. aeruginosa lacks pyruvate formate lyase (pfl) 

gene. 

1.3.1.2.3 Bacillus subtilis 

In B. subtilis acetate production also occurs at aerobic and oxygen limiting conditions. 

At high glucose availability, B. subtilis shifts its respiratory metabolism, oxidizing 

glucose into water and CO2, towards the less efficient overflow-metabolism (Dauner et 

al., 2001). Since recently, B. subtilis was believed to be an obligate aerobic bacterium. 

The same applies to Mtb. But B. subtilis performs anaerobic nitrate ammonification in 

the presence of the alternative electron acceptor nitrate (Hoffmann et al., 1995; 

Hoffmann et al., 1998; Nakano and Zuber, 1998). Even in the absence of terminal 

electron acceptors, B. subtilis is able to grow by fermentation (Nakano et al., 1997). 

Nakano and colleagues identified lactate, acetoin (aerobic), 2,3-butanediol (anaerobic), 

acetate, ethanol and succinate as fermentation products, summarizing this process as 

mixed acid fermentation (Nakano et al., 1997; Nakano and Zuber, 1998). Compared to 

E. coli, which additionally produces formate; formate has not been detected during B. 

subtilis fermentation, probably because B. subtilis lacks pyruvate formate lyase (pfl) 

gene. At anaerobic conditions, lactate dehydrogenase is essential for the growth of 

B. subtilis, likely because of its contribution to NADH oxidation. The lack of PtaAckA 

pathway reduced fermentative capacity and respiratory growth, probably because of its 



Introduction 

 

21 

contribution to ATP production. Nitrate reduced lactate and acetoin production, 

emphasizing the role for the redox potential maintenance as alternate electron acceptor. 

PtaAckA regulation was neither oxygen nor nitrate-dependent.  

In B. subtilis, pta and ackA are not encoded in one operon, indicating a differential 

regulation. Expression of pta peaked during mid-log phase and negatively regulates 

itself (Presecan-Siedel et al., 1999). But pta expression was independent of oxygen, 

nitrate and nitrite exposure in B. subtilis (Cruz et al., 2000). For B. subtilis, PtaAckA 

pathway does not only play a crucial role for growth at anaerobiosis (Cruz et al., 2000), 

ackA is even important for growth on glucose (Grundy et al., 1993a).  

1.3.1.2.4 Corynebacterium glutamicum 

C. glutamicum survives anaerobiosis by using nitrate respiration but further performs 

mixed acid fermentation with lactate, succinate and acetate as main products (Inui et 

al., 2004; Koch-Koerfges et al., 2013). 

C. glutamicum also possess Pta and AckA, which are constitutively expressed. 

Furthermore, C. glutamicum can oxidize pyruvate directly into acetate via PoxB. But 

contribution of PoxB to acetate production seems to be limited (Sauer and Eikmanns, 

2005). Addition of pyruvate or bicarbonate (Inui et al., 2004) and deletion of respiratory 

chain components increase production of fermentation products by 2-3 fold (Koch-

Koerfges et al., 2013). 

1.4 Metabolism of Mtb 

1.4.1 Home sweet home – Living in a granulom 

During the initiation of infection, the interplay of tissue damage caused by Mtb and the 

immune reaction start to form solid granulomas. This is the first out of three granuloma 

states. Next, these granulomas develop into necrotic granulomas. This is the state of 

Mtb latency. Further, progression with ceasation occurs. The center of granulomas 

liquefies and granulomas structure becomes instable. The liquefied center provides lots 

of nutrients, oxygen concentration increases and Mtb gains access to blood stream. 

This is when active tuberculosis starts (summarized in (Gengenbacher and Kaufmann, 

2012)). 

One patient probably simultaneously harbors different granulomas at different states. 

And for the bacteria even the conditions inside one distinct granuloma can differ, 

substantially. The bacteria survive inside mononuclear phagocytes and other immune 

cells like dendritic cells and fibroblast, and they further survive extracellularly in the 
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caesous center. Therefore, there might be even different subpopulations inside one 

granuloma, suffering different stresses, going into latency or starting proliferation. This 

heterogeneity surely contributes to the poor yield of drug treatment (Gengenbacher and 

Kaufmann, 2012).  

The most tenacious bacteria are those in the necrotic granulomas. The harsh conditions 

force them into latency, which makes them hard to cure. During the last years, 

conditions have been intensively studied: Regarding the nutrient content in the 

mycobacterial vacuole, it is hypothesized that the availability of magnesium (Buchmeier 

et al., 2000), iron (Weinberg, 1999), phosphate (Peirs et al., 2005), purine (Jackson et 

al., 1999), cofactors (Sambandamurthy et al., 2002) and amino acids (Parish, 2003) is 

low (reviewed by (Munoz-Elias and McKinney, 2006)). 

Granulomas contain reactive nitrogen and oxygen species, the oxygen content is low 

and nutrients are limited (Schnappinger et al., 2003). The bacteria are additionally 

confronted with low pH (Zhang and Mitchison, 2003) and have to manage heavy metal 

intoxication with zinc ions (Botella et al., 2011; Tailleux et al., 2008) and cationic 

antimicrobial peptides attacking their surface (Maloney et al., 2009). 

The bacteria respond to these stresses in multiple ways, they up regulate pH-

responsive genes (Vandal et al., 2008) and zinc efflux pumps (Botella et al., 2011). 

According to oxidative and nitrosative stress, the bacterial defense bases on 

detoxification (Ehrt and Schnappinger, 2009) and repair (Darwin, 2009). 

1.4.2 Catabolism in Mtb - central carbon metabolism and respiratory 
chain 

After sequencing the whole Mtb genome, annotation and predictions of the encoded 

genes revealed that Mtb harbors genes encoding glycolysis, pentose phosphate 

pathway (PPP), genes for ß-oxidation, TCA-cycle, gluconeogenesis, methylcitrate cycle, 

methylmalonyl-CoA pathway and respiratory chain (Cole et al., 1998). Genes annotated 

for central carbon metabolism (CCM) pathways are depicted in Figure 3. 
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Figure 3: Central carbon metabolism in Mtb. 
Central carbon metabolism pathways constructed from genetic annotations. GABA: gamma-
aminobutyrate. From (Rhee et al., 2011).  
 

1.4.2.1 Glycolysis, pentose phosphate pathway and ß-oxidation 

Mycobacteria possess a complex cell envelop consisting of an inner lipid bilayer, a 

periplasmic space and an outer membrane including the characteristic mycol acids. 

Nutrients have to pass these barriers to be available for carbon metabolism. In Mtb, the 

variety of transporters is limited: One major facilitator superfamily and four ATP-binding 

cassette (ABC) type transporters are annotated in the genome of Mtb (Titgemeyer et al., 

2007). The low number of transporters compared to other mycobacteria surely reflects 

adaptation to Mtb`s small niche. Specificities and biochemical characteristics of 

transporters of Mtb are poorly understood (Niederweis, 2008; Niederweis et al., 2010). 

But despite the complex cell envelop, consumption of multiple soluble carbon sources, 

like carbohydrates, alcohols, fatty acids and amino acids for Mtb, was described 

(Edson, 1951). In vitro cultivation medium is recommended to contain glycerol and 

glucose (Youmans and Youmans, 1953). 

Glucose and other hexoses are metabolized during glycolysis, which provides central 

metabolic intermediates, like PEP, pyruvate and acetyl-CoA. PPP contributes to redox 

homeostasis (production of NADPH) and generation of riboses (C5-carbon 
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intermediates), which are needed for nucleotide and cellwall sugar synthesis. During 

stationary phase of infection, glycolytic genes are down regulated, with the exception of 

phosphofructokinase (pfkB). pfkB is a member of DosR regulon, which was up 

regulated until day 100 post infection in mice (Shi et al., 2010; Voskuil et al., 2003). 

Additionally, a putative disaccharide transporter was shown to be essential for survival 

during the first week of infection (Sassetti and Rubin, 2003). Recently, glucokinase 

reaction revealed to be essential during persistent phase of murine infection (Marrero et 

al., 2013).  

ß-oxidation is the main route for the oxidation of fatty acids. Even-chain fatty acids are 

degraded into acetyl-CoA; whereas, odd-chain fatty acids are degraded into propionyl-

CoA and acetyl-CoA. Acetyl-CoA is further processed in TCA cycle. Propionyl-CoA is 

processed via methylcitrate cycle. Genes for triacyglycerol and cholesterol degradation 

are doubled in the genome of Mtb and up regulated during infection (Bloch and Segal, 

1956; Cole et al., 1998; McKinney et al., 2000; Shi et al., 2010). Mtb uses host derived 

cholesterol (Pandey and Sassetti, 2008) and stores triacyglycerol of the host in its 

cytoplasm (Daniel et al., 2011). 

E. coli uses carbon sources in a specific order regulated by carbon catabolite 

repression. Thus, the consumption of alternate carbon substrates in the presence of a 

more preferred carbon source is inhibited (Gorke and Stulke, 2008). De Carvalho and 

colleagues revealed that Mtb assimilates several carbon sources simultaneously and 

directs them into different fates. Since Mtb`s growths is not diauxic, it is hypothesized 

that all efforts are taken to ideally promote growth (de Carvalho et al., 2010). Lack of 

carbon catabolite repression was also found in other pathogenic bacteria, like 

Chlamydia trachomatis and Mycoplasma pneumoniae (Halbedel et al., 2007; Nicholson 

et al., 2004). 

1.4.2.2  Tricarboxylic citric acid cycle  

TCA cycle reactions oxidize acetyl-CoA into carbon dioxide and water; and thereby 

provide precursors for several anabolic reactions and reduction equivalents, like NADH, 

which is used for respiratory energy production. In prokaryotes, TCA cycle reaction can 

be used simultaneously in the oxidative and the reductive mode for biosynthetic 

purposes (Munoz-Elias and McKinney, 2006). Metabolic flux analyses revealed that 

during oxygen limitation and in the presence of carbon excess E. coli and C. 

glutamicum reduce TCA cycle fluxes to a minimum. In contrast, during growth on fatty 
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acids, which make gluconeogenesis necessary, TCA cycle reaction genes are up 

regulated (Holms, 1996; Peng and Shimizu, 2003).  

In Mtb, isotopic profiling revealed the discontinuous use of TCA cycle between α-

ketoglutarate and succinate (de Carvalho et al., 2010), also referred to as bifurcated 

TCA cycle. During stationary phase of Mtb infection, TCA cycle genes are down 

regulated (Shi et al., 2010). Interestingly, use of bifurcated TCA cycle has been 

identified in another highly adapted human intracellular pathogen - Plasmodium 

falciparum (Olszewski et al., 2010).  

1.4.2.3 Glyxoxylate shunt and methylcitrate cycle 

During growth on fatty acids or C2-carbon sources like acetate, TCA cycle 

decarboxylation has to be bypassed by glyoxylate cycle. Glyoxylate cycle reactions are 

mediated by isocitrate lyase (Icl) and malate synthase (GlcB), which catalyze the 

reaction from isocitrate into succinate and glyoxylate. Glyoxylate is further fused with 

acetyl-CoA to malate. During consumption of odd-chain fatty acids, methylcitrate cycle 

transforms the conversion from propionyl-CoA into pyruvate, involving several enzymes 

among other methylcitrate lyase. 

In Mtb, isocitrate lyase and methyl-citrate lyase, are encoded by the same gene: icl  

(Rv0467) (Gould et al., 2006). Isocitrate lyase is up regulated and essential during 

infection (McKinney et al., 2000; Shi et al., 2010). But glcB was down regulated (Shi et 

al., 2010). Genes of methylcitrate cycle (icl, prpC, prpD) are up regulated during 

infection (Shi et al., 2010).  

1.4.2.4 Gluconeogenesis 

The growth on carbon sources, which enter the CCM at the level of acetyl-CoA or 

propionyl-CoA (consumption of fatty acids) or as intermediates of TCA-cycle 

(consumption of amino acids), requires gluconeogenesis for the synthesis of cellwall 

sugars and nucleic acid precursors. Most enzymatic reactions during glycolysis are 

reversible and are used for the generation of sugars, too. In Mtb, PEP carboxykinase 

(PckA) catalyses the reaction from oxaloacetate to PEP. Further, malic enzyme (Mez) is 

encoded, which catalyzes the reaction from malate to pyruvate. Phosphofructokinase 

reaction is irreversible and during gluconeogenesis the reverse reaction is catalyzed by 

fructose-1, 6-bisphosphatase (GlpX). 

PckA is essential for survival during murine infection (Marrero et al., 2010) and was 

found to be up regulated during murine infection (Shi et al., 2010). Whereas, glpX and 

mez were found to be down regulated during murine infection (Shi et al., 2010). 
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Gluconeogenesis is important, because loss of cell wall components correlates with loss 

of virulence (Makinoshima and Glickman, 2005). 

1.4.2.5 Methylmanonyl-CoA pathway 

Methylmanonyl-CoA pathway uses propionyl-CoA to generate methyl-manonyl-CoA 

which is further transformed into typical mycobacterial cell wall lipids, the methyl-

branced fatty acids (Jackson et al., 2007; Savvi et al., 2008). 

 

1.4.2.6 Respiratory chain 

 

Figure 4: Respiratory chain. 
Adapted from (Weinstein et al., 2005). Respiratory chain components in Mtb. Weinstein and colleagues 
proposed that electrons are transferred from left to right towards oxygen or nitrate as final electron 
acceptors. Complexes are shown in boxes with Rv-number annotations and gene names. 
 

The respiratory chain of Mtb is depicted in Figure 4. Electrons enter the respiratory 

chain mainly through the activity of dehydrogenases like succinate dehydrogenase 

complex (sdhABCD) and NADH dehydrogenases from type I (nuoA-N) and type II (ndh, 

ndhA). Type I NADH dehydrogenases couple electron transfer and proton pumping 

activity; whereas, type II NADH dehydrogenases lack proton pumping activity. Electrons 

are transferred onto menaquinone. Genes for menaquinone synthesis are encoded by 

menABCDEG. Further, electrons can be transferred onto cytochrome bd oxidase 

(cydAB), which further transfers them onto oxygen as final electron acceptor. CydCD 

encodes for an ABC-type transporter. An alternative aerobic respiratory route is the 

electron transfer from menaquinone to cytochrome bc1 complex (qcrABC), further to 

cytochrome c oxidase and finally onto oxygen. 
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In response to oxygen limitation during infection, Mtb redirects its electron flow towards 

the non-proton-pumping type II NADH dehydrogenase (Ndh, NdhA), and utilizes the 

cytochrome bd oxidase (CydAB), which has a higher oxygen affinity (Shi et al., 2005).  

Because the genome of Mtb encodes nitrate reductase narGHJI, nitrate respiration is of 

enormous interest (Cole et al., 1998). Nitrate, as a product of the immune systems´ 

nitric oxide production (Bogdan, 2001), is surely available inside granulomas. The 

nitrate reductase of Mtb has been shown to contribute to survival at low oxygen levels 

(Sohaskey and Wayne, 2003). This enzyme also acts during nitrogen assimilation, 

however, it is yet unclear, whether it functions as a proton pumping respiratory enzyme 

(Aly et al., 2006; Malm et al., 2009; Sohaskey, 2008; Tan et al., 2010).  

During respiratory chain reaction, electrons are transferred from electron donors to 

electron acceptors, in redox reactions. These redox reactions release energy, which is 

used to form ATP. The energy which is released during electron flow through respiratory 

components is used to pump protons out of the cell. This proton gradient resembles 

conserved energy. When protons are allowed to flow back down this gradient into the 

cell, the energy is used to phosphorylate ADP into ATP by ATP-synthase. This process, 

called oxidative phosphorylation, is the general process for ATP-generation besides 

substrate level phosphorylation. 

ATP-synthase is a multimeric enzyme. In Mtb, it is encoded by atpABCDEFGH. In 

general, it consists of a membrane-spanning tunnel, the F0-subunit, which is passed by 

the protons, and the cytosolic F1-subunit, which catalyses the phosphorylation of ATP. 

The ATP content in hypoxic Mtb is reduced to a critically low level (Gengenbacher et al., 

2010). This explains, why the bactericidal concentration of dicyclohexylcarbodiimide 

(DCCD), an inhibitor of the F1F0-ATP synthase, drops several fold in hypoxic Mtb (Rao 

et al., 2008). Mycobacteria are notably susceptible to the loss of ATP-synthase function. 

This was first shown for aerobic cultivation (Sassetti and Rubin, 2003). Further, it was 

indicated when the generation of ATP-synthase knock-out mutants in M. smegmatis 

failed (Tran and Cook, 2005). Actually, it is impressively demonstrated by the successful 

introduction of a new diarylquinoline – TMC207- attacking the ATP-synthase in Mtb, 

which has successfully passed clinical phase IIb (Andries et al., 2005; Diacon et al., 

2009; Diacon et al., 2012). 

1.5 Aim of this study 

Fermentation is the metabolic possibility to oxidize NADH, maintain the membrane 

potential and gain ATP by substrate level phosphorylation using a self-generated 
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organic compound as final electron acceptor (Kim and Gadd, 2008). Mtb was 

considered a non-fermenting organism until recently, Watanabe and colleagues 

revealed that the reductive branch of TCA cycle with succinate secretion reduces NADH 

and maintains the membrane potential. Thus, only two parts of the aforementioned 

definition are experimentally addressed by them (Watanabe et al., 2011). Concerning 

the third part of the definition - the production of ATP - several possibilities are 

discussed: They assume that Mtb`s metabolism mainly bases on the catabolism of host 

cholesterol and fatty acids (Bloch and Segal, 1956; Cole et al., 1998; van der Geize et 

al., 2007). But ß-oxidation would not deliver any ATP via substrate level 

phosphorylation. While they argue that minimal use of respiratory chain might deliver 

enough ATP (Watanabe et al., 2011), this study examined an alternative ATP 

generating pathway, namely substrate level phosphorylation during acetate production 

via phosphotransacetylase (Pta) and acetate kinase (AckA) reaction, PtaAckA pathway. 

PtaAckA pathway is a so far unconsidered pathway in Mtb, but annotations for pta 

(Rv0408) and ackA (Rv0409) have been made (Cole et al., 1998). In other bacteria, Pta 

catalyzes the reaction from acetyl-CoA with inorganic phosphate to acetyl-phosphate 

and Coenzyme A. Followed by AckA reaction, transforming acetyl-phosphate and 

adenosindiphosphate (ADP) to generate acetate and ATP. During mixed acid 

fermentation, the production of acetate helps to produce ATP. Final electron acceptor in 

this case is acetate. There is some evidence, for the role of PtaAckA during Mtb 

infection: ackA was up regulated in bacteria isolated from activated macrophages 

(Schnappinger et al., 2003) and sputum from Mtb infected humans, suffering active TB 

(Garton et al., 2008). Furthermore, acetate was found in granulomatous tissue of Mtb-

infected guinea-pigs (Somashekar et al., 2011; Somashekar et al., 2012). 

This thesis aims to address the role of pta (Rv0408) and ackA (Rv0409) for the 

metabolism of Mtb. Conditions for acetate production in Mtb and other mycobacteria 

should be characterized, especially concerning the role of oxygen limitation. Gene 

expression analyses are attempted to reveal the interplay of PtaAckA pathway and 

other pathways of CCM and respiratory chain reactions. The relevance of PtaAckA 

pathway is planned to be examined. Therefore, the construction of Mtb ∆pta mutant is 

scheduled and ∆pta and ∆ackA mutant can be further examined concerning their 

biochemical properties and their virulence. 



Material & Methods 

 

29 

2 Material & Methods 

2.1 Material  

2.1.1  Reagents, Chemicals, Kits 

For a complete list of reagents and chemical used during this study see page 105.  

Used Kits are listed below. 

 
Table 1: Kits used during this work. 

 
Name Purpose Manufacturer 

Acetate-Kit Measurement of acetate concentration 
r-biopharm, Darmstadt, 
Germany 

BacTiter-Glo™ Microbial 
Cell Viability Assay  

Measurement of intracellular ATP 
concentration 

Promega, Mannheim, 
Germany 

Mini-Plasmid Buffer Set 
Preparation of plasmid DNA from E. coli 
2 - 5mL culture 

Qiagen, Hilden, Germany 

GenElute™ Plasmid 
Midiprep Kit 

Preparation of plasmid DNA from E. coli 
25 - 50mL culture 

Sigmaaldrich, Munich, 
Germany 

NAD+/NADH 
Quantification Kit  

Determination of redox factor 
concentration 

Biovision, Milpitas, USA 

NucleoSpin® Gel and 
PCR Clean-up 

Clean up of DNA after PCR or by Gel 
extraction 

Macherey Nagel, Düren, 
Germany 

QIAquick PCR 
Purification 

Clean up of cDNA for qRT-PCR or 
microarray 

Qiagen, Hilden, Germany 

RNeasy Mini Kit  Preparation of RNA from Mtb Qiagen, Hilden, Germany 

Glucose-Starter Kit 
Measurement of glucose concentration 
using glucose analyzer 

Ysilifesciences, Yellow 
Springs,USA 

DIG-DNA Probe labeling 
kit 

Labeling of DNA-fragments with DIG Roche, Penzberg, Germany 

2.1.2  Strains 
Table 2: Strains used during this work. 
 

Species Characteristics Source 

Escherichia coli HB101 K12 derivative 
Promega, Mannheim, 
Germany 

Mycobacterium smegmatis mc2 155 
Fast growing 
mycobacterium 

ATCC, 700084 

Mycobacterium bovis  
TMC 1011 [BCG Pasteur] 

Apathogenic vaccine 
strain 

ATCC, 35734 

Mycobacterium tuberculosis H37Rv  ATCC, 25618 

Mycobacterium tuberculosis H37Rv∆ackA Deletion in Rv0409 

Department ofMedical 
Microbiology,MHH, 
Hannover 

Mycobacterium tuberculosis H37Rv∆pta Deletion in Rv0408 This work 
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2.1.3 Plasmid  
Table 3: Plasmids used during this work. 
 

Name 
Encoded 
Resistances, other 
markers 

Species for replication, 
purpose of use 

Source 

pBluescript 
SK(-) 

Ampicillin E. coli 
Stratagene, 
Cambridge, 
UK 

pMP62 
Hygromycin, levan 
succrase 

E. coli 

W. R. Jacobs, Albert 
Einstein College 
of Medicine, 
New York, USA 

pMV306.hyg Hygromycin Mtb 

W. R. Jacobs, Albert 
Einstein College 
of Medicine, 
New York, USA 

pND1 Ampicillin 
E. coli, generation of suicide 
plasmid for pta deletion 

This work 

pND2 Ampicillin 
E. coli, generation of suicide 
plasmid for pta deletion 

This work 

pND3 Ampicillin 
E. coli, generation of suicide 
plasmid for pta deletion 

This work 

pND4 Ampicillin, hygromycin 
E. coli, integration into Mtb for 
pta deletion 

This work 

pND11 Hygromycin 
Mtb, complementation of ackA 
and pta deletion 

This work 

2.1.4  Primer and Probes 
Table 4: Primers used during this work. 
 

No Name Sequence (5’-3’) Tm[°C] 

292 rrs-1 CAA CGA GCG CAA CCC TTG 58.2 

293 rrs-2 GAG TTG CAG ACC CCG ATC 58.2 

294 sigA-1 CGC GCC TAC CTC AAA CAG 58.2 

295 sigA-2 CAG GTT GGC TTC CAG CAG 58.2 

425 pta_Sonde2_fwd GGC TTT CGC CAC CAT GGG 60.5 

426 pta_Sonde2_rev TTC GAC GGC TTC GTC GGG 60.5 

2.1.5 Culture media & supplements  

Escherichia coli HB101 was cultivated using Luria Bertani (LB) liquid medium or LB 

agar plates. For liquid medium 20 g DifcoTM LB broth base were disolved in 1 L distilled 

water. LB agar was prepared using 35 g DifcoTM LB agar in 1 L distilled water.  

Mtb H37Rv (ATCC 25618) was cultivated with Middelbrook 7H9 liquid and 7H10 solid 

media supplemented with 25 mM glucose, 50 mM glycerol, or 50 mM pyruvate, 0.5% 

bovine serum albumin fraction V and 140 mM sodium chloride. Liquid media contained 

additionally 0.4 mM Tween 80.  

Antibiotics used were ampicillin (100 µg/mL), kanamycin (50 µg/mL for E. coli and 

25 µg/mL for Mtb) and hygromycin (50 µg/mL). 
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For inhibition of the F1F0-ATP synthase, a 24 mM stock solution of 

dicyclohexylcarbodiimide (DCCD) in 96% ethanol was used, and final concentration was 

adjusted as indicated. 

2.1.6 Buffers and solutions 
Table 5: Buffers and solutions. 
 

Buffer Ingrediens 
Handling, 
storage 

Blocking Reagent stock 
(10x) 

10 g 
100 mL 

Blocking Reagent  
Buffer I 

 
-20°C 

Agarose gel 
(DNA) 

1% 
Agarose 
in TAE-Buffer  

Agarose gel 
(RNA) 

1% 
1x 
0.5 M 

Agarose 
RNA-Running Buffer 
Formaldehyde 

Agarose was heated 
in DEPC water, after 
cooling to 60°C 
running buffer and 
formaldehyde were 
added. 

Blocking-Buffer 
10 mL 
90 mL 

Blocking-Reagent (10x) 
Buffer I Room temperature. 

Buffer I 
0.1 M 
0.15 M 

Maleic acid  
NaCl 

Adjusted to pH 7.5 
with NaOH; stored 
at 
room temperature. 

Buffer II 
10 mL 
90 mL 

blocking reagent stock (10x) 
buffer I 

 
Room temperature. 

Buffer III 
0.1 M 
0.1 M 

Tris-HCl (pH 9.5) 
NaCl 

 
Room temperature. 

Bug Lysis solution 

20 mL 
16 mL 
7.2 g 
764 mL 

1 M Tris-HCl (pH 9.5) 
0.5M EDTA (pH 8.0) 
D-glucose 
Aqua dest 

 
 
 
Room temperature 

Cetrimide solution 
41 g 
900 mL 
10 g 

NaCl 
Aqua dest. 
Cetrimide 

 
Heated to 65°C e, 
stored at room 
temperature. 

DEPC-water 
1 L  
1 mL 

Aqua dest. 
DEPC  

Stirred over night 
under a fume hood, 
autoclaved twice, 
stored at room 
temperature. 

DNA I 
0.5 M 
1.5 M 

NaOH 
NaCl 

 
Room temperature. 

DNA II 
1.0 M 
1.5 M 

Tris-HCl (pH 7.5) 
NaCl 

 
Room temperature. 

dNTPS 

20 µL 
20 µL 
20 µL 
20 µL 
420 µL 

dATP (25mM) 
dCTP (25mM) 
dGTP (25mM) 
dTTP (25mM) 
Aqua dest. 

 
 
 
 
-20°C. 

GTC Buffer 

180 g 
1.5 g 
2.4 g 
Add 
300 mL 
2.1 mL 

guanidine isothiocyanate 
N-laurylsarcosin 
sodium citrate 
 
DEPC-water  
ß-Mercaptoethanol 

Salts were solved in 
DEPC water at 
37°C, finally ß-
mercapto-ethanol 
was added. 
Room temperature. 

Hybridisation buffer 1 mM EDTA pH 8.0 Room temperature. 
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250 mM 
7 % (v/v) 

Na2HPO4 pH 7.2 
SDS 

Lysozyme solution 
10 mg 
1 mL 

Lysozyme 
TE-Puffer 

 
Use immediately. 

Proteinase K solution 
10 mg 
1 mL 

Proteinase K 
Aqua dest. 

 
Use immediately. 

Reaction buffer (AckA) 

100 mM 
5 mM 
10 mM 
5.5 mM 
1 mM 
3 mM 
6 units 
3 units 

Tris-HCl pH 7.4 
ADP 
MgCl2  
Glucose 
NADP  
DTT 
hexokinase 
glucose-6-phosphate-
dehydrogenase  Used immediately. 

Reaction buffer (Pta) 

100 mM 
5 mM 
0.5 mM 
5 mM 
10 mM 
0.5 mM 
45 units 
5 units 

Tris-HCl pH 8 
MgCl2 

NAD 
Malic acid 
acetyl phosphate 
CoA 
malate dehydrogenase 
citrate synthase Used immediatly. 

Resuspension buffer 

50 mM 
10 mM 
1 mM 
1 mM 
30% 

Tris-HCl pH 7 
MgCl2 

EDTA 
DTT 
Glycerol 

 
 
4°C. 

RNA sample loading buffer 
(2x) 

50% 
2.2 M 
10 mM 
20% 
50 µg/mL 
Little 

Formamid 
Formaldehyd 
EDTA 
Glycerol 
Ethidiumbromid 
Bromphenolblue -20°C. 

Running Buffer  
(5x; for RNA-gel) 

40 mM 
0.1 M 
5 mM 

Sodium-Acetate 
MOPS 
EDTA 

Prepared with 
DEPC-water stored 
at room 
temperature. 

SSC (20x) 
3.0 M 
0.3 M 

NaCl 
Trisodium-citrate-dihydrate Room temperature. 

TAE-Buffer (50x) 

242 g 
57 mL 
100 mL 
Add 1 L 

Tris 
Glacial acetic acid 
0,5M EDTA 
Aqua dest. 

 
 
 
Room temperature. 

TE-Buffer 
10 mM 
1 mM 

Tris-HCl (pH 8.0) 
EDTA (pH 8.0) 

 
Room temperature. 

Washing Buffer  
(Southern Blot) 

 
0.3% 

Buffer I 
Tween 80 (20%) 

 
Room temperature. 

Washing Buffer 
(enzyme activity assays) 

50mM Tris HCl pH 7.0 
4°C. 

 

2.2 Methods 

2.2.1 Cultivation, cultivation monitoring and storage of bacteria 

Mtb H37Rv (ATCC 25618) was cultivated with Middelbrook 7H9 liquid and 7H10 solid 

media.  
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For growth and survival experiments bacteria from mid log-phase with an optical density 

(OD600nm) of 0.5 - 0.8 were washed twice with minimal 7H9 media (containing albumin, 

sodium chloride and Tween). Washed bacteria were used to start new cultures with 

starting OD600 of 0.005 - 0.05 in the 7H9 media needed for the experiment.  

Three different types of cultivation were performed with Mtb at 37°C. Aerobic, hypoxic 

and anaerobic conditions were used. In order to ensure the bacterial adaptation to the 

experimental settings, a precultivation at aerobic condition for 24 h was performed prior 

all tests. Hypoxic cultures were performed in standing tubes with a headspace to media 

ratio (HMR) of 1:2 without agitation. Anaerobic cultivation was performed in standing 

tubes with a HMR 1:2 without agitation in an anaerobic jar with active oxygen depletion 

via gas packs. To monitor bacterial growth and survival measurement of optical density 

at 600 nm (OD600) and plating dilution series onto 7H10 agar plates to gain colony 

forming units (CFU) were performed.  

Mycobacteria were conserved in minimal 7H9 media with 15% of glycerol at stored at -

80°C. 

2.2.2 Isolation of nucleic acids 

2.2.2.1  Preparation of plasmid DNA from E. coli  

According to the requirements of DNA amount, two different kits were used. For 

isolation of nucleic acid from 5 mL E. coli culture the Mini-Plasmid buffer Set (Qiagen, 

Hilden, Germany) was used. For isolation of nucleic acids from 20 - 50 mL E. coli 

culture GenElute™ Plasmid Midiprep Kit (Sigmaaldrich, Munich, Germany) was used. 

Plasmid DNA isolation based on alkalic lysis of the bacterial cells. In an alkaline 

environment, chromosomal DNA denaturized irreversible and precipitates, where as 

small plasmid DNA remained unaffected in solution. After extracting plasmid DNA from 

bacterial cells, it was precipitated using ethanol. 

2.2.2.1.1 Mini Prep with Mini-Plasmid Buffer Set 

1.5 – 5 mL of E. coli overnight culture was centrifuged for 5 min at 13.000 x g. The 

resulting pellet was resuspended in 100 µL buffer 1, including 10 µg/mL RNaseA. After 

adding 100 µL of buffer 2, the solutions were carefully mixed and incubated for 5 min at 

room temperature while cells were lysed. 100 µL of pre-cooled buffer 3 were added. 

After carefully mixing, samples were incubated on ice for 15 min. To remove unlysed 

cells and cell debris samples were centrifuged for 5 min at 13.000 x g. The supernatant 

was mixed with 450 µL phenol/chloroform/isoamylalcohol (25:24:1) and samples were 
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extensively shaken for the extraction of the nucleic acids and centrifuged 13.000 rpm for 

5 min. After centrifugation, the upper aqueous phase included the nucleic acids. For 

precipitation, the upper phase was transferred into a new tube, 800 µL of ethanol 96% 

were added and samples were incubated for 30 min at -20°C. 

To pellet the plasmid DNA, samples were centrifuged at 13.000 x g for 10 min and 

supernatant was removed afterwards. The pellet was washed once with ethanol (70%) 

and then dried, before 25 - 40 µL of distilled water were added to dissolve isolated 

plasmid DNA. 

2.2.2.1.2 Midi Prep with GenElute™ Plasmid Midiprep Kit 

To harvest larger amounts of plasmid DNA, overnight cultures (up to 50 mL) were 

centrifuged at 3.000 x g for 10 min. The pellet was resuspended in 1.2 mL resuspension 

buffer and mixed with 1.2 mL lysis buffer. Cell lysis occurred during incubation for 5 min 

at room temperature. For neutralization, 1.6 mL neutralizing buffer were added and 

mixed with the lysed cell mixture. To remove cell debris, samples were centrifuged at 

11.000 x g for 20 min. Plasmid DNA containing supernatant was transferred onto a 

column for DNA extraction. DNA was washed and eluted with 1 mL distilled water. To 

increase DNA concentration, optional incubation in a heating vacuum centrifuge was 

performed. 

2.2.2.2  Preparation of chromosomal DNA from Mtb 

10 mL of Mtb culture with an OD600 of more than 0.5 were incubated at 100°C for 

10 min. After centrifugation, the pellet containing the bacteria was washed in 1 mL Bug 

Lysis solution. After a further centrifugation step, the pellet was resuspended in 250 µL 

of Bug Lysis solution. 25 µL of 10 mg/mL lysozyme in TE-Puffer was added to lyse the 

cells. Samples were incubated for at least 12 h at 37°C. Next, 25 µL proteinase K (10 

mg/mL) and 50 µL of 10% SDS solution were added. Samples were incubated for 50 

min at 50°C. After incubation, 80 µL 5 M NaCl and 100 µL pre-warmed cetrimid solution 

were added. Samples were incubated for 10 min at 65°C. To extract nucleic acids, 

samples were then mixed carefully with 450 µL of phenol/chloroform/isoamylalcohol 

(25:24:1). After 5 min centrifugation at 13.000 rpm, the upper aqueous phase containing 

the nucleic acids was transferred into a new tube. Residual organic phase was again 

washed with phenol/chloroform/ isoamylalcohol (25:24:1) and the aqueous phase was 

unified with the first one. Next, nucleic acid precipitation was performed by adding 

800 µL of ethanol (96%) and incubation for 30 min at -20°C. Precipitate was gained by 
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10 min of centrifugation at 13.000 x g. The pellet was washed in 70% ethanol and dried. 

The dried pellet was resolved in 25 µL water. 

2.2.2.3  Preparation of RNA from Mtb 

15 mL culture were mixed with the same amount of GTC-buffer and incubated for 

15 min at room temperature. Samples were centrifuge for 15 min at 4.500 rpm and the 

bacterial pellet was resuspended in 1 mL trizol. Those samples were incubated for 

15 min at room temperature. Cells were mechanically lysed by transferring the samples 

into “lysing matrix B- tubes” and disrupting the cells with the Hybaid RiboLyser (Hybaid, 

Teddington, UK) at program 6 for 40 sec. To separate intact cells and cellwall depris for 

cell lysates, the samples were centrifuged for 5 min at 13.000 rpm. The supernatant 

was mixed intensively with 300 µL chloroform, incubated for 2 min at room temperature 

and then centrifuged for 7 min at 13.000 rpm to separate nucleic acids from organic cell 

components. The clear aqueous supernatant (550 µL) was mixed with 550 µL of ethanol 

(96%) and further treated with the RNeasy Kit (Qiagen, Hilden, Germany) as described 

by the manufacturers. In short: Two different DNases (Qiagen and NEB) were used to 

digest included DNA. The RNA was washed and isolated from columns with 30 µL of 

RNase-free water. 

To screen for DNA contamination, RNA samples were tested with PCR. Therefore, rrs 

(Primer 292, 293) and sigA (Primer 294, 295) amplification was performed. PCR 

reaction was analysed in a 1%- agarose gel. If RNA was absolute free of DNA, no 

amplification occurred. 

2.2.3 Manipulation and examination of nucleic acids 

2.2.3.1 Restriction of DNA 

The restriction enzymes used during this study were obtained from New England 

Biolabs GmbH (Frankfurt, Germany) and used according to the manufacturers 

instructions for the respective enzymes. DNA restriction for subsequent cloning was 

performed for 1 h at the recommended temperature in a 30 µL reaction mixture. DNA 

content ranged from 0.5 -1 µg. For Southern Blot analyses DNA digested was scaled up 

(to 5 µg of DNA, with respective amount of enzyme) and elongated to up to 3 h. After 

digestion DNA was either separated by electrophoresis (2.2.3.2), dephosphorylated 

(2.2.3.3) or cleaned (2.2.3.5). 



  Material & Methods 

 

36 

2.2.3.2 Agarose gel electrophoresis 

Separation of DNA fragments was performed using 1% agarose gel (in TAE-buffer). The 

separation based on the fragment size and the corresponding charge. DNA samples 

were mixed with DNA-loading buffer prior to application on the gel. Gel run time was 

usually 45 min at 120 V. To estimate DNA fragment size each run included a fragment 

size marker (100 bp or 1 kb ladder). 

2.2.3.3 Dephosphorylation and Klenow-fill in 

To reduce the risk for re-ligation of constructs without the expected insertion, linearized 

vector DNA was dephosphorylated with Antarctic phosphatase. 50 µL restriction 

reaction mixture was used with 6 µL Antarctic phosphatase buffer (10x), 1 µL Antarctic 

phosphatase and 3 µL PCR water. Reaction mixture for dephosphorylation was 

incubated for 30 min at 37°C. Finally, an additional 1 µL Antarctic phosphatase was 

added and incubation for 30 min at 37°C was repeated. To stop reaction, the mixture 

was placed for 5 min at 65°C to inactivate the enzymes by heating. 

If blunt ends were desired for cloning, but restriction delivers 5’ overhangs, the gaps 

were closed using DNA-polymerase I Klenow fragment. A 20 µL reaction mixture 

contained 1 U Klenow fragment per µg DNA, 2 µL NEB buffer 2 (10x), 0.33 µL 2 mM 

dNTP adjusted with PCR water. Incubation for 15 min at 25°C is recommended by the 

manufacturers. 

2.2.3.4 Polymerase chain reaction (PCR) 

PCR was used to amplify DNA fragments (Saiki et al., 1985). PCR reactions were 

performed using either Taq polymerase from New England Biolabs (Frankfurt, 

Germany) or Taq polymerase from Invitrogen (Karlsruhe, Germany) according to the 

manufacturer instructions. T3000 thermocycler (Biometra, Göttingen, Germany) was 

used for PCR. Protocols were individually adapted according to the DNA-template, 

primer melting temperature (Tm) and fragment size of PCR-product: 

1. Initial denaturation 5-10min  at 95°C 

2. Denaturation   2-4min  at 95°C 

3. Primer annealing  30sec-2min  at Tm-5°C  

4. Elongation   30sec-2min  as recommended 

5. Final Elongation   10min  as recommended 

2.2.3.5 DNA clean up after gel electrophoresis or PCR 

To isolate DNA fragments from agarose gels or clean up DNA after PCR reaction 

NucleoSpin® Gel and PCR Clean-up (Macherey Nagel, Düren, Germany) were used as 
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recommended by the manufacturer. For isolation after gel electrophoresis, gel fragment 

containing the DNA of interest was cut off from the gel, melted in the recommended 

buffer for 15 min at 50°C and further treated as instructed from the protocol. PCR 

reaction mixtures were placed directly onto the column and further treated as 

recommended. Cleaned DNA was eluted with PCR water.  

2.2.3.6 Ligation and glycogen precipitation 

Integration of DNA fragments into a linearized vector was performed using T4-DNA 

ligase. For ligation of sticky ends the total copy number of used fragments was 3-5 

times the copy number of linearized DNA vector. To improve ligation yield with blunt end 

inserts, the copy number of blunt end inserts was 5-10 times the number of linearized 

vector copies. Ligation reaction contained vector and insert DNA fragments, 1 µL T4-

DNA ligase and 2 µL T4-DNA ligase Buffer (10x) in a 20 µL reaction mixture. Ligation 

was performed for 1 h at room temperature or for 16 h at 16°C. 

To purify the ligation mixture for the electro-transformation of E. coli, the cleaning was 

performed with glycogen precipitation.  

A 20 µL ligation mixture was first mixed with 80 µL water and further extracted with 

100 µL phenol/chloroform/isoamylalkohol (25:24:1). After intensive mixing and 

separation of aqueous and organic phase via centrifugation, the aqueous phase was 

transferred into a new tube. 2 µL glycogen (10 mg/mL), 15 µL 5 M NaCl and 540 µL 

ethanol (96%) were added to the aqueous phase and mixed. The precipitation was 

performed at -20°C for 30 min. DNA pellet was isolated after centrifugation (15 min, 

13.000 rpm), washed with 70% ethanol and resuspended in 6 µL PCR water. 

2.2.3.7  Sequencing 

Constructs for Mtb-transformation or cosmids isolated by Colony Blot analyses were 

proven to contain the expected DNA sequence using sequencing based on Sanger 

method (Sanger et al., 1977), also called dye-termination sequencing. 

According to the template type 100 – 500/1000 ng (plasmids/cosmids) template DNA 

were used for sequencing. A 10 µL reaction contained: The respective amount of DNA 

template (plasmids/cosmids), 10 pmol primer and 1/8 µL Big Dye® terminator. 

Amplification was performed in T3000 thermocycler (Biometra, Göttingen, Germany): 
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 Plasmid sequencing Cosmid sequencing 

Initial denaturation 95°C 5 min  95°C 5 min  

Denaturation 95°C 10 s 
25x 

repeats 

95°C 30 s 
30x 

Repeast 
Annealing 51°C 5 s 51°C 10 s 

Elongation 60°C 4 min 60°C 4 min 

Store 15°C   15°C   

 

For purification of the reaction mixture, Centri SepTM gel filtration columns were 

prepared with 800 µL of PCR water and incubated for swelling for at least 4 h at room 

temperature. Residual water was discarded by centrifugation at 750 x g for 2 min. 

Sequencing reaction mixture was placed onto the column and eluted by centrifugation 

(750 x g for 2 min). For sequence analyses, eluats were diluted as follows: Plasmid 

samples 1:10 and cosmid samples 1:4 with PCR water. 

2.2.4  Southern & colony blot 

2.2.4.1 Probe preparation and labeling 

An at least 500 bp DNA double strand fragment was generated by PCR. The PCR 

reaction was examined on an agarose gel. When the appropriate fragment occurred, 

the PCR reaction mixture was cleaned (2.2.3.5). Up to 3 µg of PCR fragment were used 

for labeling with DIG-DNA Labeling and Detection Kit (Roche, Mannheim, Germany). 

The mixture contained: 15 µL denaturated DNA fragment, 2 µL hexanucleotide-mix, 

2 µL labeling mix and 1 µL klenow enzyme. The reaction was performed over night at 

37°C. Next day, labeling reaction was stopped by adding 2 µL 0.2 mM EDTA (pH 8.0). 

Klenow enzyme, which uses the hexanucleotides as random primers and elongates the 

DNA fragment, incorporates dUTP with a fusion to digoxygenin (DIG). The later 

detection was performed with an antibody against DIG. This antibody was a fusion 

protein with alkaline phosphatase (AP). During Southern blot development, the antibody 

binds to DIG-labeled probe. The AP catalyzes a reaction with the CSPD® which emits 

light that is detected with an x-ray film. 

For the evaluation of probe labeling, 1 µL spots of probe dilutions and control DNA 

dilutions were spotted onto a neutral nylon membrane (Roche (#11699075001), 

Mannheim, Germany). DNA was immobilized by drying and UV-radiation (UV 

Crosslinker 1800 (Stratagene, La Jolla, CA, USA)). Instructions to the further handling 

are described below at 2.2.4.5 
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2.2.4.2 Southern blot analysis 

For examinations of potential co-integrated strains and mutant Mtb strains, Southern 

blot analyses were performed. Therefore, chromosomal mycobacterial DNA was 

isolated as described above (2.2.2.2). DNA (up to 5 µg) was digested as needed for the 

experiment and separated by electrophoresis. After staining in an ethidium bromide 

bath (0.5 µg/mL), the gel was incubated in 250 mM HCl on a shaker at room 

temperature for 30 min, washed twice in DNAI solution and twice in DNAII solution 

(each washing 30 min). Next, vacuum blotting was performed using a NytranN 

membrane (Roche (#11699075001), Mannheim, Germany). The gel was placed on the 

membrane and both were covered with 2xSSC puffer. Vacu-Blot System (Biometra, 

Göttingen, Germany) was used, set to approximately 100 mbar for 1 h. After transferring 

the DNA onto the membrane, the membrane was dried. DNA was cross linked to the 

membrane with UV radiation in Stratalinker UV Crosslinker 1800 (Stratagene, La Jolla, 

CA, USA).  

2.2.4.3 Colony blot 

A genomic library was used for isolation of genomic regions of Mtb. This means that the 

whole genome of Mtb had been digested and the fragments resulting from this digestion 

had been ligated into pYUB412. Those cosmids were transformed into E. coli (Bange et 

al., 1999).   

Prior to the isolation of pta-region from this library, a DIG-labeled DNA probe was 

generated as described above (2.2.4.1). A dilution of 2.5 x107 E. coli was plated onto 

agar plates containing ampicillin to ensure that the whole genome of Mtb was 

statistically contained twice. Plates were incubated over night at 37°C. 

Next day, nylon membranes (Nytran® N, Schleicher-Schuell, Erdmannhausen, 

Germany) were placed on each agar-plate, to transfer the bacteria from the plate onto 

the membrane. To ensure a sufficient transfer, nylon membranes were incubated on the 

plates for 10 min. To re-grow the bacteria, the agar plates were further incubated for 6-

18 h at 37°C. The nylon membranes were further placed on Whatman-paper soaked 

with DNA-buffer I for 15 min, DNA-buffer II for 5 min and finally 2xSSC for 20 min. 

During this process, the bacteria were lysed and DNA was released. To bind the DNA to 

the nylon membrane, the membranes were dried (incubated for 30 min at 120°C). After 

washing in 2xSSC/0.1%SDS solution for 1 h at 65°C the bacterial leftovers were 

removed, to clean the membrane. Final washing was performed in 
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2xSSC/0.1%SDS solution at 65°C for 1 h and optimized removal of lysed bacteria. The 

further detection can be read at 2.2.4.4. 

2.2.4.4 Detection with DIG-labeled DNA-probe 

To prepare the membrane for DNA-probe incubation, the membrane was incubated for 

1 h in hybridization buffer at 65°C in a hybridization oven (Biometra, Göttingen, 

Germany).  The DNA-probe (5 µL) diluted in TE-buffer (50 µL) was boiled for 10 min 

and immediately cooled on ice. The probe mixture was added to 20 mL hybridization 

buffer. The incubation was performed over night at 65°C. 

Next day, the hybridization buffer including the probe was discarded. The membrane 

had to be washed: Shortly with some 2x SSC/0.1% SDS buffer, twice in 2x SSC/0.1% 

SDS (room temperature) for 15 min and twice in 0.1x SSC/0.1% SDS (65°C) for 15 min. 

Washing took place in the hybridization oven. To prepare the membrane for incubation 

with Anti-DIG AP, it was first placed in washing buffer for 1 min and then transferred to 

Buffer II for 30 min. Buffer II was discarded, and new buffer II was added including Anti-

Dig-AP 1:10.000. Membrane was incubated for 30 min at room temperature. After 

incubation, buffer was discarded and the membrane was washed twice in washing 

puffer. To prepare the detection the membrane was next placed in buffer III for 5min at 

room temperature. Finally, the membrane was placed into a transparent plastic bag. 20 

drops of CSPD- the substrate for alkaline phosphatase reaction - were added into the 

bag followed by incubation for 5 min in the dark. Afterwards, the residual solution was 

removed, and the membrane was placed on an X-ray film until optimal signal intensity 

was obtained (5 min - 30 min). For X-ray film development, the automated system 

Hyper processor from Amersham Pharmacia Biotech (Uppsala, Sweden) was used. 

2.2.5 Preparation of electrocompetent bacteria and transformation 

2.2.5.1 E. coli 

E. coli HB101 was incubated in 5 mL LB medium and incubated at least 16 h at 150 rpm 

at 37°C. This 5 mL overnight culture was used to inoculate 0.5 L of LB medium. When 

OD600 exceeded 0.5, E. coli culture was transferred to incubation on ice for 15 min. The 

cells were harvested by centrifugation at 4°C for 20 min at 3.000 x g. Cell pellet was 

washed three times in water and twice with 10% glycerol at 4°C. The bacterial pellet 

was resuspended in 6 mL 10% glycerol and 300 µL aliquots were immediately frozen in 

liquid nitrogen. The aliquots were stored at -80°C. 
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For transformation, electrocompetent cells were thawed on ice. 1 µg DNA and E. coli 

were mixed in a 0.2 cm cuvette. Transformation was performed at 2.5 kV, 25 µF and 

400 Ohm with Gene Pulser XcellTM (Bio-Rad, Hercules, CA, USA). After electroshock, 

the bacteria were immediately transferred into 1 mL LB medium and incubated for 1 h at 

37°C at 200 rpm. After this incubation, bacteria were plated on LB-agar-plates with the 

corresponding antibiotic to positively select bacteria which incorporated the plasmid 

DNA. LB-agar plates were incubated until the next day at 37°C. 

2.2.5.2 M. tuberculosis 

Competent Mtb cells were freshly prepared. 70 mL of Mtb culture with an OD600 > 0.8 

were centrifuged for 10 min at 3.000 rpm. Cell pellet was washed three times in 10% 

glycerol and afterwards resuspended in 4 mL of 10% glycerol.  

400 µL electrocompetent Mtb cells were mixed with DNA. Prior to transformation, the 

mixture was incubated for 1 min at 50°C, to improve transformation efficiency. The 

transformation was performed with Gene Pulser II (Bio-Rad, Hercules, CA, USA) at 

2.5 kV, 25 µmF and 1000 Ohm. After transformation, the bacteria were transferred into 

1 mL 7H9-medium and incubated for 24 h at 37°C and 70 rpm. Next day, the bacteria 

were plated onto 7H10-agar plates containing the corresponding antibiotics. Plates were 

incubated at 37°C for 3 - 5 weeks. 

 

2.2.6 Generation and complementation of an unmarked pta deletion 
mutant in Mtb.  

This method was first described by Pavelka and Jacobs (Pavelka, Jr. and Jacobs, Jr., 

1999). In detail, the genomic region of the gene which should be deleted, is isolated 

from a genomic library of Mtb (Bange et al., 1999) via Colony blot (2.2.4). Since the 

integration of the suicidal plasmid is based on homologous recombination, flanking 

regions of 1000 bp up- and downstream of the gene of interest are advantageous to 

optimize the recombination. Therefore, the gene of interest with generously flanking 

regions is isolated from the cosmid library and sub-cloned into a plasmid for further 

procession in E. coli. In E. coli, the gene of interest is deleted. An in-frame deletion is 

preferred to exclude polar effects on genes downstream of the deletion. The plasmid is 

completed with a hygromycin-resistance encoding gene, as a positive selection marker, 

and a levan succhrase encoding gene, as a negative selection marker. The plasmid 

sequence is controlled via sequencing prior to the transformation in Mtb.  
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In Mtb, the plasmid has to integrate into the chromosome; otherwise, it will not be 

replicated and will get lost during replication, because it does not carry an origin of 

replication for mycobacteria. The integration into the genome is based on homologous 

recombination. With the help of the flanking regions, the probability of integration next to 

the gene of interest is enlarged. Ideally, the plasmid integrates, in a way that the wild 

type gene and the deleted copy enclose the selection markers. Strains like that will be 

isolated via positive selection due to their hygromycin resistance. Genomic DNA of 

these strains is isolated and further characterized via Southern blot. They are 

considered to be co-integrated strains.  

Those co-integrated strains were further grown without selection pressure. During this 

process a second homologous recombination between the homologous regions 

surrounding the selection markers should occur. With a probability of 50% the deleted 

copy of the gene remains in the chromosome. To select strains which had undergone 

allelic exchange, a negative selection was performed by plating the bacteria on agar 

plates containing 2% sucrose. Strains, which still carry the plasmid in their genomes, 

will not grow on sucrose, because the levan succhrase produces toxic levanes. 

To exclude that strains with mutations in sacB are selected by mistake, strains were 

also tested for loss of hygromycin resistance. After this selection process, again 

genomic DNA was isolated and Southern blot analysis was performed to test for the 

deleted gene. 

∆ackA and ∆pta were complemented with an integrating plasmid, pMV306 vector 

(Stover et al., 1991), carrying the whole operon of fgd1, pta and ackA and a 1000 bp 

genomic fragment upstream of the fgd1 gene (pND11). 

2.2.7 Expression profiling with Microarray analysis 

For the analysis of gene expression levels, microarray analysis using a custom-

designed Affymetrix GeneChip® M. tuberculosis Array (Affymetrix, Santa Clara, CA, 

USA) was performed. For each open reading frame of Mtb several oligonucleotides 

probes were contained on the chip. Additionally, oligonucleotides from other 

prokaryotes and eukaryotes were included serving as controls. Each experiment was 

repeated three times, and those biological replicates were analysed as one group.  

To examine the genetic adaptation of Mtb according to different culture models or 

different media, RNA was isolated as described before 2.2.2.3. 
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2.2.7.1 cDNA synthesis 

RNA (10 µg) was transcribed into cDNA using the SuperScript® II reverse transcriptase. 

Therefore, at first RNA was incubated with 15 µL random primers (1:40) and 2 µL 

Affymetrix GeneChip eukaryotic Poly-A RNA control (diluted 1:400) in a mixture of 

30 µL with DEPC-water. Incubation took place in the thermocycler (T3000 Biometra, 

Göttingen, Germany):  

10 min at 70°C  

10 min at 25°C  

Next, samples were cooled on ice and the “Reaction Master Mix” was added. “Reaction 

Master Mix” for each sample contained: 12 µL 5x first strand buffer, 6 µL 100 mM DTT, 

3 µL 10 mM dNTPs, 7.5 µL Superscriptr II (200 U/µL) and 0.75 µL RNAesin and 0.75 µL 

DEPC-treated water. Samples were further incubated in thermocycler for 

10 min at 25°C 

60 min at 37°C 

60 min at 42°C 

10 min at 70°C. 

Finally RNA was degraded with the addition of 20 µL 1 M NaOH and incubation at 65°C 

for 5min. Neutralization was performed by adding 20 µL 1M HCl. The whole process 

was later proven by eukaryotic-RNA: Signals from eukaryotic-cDNA were used as an 

internal control.  

2.2.7.2 cDNA fragmentation and labeling 

The cDNA containing reaction mixture was cleaned with QIAquick PCR Purification kit. 

The cDNA was fragmented with a 1:40 dilution of DNaseI in DNA I buffer (Affymetrix) by 

incubation for 10 min at 37°C. For terminal labeling, terminal deoxynucleotidyl 

transferase was used with GeneChip® DNA Labeling Reagent according to 

manufacturers’ protocol. 2 µg cDNA in a 60 µL reaction with 2 µL GeneChip® DNA 

Labeling Reagent; 2 µL terminal deoxynucleotidyl transferase and 12 µL 5x reaction 

buffer were used. Reaction took place for 1 h at 37°C. The reaction was stopped by 

adding 2 µL 0.5M EDTA. 

To prove labeling of cDNA fragments, fragmented unlabeled and fragmented labeled 

cDNA were compared by gel electrophoresis. 3 µL of both types of cDNA samples were 

incubated with 6 µL neutravidin solution (2 mg/mL) for 5 min at room temperature. 

Neutravidin binds the cDNA label. A 2% agarose gel was used and to improve 

sensitivity, staining was performed with CYBR Gold. cDNA fragments showed a wide 
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band ranging from 200 - 100 bp, the labeled fragments of cDNA run higher due to the 

binding of neutravidin. This allowed prove of fragmentation efficiency and labeling 

reaction. 

2.2.7.3 Target hybridization, Array development* 

* Target hybridization and array development were performed by the Genom Analytics group of 

Dr. Robert Geffers, Helmholtz Centre for infection research, Braunschweig, Germany. 

 

The fragmented labeled cDNA was hybridized onto the Affymetrix GeneChip® 

M. tuberculosis Array according to the Affymetrix P. aeruginosa protocol. Array washing 

and staining were conducted automatically in a Fluidics Station 400 (Affymetrix, Santa 

Clara, CA, USA) according to the protocol FlexMidi_euk2v3. Microarray was scanned 

by the GeneChip Scanner 3000 (Affymetrix, Santa Clara, CA, USA). Signal intensities 

were normalized using (Robust Multi Array Average) RMA probe set summarization 

followed by quantile normalization. GeneSpring 11.5.1 software (Agilent Technologies, 

Santa Clara, CA, USA) was used for statistical data analysis. 

2.2.8 Enzyme activity assays.  

Mycobacterial cultures with OD600 1 - 2 were washed twice in washing buffer for enzyme 

activity assays, resuspended in 0.75 mL resuspension buffer and transferred into a 

lysing matrix B tube. Homogenization was performed in Mini-Beadbeater-8 (BioSpec 

Products, Bartlesville, USA) five times for 25 s. After each run, samples were cooled on 

ice for 5 min. Disrupted cells and cell debris was seperated form cell lysate via 

centrifugation for 10 min at 13.000 rpm. The protein concentration of the supernatant 

was determined with dye reagent concentrate OD595. The cell-free extract, was used for 

enzymatic activity testing. 

For measurement of phosphotransacetylase activity 100 µg cell-free extract were mixed 

with 1 mL Pta reaction puffer (Van Dyk and LaRossa, 1987). The absorbance at 340 nm 

was measured while Pta converted acetyl phosphate into acetyl-CoA for 5 min every 

10 sec. 1 µmol acetyl-coA production per minute at 25°C corresponds to 1 unit of Pta 

activity. 

For examination of acetate kinase activity 25 µg of cell-free extract were mixed with 

500 µL reaction buffer AckA (Aceti and Ferry, 1988). The slope in OD340 was observed 

for 3 min every 15 sec. Next, 220 mM acetyl-phosphate solution was added to a final 

concentration of 20 mM. Absorbance measurement at OD340 was continued for 3 min. 

1 µmol of acetyl phosphate per minute at 25°C corresponds to 1 unit of AckA activity. 
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2.2.9 High pressure liquid chromatography* 

* HPLC analysis was performed as described below with the help of René Bücker at the Institute 

of Biochemical engineering headed by Prof. Dr. Christoph Wittmann at Technical University of 

Braunschweig, Germany. 

 

To examine the use of substrates and the production of small organic acids and 

glycerol, culture supernatant from Mtb cultures was used. Additionally, supernatants 

were incubated for 30 min at 90°C to kill remained Mtb. 

High pressure liquid chromatography (HPLC) (BioTek, Winooski, United States), 

equipped with an Aminex HPX87-H column (300 x 7.8 mm, Bio-Rad, Hercules, United 

States) as stationary phase and 5 mM H2SO4 as mobile phase were used (Becker et al., 

2008). Flowrate for separation was set to 1 mL per min at 40°C. Detection was 

performed by refractive index detection and absorbance measurement at 210 nm (UV-

detector). Calibration trend lines for each analyte were generated with standard 

solutions and their dilution series. EZChrome Elite software (Agilent) and the 

information form calibration trend lines were used for automated integration of sample 

chromatographs. Additionally, each chromatogram was checked and, if necessary, 

integration was corrected manually.  

2.2.10 Acetate measurement with acetate-kit 

For acetate measurement in indicated experiments, acetate was determined using 

“acetate”-kit from r-biopharm. Acetate amount was determined based on an enzymatic 

cascade, ending in NADH accumulation corresponding to the acetate amount which 

was observed photometrically at OD340. 

Bacteria were cultured as indicated and maximal 0.5 mL were taken for acetate 

measurement. Samples were centrifuged for 5 min at 13.000 rpm and supernatant was 

used for acetate measurement.  Measurement was performed as recommended by the 

manufacturers, in short:  

50 - 500 µL sample supernatant (background sample contained 500 µL water) 

+ 250 µL L1 

+ 50 µL L2 

adjusted with water to 800 µL 

mixed in a cuvette, and OD340 was measured (E0). Next 

+  2.5 µL L3 

were added, incubated for 3 min and OD340 was measured (E1). Next 

+  5 µL L4 
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were added and after 12 min of incubation at room temperature OD340 was examined 

(E2). 

Acetate amount was calculated using the following formulas: 
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c = acetate concentration [g/L] 

V = final volume [mL] 

v = sample volume [mL] 

MG = molecular weight of acetate [g/mol] 

d = cuvette light path [cm] 

ε = extinction coefficient of NADH (340 nm = 6.3 [L × mmol-1 × cm-1]) 

2.2.11 Glucose quantification* 

* Glucose quantification was performed at the Institute of Biochemical engineering at Technical 

University of Braunschweig, Germany headed by Prof. Dr. Christoph Wittmann. 

 

The concentration of glucose was quantified enzymatically by a glucose analyzer (2300 

Stat Plus; Yellow Springs Instrument, OH, United States) (Kind et al., 2010). 

2.2.12 NAD+/ NADH measurement. 

The concentrations of NAD+ and NADH were examined with NAD+/NADH Quantification 

Kit (Biovision K337-100). After aerobic incubation, Mtb culture (60mL with an OD600 > 

0.3) was washed twice with phosphate buffered saline (PBS), and resuspended in 

800 µL provided extraction buffer. Cells were lysed with a lysing matrix B tube in Mini-

Beadbeater-8 (BioSpec Products, Bartlesville, USA) five times for 25 s and cooled on 

ice for 5 min after each run. Cell extracts were centrifuged for 10 min at 13.000 rpm. 

Supernatant was further deproteinized with a 10 kDa cut-off column (Sartorius, 

Göttingen, Germany) and for 45 min at 13.000 rpm. 

One half of the sample was placed on ice. It was further used for NADt (NAD+ and 

NADH) measurement. The other half of the sample was incubated for 30 min at 60°C to 

remove fragile NAD+. It was further used for NADH measurement. Samples were further 

treated as recommended by the manufacturer instructions. 
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During the developmental reaction NAD+ is transferred into NADH. A NADH dilution 

series ranging from 0.2 - 4 µM was used to calculate concentrations from OD450 

measurement. Absorbance measurement was performed with FilterMax™ (Molecular 

Devices, Germany). NADt amount subtracted by NADH amount is the NAD+ amount. 

2.2.13 ATP measurement 

Mtb was cultured as indicated for the respective experiment. 100 µL were taken from 

cultures for ATP-measurement with BacTiter-Glo Microbial Cell Viability Assay 

(Promega, Mannheim, Germany). Prior to measurement, culture samples were 

incubated for 30 min at 90°C. Culture sample were mixed with an equal amount of 

BacTiter-Glo reagent (usually 90µL each) in an opaque 96-well plate. Lysis occurred 

during 5 min incubation at room temperature in the dark. Luciferase reacted with ATP 

from the lysed cells. The emitted light was examined using Wallac 1420 Victor (Perkin 

Elmer, Rodgau-Jügesheim, Germany). Each run included an ATP dilution series 

ranging from 100 pM-1 µM for calculation of concentrations from relative light units 

(RLU). 

2.2.14 Mice infection experiments* 

* Mice infection experiments were conducted as described below by Dr. Kerstin Walter and Dr. 

Sven Malm from Prof. Dr. Stefan Ehlers group “Molecular infectiology”, Research center 

Borstel, Germany. 

 

To test the contribution of PtaAckA pathway during in vivo infection, mice were infected 

with PtaAckA pathway mutants via aerosols. All experiments performed were in 

accordance with the German Animal Protection Law and were approved by the Animal 

Research Ethics Board of the Ministry of Environment, Nature Protection and 

Agriculture (Kiel, Germany). 

6-8 week old, female, specific pathogen free C57/BL6 mice which were kept in 

individually ventilated cages (IVC, Ebeco, Castrop-Rauxel, Germany) at biosafety level 

III were infected with approximately 100 Mtb. At day 1, 30, 62 and 91 after infection 

bacterial loads of the lungs were determined. Mice were euthanized; lungs were 

removed, weighted and separately homogenized. Organ homogenates were plated in 

dilution series onto 7H10-agar plates. 
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2.2.15 Statistics 

Depicted graphs show mean values with standard deviations, unless otherwise stated. 

Calculation of significance was performed using student`s t-test. Differences with a p-

value of less than 0.05 were considered as significant. 
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3 Results  

3.1 Generation of ∆pta Mtb 

To generate Mtb deletion mutants, a suicide construct with a deleted copy of the gene 

of interest was constructed in E. coli. The suicide construct was further transformed into 

Mtb. The plasmid with the deleted gene of interest integrated next to the wild type gene 

through homologous recombination. The probability of a recombination event largly 

dependents on the length of the homologous sequence provided in the construct. Those 

strains harbouring both - the wild type gene and the deleted gene of interest - next to 

each other are called co-integrated strains and were selected by positive selection via 

their antibiotic resistance. The co-integrated strains were further cultivated without 

antibiotic pressure, to ensure the loss of the suicide plasmid and further negatively 

selected. Simultaneously, the loss of either the wild type or the deleted gene occurred 

and a mutant strain was generated with a probability of 50%. 

3.1.1 Construction of ∆pta suicide plasmid 

To generate a ∆pta Mtb deletion mutant, the genomic region of pta was isolated from a 

genomic library by Colony blot. To prepare the pBluescript plasmid for the integration of 

pta fragment, it was digested with HindIII and SpeI. This led to the loss of the EcoRV 

restriction site. The new construct was named pND1. For integration of the pta gene into 

pND1, both, the cosmid isolated from the Mtb library and pND1, were digested with 

ClaI. The linearized pND1 and a 5071 bp fragment from the cosmid digestion were 

ligated. The new construct was named pND2. To delete pta gene, pND2 was digested 

with EcoRV and AscI. The remaining 5’ overhang was filled by klenow-enzyme reaction, 

and the construct was religated. Loss of 1239 bp fragment was examined by gel 

electrophoresis. The religation of shorten pND2 was named pND3. To prepare pND3 for 

the integration of hygromycin resistance and sacB gene, it was linearized with PshAI. 

The hygromycin resistance gene and sacB gene were isolated by XmnI digestion of 

pMP62. The 4746 bp fragment from pMP62 digestion was ligated to linearized pND3. 

The generated suicide construct was named pND4, and it was transformed in Mtb. The 

construction of pND4 is depicted in Figure 5. 
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Figure 5: Generation of suicidal plasmid for pta deletion in Mtb. 
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3.1.2 Confirmation of pta deletion in Mtb by Southern blot analysis 

 

To test for pta deletion in Mtb, genomic DNA from potential pta mutant strains was 

isolated and digested in two different ways: First, DraIII digestion should lead to the 

reduction of the fragment size of the mutant strain compared to the wild type in 

Southern blot. Second, an HpaI ClaI double digestion should lead to an enlargement of 

fragment size in ∆pta strain, because of an HpaI site within the deleted region. 

Overview of performed digestions and the genomic situation is shown in Figure 6 A. In 

Figure 6 B and C, the resulting Southern blots are depicted. After DraIII digestion, the 

mutant strain showed a reduction of fragment size from 3.6 kb to nearly 2 kb compared 

to wild type fragment. Whereas, HpaI ClaI double digestion lead to an enlargement of 

fragment size compared to wild type Mtb from 2.8 kb to 3.3 kb. The generated pta 

deletion mutant was named ND7 or ∆pta.  

 

Figure 6: Examination of ∆pta strain ND7. 
A: Genomic organisation of pta locus and restriction sites used for Southern blot analysis. The blue box 
shows the binding site of probe II (primer 425, 426). The boxes depicted with a ∆ mark deleted region in 
the pta gene. B: Wild type Mtb (WT) and ND7 Southern Blot after DraIII digestion. C: Wild type Mtb (WT) 
and ND7 Southern Blot after HpaI ClaI double digestion. 
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3.2 Characterization of different cultivation methods 

During course of infection, Mtb pass through different oxygen states: at the beginning of 

the infection and after the reactivation, the bacteria experience oxygen concentration in 

the tissue of around 95 mm Hg. But, most of their lifetime, Mtb faces oxygen limitation 

due to the encapsulation inside the granuloma. 

Normally, Mtb is cultivated aerobically in shaken flasks with a headspace to media ratio 

(HMR) of 3:1. This results in a doubling time of 22 h. To examine the metabolic 

adaptation at different oxygen levels, a hypoxic cultivation model was established. This 

model was based on a common hypoxia model, first described by Wayne and 

colleagues (Wayne and Hayes, 1996). During this thesis, hypoxic cultivation was 

performed in standing tubes with a HMR ratio of 1:2. The doubling time increased to 

96 h. Further, anaerobic cultivation was performed which was characterized by the 

active depletion of oxygen and the stop of proliferation. 

For bacteria isolated from Wayne-model culture or directly from host granulomas a 

typically gene expression profile has been described. The DosR regulon, a set of more 

than 40 genes is up regulated when Mtb copes with oxygen restriction (Voskuil et al., 

2004a). To test whether Mtb experience the hypoxic cultivation in a similar fashion, 

gene expression was examined using microarray analysis. The transcript levels of 

hypoxic cultures were compared to aerobic cultures after two days. More than 20 genes 

from the DosR regulon were up regulated in the hypoxic cultured Mtb (see Table 6). 

Table 6: Changes in gene expression comparing hypoxic cultivation to aerobic cultivation. 
Absolute fold changes (FC) of more than 2 fold in expression of genes encoding enzymes of the DosR 
regulon (Voskuil et al., 2004b). Examination after two days at hypoxic cultivation compared to aerobic 
culture in medium with glucose and glycerol. Genes were considered to be regulated differentially, when 
expression levels (combined data from three independent experiments) were higher than 100 and p-value 
smaller than 0.05. (CHP= conserved hypothetical protein, HP =hypothetical protein, P = probable). 
 

Enzyme Genename Rv FC 

CHP  Rv0569 2.96 

CHP  Rv0571c 2.56 

transmembrane protein  Rv1733c 2.15 

nitrate/nitrite transporter  narK2 Rv1737c 4.81 

CHP  Rv1738 2.37 

P. dehydrogenase  Rv1812c 2.65 

CHP  Rv1813c 4.71 

CHP  Rv1996 7.41 

cation transport ATPase ctpF Rv1997 5.00 

CHP  Rv2003c 2.34 

CHP  Rv2004c 3.75 
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CHP  Rv2005c 2.44 

CHP  Rv2030c 2.38 

CHP acg Rv2032 3.18 

CHP  Rv2623 2.48 

CHP  Rv2624c 3.58 

P. transmembrane protein  Rv2625c 3.72 

CHP  Rv2626c 2.41 

CHP  Rv2627c 4.43 

HP  Rv2628 4.74 

CHP  Rv2629 3.50 

HP  Rv2630 5.70 

CHP  Rv2631 7.80 

CHP  Rv3127 2.95 

CHP  Rv3130c 4.32 

CHP  Rv3131 5.08 

CHP  Rv3134c 2.33 

P. fused nitrate reductase narX Rv1735c 3.08 

3.3 Acetate formation in Mtb 

3.3.1 Pyruvate induced acetate production 

Acetate accumulation can serve different function, but in general, it happens when 

reactions of TCA-cycle are saturated or inhibited, for example during oxygen limitation 

or during high carbon flux. During oxygen limitation, respiratory chain reactions are 

inefficient and during high carbon flux, NADH is not reduced fast enough by respiratory 

reactions. In both cases, NADH inhibits TCA cycle reaction by feedback inhibition (Kim 

and Gadd, 2008). In Mtb, supernatants from aerobically grown cultures were analysed 

for the accumulation of small organic acid. High pressure liquid chromatography (HPLC) 

of culture supernatants was used to screen for the production of acetate, succinate, 

formate and lactate, which are commonly generated during mixed acid fermentation. At 

the same time, HPLC analysis was used to observe the consumption of substrates. 

Commonly used medium for Mtb liquid cultures is 7H9-medium supplemented with 

glucose and glycerol. At aerobic condition, when cultivating the bacteria in the presence 

of glucose and glycerol, they preferably used glycerol as carbon source (Figure 7 A). At 

hypoxic conditions, their metabolism was slowed down; though, the consumption of 

carbon sources was also decelerated (Figure 7 B). But neither at aerobic nor at hypoxic 

conditions, an accumulation of small organic acids was observed. 
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It has been described before, that pyruvate induces acetate production in other bacteria: 

in E. coli, increases of intracellular pyruvate concentration correlated with acetate 

production (Vemuri et al., 2006). In Pseudomonas, pyruvate induces mixed acids 

fermentation which improves survival at anaerobic condition and in microcolonies 

(Eschbach et al., 2004; Petrova et al., 2012). When changing the carbon source of Mtb 

from glucose and glycerol to pyruvate, pyruvate was even consumed faster than 

glycerol. Accumulation of acetate was observed in aerobic cultures until day ten, 

followed by acetate consumption (acetate switch) (Figure 7 C). In hypoxic cultures, 

acetate continuously accumulated for 40 days (Figure 7 D). In hypoxic bacteria, acetate 

accumulation per cell was eight times higher than in the aerobic bacteria. 

When cultivating Mtb in glucose, glycerol and pyruvate, pyruvate was favoured as 

carbon source and additionally little glycerol was used. Similar to the cultivation with 

pyruvate as sole carbon source, at aerobic condition, Mtb performed an acetate switchs 

and at hypoxia, continuously produced acetate (Figure 7 E, F). 

 
Figure 7: HPLC-analyses of culture supernatants at aerobic and hypoxic conditions. 
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Mtb was cultivated for 40 days at aerobic (A, C, E) and hypoxic conditions (B, D, F) in the presence of 
glucose and glycerol (GG), or pyruvate (P), or glucose, glycerol and pyruvate (GGP). Quantification of 
substrates and products from culture supernatants was performed via HPLC and enzymatic assay 
(glucose). Growth was monitored by counting the colony forming units (CFU). Graphs show one out of 
two representative experiments each with two replicates. 

3.3.2 Are there any other fermentation products during acetate 
fermentation? 

Acetate is a common product during mixed acid fermentation. During fermentation, 

acetate production helps to regain CoA and to produce ATP (Kim and Gadd, 2008). At 

aerobic or hypoxic conditions, the supernatants of Mtb were also analysed searching for 

lactate, formate and succinate production.  

During mixed acid fermentation, lactate production reoxidizes NADH to NAD+ 

independently from respiratory chain reactions (Gottschalk, 1986). Mtb possess two 

annotated lactate dehydrogenases lldD1 (Rv0694) and lldD2 (Rv1872c) (Cole et al., 

1998). In Mtb, the function of those enzymes has not been analysed so far, but the 

lactate dehydrogenases are annotated as probable respiratory enzymes, which means, 

they are described as membrane bound and cytochrome dependent proteins (kegg.jp). 

As expected from the annotations, under none of the tested condition any lactate 

production was found. 

Accumulation of formate was also examined. In Enterobacteriacea, formate is 

generated from pyruvate formate lyase (Pfl) at oxygen limitation. Pfl catalyses the 

conversion from pyruvate and CoA to acetyl-CoA and formate (Gottschalk, 1986). But 

pfl is not annotated in the genome of Mtb (Cole et al., 1998) and no formate was found 

in culture supernatants. 

In 2011, fermentative activity in Mtb was documented for the first time (Watanabe et al., 

2011). Succinate production during reductive mode of TCA-cycle via fumarate 

reductase was observed. This reaction serves two functions: First, it reoxidizes NADH 

to NAD+ and second, it helps to maintain proton motive force, and thereby, allows ATP 

production via respiratory ATP synthase (Gottschalk, 1986). During this work, succinate 

production was observed (Figure 8), too. In the presence of glucose and glycerol after 

20 days of cultivation, Mtb started to produce small amounts of succinate. At aerobic 

and hypoxic conditions, the production of succinate was similar. In the presence of 

pyruvate at aerobic conditions, Mtb first produced succinate, and after 10 days 

succinate was reused. At hypoxic cultivations, Mtb continuously produced succinate. 

When the bacteria were cultivated in a mixture of glucose, glycerol and pyruvate, nearly 

the same succinate production pattern was observed, (Figure 8). 
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Figure 8: Succinate production in Mtb. 
Mtb was cultivated for 40 days at aerobic and hypoxic conditions in the presence of glucose and glycerol 
(GG), or pyruvate (P), or glucose, glycerol and pyruvate (GGP). Quantification of succinate was 
performed using HPLC analysis. Graphs show one out of two representative experiments. 

3.3.3 Survival of Mtb at aerobic, hypoxic and anaerobic conditions 

Only in the presence of pyruvate, Mtb started to produce acetate. Whether the acetate 

production provides any advantages or disadvantages for Mtb, especially when oxygen 

availability is limited, was tested by the examination of the bacterial survival at different 

oxygen levels. 

At aerobic and at hypoxic conditions, the survival of Mtb was independent of the carbon 

source (Figure 9 A, B). But, at anaerobic condition, the survival of Mtb differentiated 

according to the carbon source in media. Cultivated in medium with glucose and 

glycerol as carbon source, the survival of Mtb decreased. At day 21 the detection limited 

was reached. Cultivated with glucose, glycerol and pyruvate, Mtb survival slightly 

improved compared to Mtb in glucose and glycerol. With pyruvate as sole carbon 

source, Mtb survived best (Figure 9 C). 
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Figure 9: Survival of Mtb at aerobic, hypoxic and anaerobic conditions. 
Mtb was cultivated for 21 days at aerobic (A), hypoxic (B) and anaerobic (C) conditions in the presence of 
glucose and glycerol (GG), or pyruvate (P), or glucose, glycerol and pyruvate (GGP). Bacterial survival 
was monitored by plating for CFU. Questionmarks indicate that no CFU were detected for GG culture at 
day 21. Graphs show means from two independent experiments each with two replicates. Error bars 
indicate standard deviation. 

3.3.4 Do other mycobacteria perform acetate fermentation? 

This work so far demonstrated that acetate production in Mtb was induced when 

pyruvate was administered. Mycobacterium bovis BCG (BCG), a commonly used 

apathogenic vaccine strain, and Mycobacterium smegmatis mc2 155 (M. smegmatis), a 

representative of fast growing mycobacteria, were also grown in the presence of 

pyruvate to analyse their ability to produce acetate. Both, BCG and M. smegmatis were 

found to produce acetate independently of oxygen availability (Figure 10).  
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Figure 10: Acetate production in other mycobacteria. 
BCG (A) and M. smegmatis (B) were cultivated at aerobic (blue) and hypoxic (green) conditions in the 
presence of pyruvate. Quantification of acetate accumulation from culture supernatants was performed 
using acetate-kit. Graphs show one out of two representative experiments. 

3.4 Searching for a mechanism leading to acetate production 

3.4.1 Does the induction of acetate secretion depend on pyruvate 
concentration? 

As shown in Figure 7, pyruvate entered Mtb much faster than glycerol. This might have 

led to an increased intracellular pyruvate concentration or to an accumulation of for 

example acetyl-CoA and other products from pyruvate conversion. If the acetate 

production would depend on the intracellular pyruvate concentration or other 

accumulations resulting from pyruvate conversions, the acetate production should 

decrease with diminishing pyruvate concentrations. 

To test this hypothesis, Mtb was cultivated at different pyruvate concentrations at 

aerobic and hypoxic conditions. Growth, pyruvate consumption and production of 

acetate and succinate were monitored. 

The growth of Mtb was influenced by the pyruvate concentration: By the reduction of the 

pyruvate concentrations, Mtb grew slightly faster (Figure 11 A, B). The pyruvate 

consumption at aerobic and at hypoxic conditions was independent of pyruvate 

concentration for the first 10 days (Figure 11 B, C). At aerobic conditions, pyruvate 

uptake of Mtb increased over time (Figure 11 C), possibly due to higher cell numbers. At 
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hypoxic conditions, pyruvate uptake rate in 20 – 50 mM cultures was the same, 

indicating saturation (see the nearly parallel curves in Figure 11 D). 

Regarding the production of acetate and succinate, the higher the pyruvate 

concentration provided with the medium, the more acetate and succinate were 

produced. At aerobic conditions, 40 - 50 mM of pyruvate in the medium increased 

neither the acetate nor the succinate production, indicating a saturation of the producing 

pathways (Figure 11 E and G). At hypoxia, the maximum turnover rates of acetate and 

succinate were already reached by 30 mM pyruvate. Concluding from these 

experiments, the acetate and succinate production were increasing in a pyruvate 

concentration dependent manner. 
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Figure 11: Concentration dependency of acetate accumulation. 
Mtb H37Rv wild type was cultivated at aerobic (left graphs) and hypoxic condition (right graphs) in the 
presence of different pyruvate concentrations for 20 days. Growth (A, B), pyruvate consumption (C, D), 
acetate (E, F) and succinate (G, H) production were monitored. Means from two independent 
experiments each with two replicates are shown. Error bars indicate standard deviation. 

3.4.2 Gene Expression during acetate production. 

To get further ideas, why Mtb formed acetate only in the presence of pyruvate and not 

in the presence of glucose and glycerol, changes in gene expression were suspected. 

Examinations of whole genome expression by microarray analysis were performed to 

determine the extent of changes in gene regulation during acetate production. RNA was 

isolated from Mtb after 2 days of cultivation from both aerobic and hypoxic cultures in 
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medium supplemented with either 50 mM pyruvate or 50 mM glycerol and 25 mM 

glucose. Analyses were focussed on genes encoding enzymes of the central carbon 

metabolism (CCM), including glycolysis, pentose phosphate pathway (PPP), 

gluconeogenesis and TCA cycle, and the respiratory chain. All genes considered are 

depicted in Figure 3 and Figure 4; furthermore, genes of ATP-synthase 

(atpABCDEFGH) and acetate metabolism (pta, ackA, acs) were included. Genes that 

were significantly regulated at least two-fold are presented inTable 7.  

Table 7: Gene regulation during acetogenic conditions compared to non-acetogenic conditions 
during aerobic and hypoxic cultivation. 
Changes in gene expression of more than 2 fold after two days incubation are depicted. Comparison of 
gene expression from Mtb cultivated with pyruvate compared to incubation with glycerol and glucose at 
aerobic and hypoxic conditions was performed. Table shows combined data from three independent 
experiments. Genes were considered to be regulated differentially, when expression levels (combined 
data from three independent experiments) were higher than 100 and p-value smaller 0.05. (CHP= 
conserved hypothetical protein, HP =hypothetical protein, P = probable). 
 
Complex Enzyme Genename Rv aerobic hypoxic 

Glycolysis /PPP Phosphofructokinase pfkB Rv2029c  -3.30 

Gluconeogenesis PEP carboxy kinase pckA Rv0211 4.12  

TCA cycle 
Citrate synthase citA Rv0889c  2.20 

Citrate synthase gltA Rv1131 -8.51 -6.77 

Glyoxylate shunt Isocitrate lyase icl1 Rv0467 10.66 4.31 

PPP 
6-phosphogluconolactonase devB Rv1445c  -5.67 
glucose-6-phosphate 1-
dehydrogenase 

zwf2 Rv1447c 
 

-3.61 

NADH 
Dehydrogenase I 

Type-I NADH dehydrogenase chain A nuoA Rv3145, -2.44  
Type-I NADH dehydrogenase chain B nuoB Rv3146 -2.72  

Type-I NADH dehydrogenase chain C nuoC Rv3147 -2.18 -2.33 
Type-I NADH dehydrogenase chain D nuoD Rv3148 -2.17  
Type-I NADH dehydrogenase chain E nuoE Rv3149 -2.05  
Type-I NADH dehydrogenase chain F nuoF Rv3150   
Type-I NADH dehydrogenase chain I nuoI Rv3153  -3.05 
Type-I NADH dehydrogenase chain J nuoJ Rv3154  -2.76 
Type-I NADH dehydrogenase chain K nuoK Rv3155  -2.38 
Type-I NADH dehydrogenase chain M nuoM Rv3157  -4.00 

NADH 
Dehydrogenase 
II 

Type-II NADH dehydrogenase Ndh Rv1854c 2.15  

cytochrome c 
reductase 

Rieske iron sulfor protein??? qcrA Rv2195  -2.21 

Ubiquinol- cytochrome C reductase qcrB Rv2196  -3.01 

bd-type 
menanquinol 
oxidase 

Transmembrane ATP-binding protein 
ABC transporter 

cydC Rv1620c  -3.07 

ATP-synthase 

Delta chain atpH Rv1307  -2.08 
Gamma chain atpG Rv1309  -2.17 
Beta chain atpD Rv1310  -2.39 
Epsilon chain atpC Rv1311  -2.48 

Acetat 
metabolism 

Phosphotransacetylase pta Rv0408  -2.61 
Acetate kinase ackA Rv0409  -2.22 
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Out of nearly 100 genes, the only four genes found to be up regulated during acetate 

production were genes encoding isocitrate lyase (icl), phosphoenolpyruvate carboxylase 

(pckA), NADH dehydrogenase type II (ndh) and citrate synthase (citA). At aerobic 

conditions, icl, pckA and ndh were up regulated; whereas, at hypoxic condition icl and 

citA were up regulated, when the bacteria were grown with pyruvate compared to 

glucose and glycerol.  

Surprisingly, any other differentially expressed gene of CCM or respiratory chain was 

down regulated during acetate production. During aerobic acetate production, citrate 

synthase (gltA) and subunits of the NADH dehydrogenase type I were down regulated. 

During hypoxic acetate production, citrate synthase (gltA), PPP genes (devB, zwf2) and 

several respiratory chain genes were down regulated: Namely, parts of NADH 

dehydrogenase type I (nuoC, I, J, K, M), the cytochrome c reductase (qcrA, qcrB), 

menaquinol oxidase (cydC) and atpHGDC gene cluster that encodes the respiratory 

ATP-synthase. Interestingly, even acetate metabolism, including PtaAckA pathway, was 

found to be down regulated. 

3.4.3 NADH/ NAD+ ratio during acetate secretion.  

In E. coli, acetate secretion has been analysed intensively. One result is that, redox 

balance influences the acetate secretion. High glucose consumption leads to high 

glycolysis and TCA-cycle flux. Both pathways accumulate NADH, and when the 

NADH/NAD+ ratio exceeds a specific hall mark, E. coli starts to secret acetate (Vemuri 

et al., 2006). 

To test whether increased pyruvate concentration lead to an increase in NADH/NAD+ 

ratio, these redox factor concentrations of Mtb grown with glucose and glycerol, or 

increasing concentration of pyruvate were determined. Bacteria were aerobically 

cultivated and were harvested after 3 days.  

As the growth of Mtb differed substantially according to the carbon source, the redox 

factor concentrations were normalized to the corresponding OD600. Only slight changes 

in NAD+ concentration were observed comparing glucose and glycerol to pyruvate fed 

Mtb; whereas, the NADH concentration augmented with increasing concentrations of 

pyruvate (Figure 12 A). With mounting concentration of pyruvate in the medium, the 

NADH/NAD+ ratio increased (Figure 12 B). 
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Figure 12: NADH and NAD
+
 during acetate secretion. 

Mtb H37Rv were cultured at aerobic conditions in the presence of either glucose and glycerol (GG) or 
different pyruvate (P) concentrations (10 mM, 30 mM, 50 mM pyruvate) for 3 days. A: Cultures were 
harvested, bacteria were lysed and NADH and NAD+ concentration was measured. As growth differs 
according to the medium, concentration of redox factors were normalized to OD600. B: NADH/NAD+ ratio 
was calculated. Graphs show three independent experiments each with two replicates. Error bars indicate 
standard deviation. 

3.4.4  Does lactate or alanine induce acetate production, as well?  

During infection with Mtb, the human hosts` immune system generates granulomas to 

enclose the infection. Those granulomas are characterized by oxygen depletion. During 

oxygen limitation, the host’s tissue produces lactate (Somashekar et al., 2011; 

Somashekar et al., 2012). Thus, lactate could serve Mtb as a carbon source during 

infection. 
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Mtb possesses two annotated lactate dehydrogenases (Rv0694 and Rv1872), which 

are probably of respiratory reaction type. In Mtb, those enzymes have not been 

characterized so far, but generally they oxidize lactate into pyruvate (Figure 13). 

 

 
Figure 13: Oxidation from lactate to pyruvate by lactate dehydrogenases. 
In the genome of Mtb, lactate dehydrogenases lldD1 (Rv0694), lldD2 (Rv1872) are annotated. Lactate 
dehydrogenase catalyzes the oxidation from lactate to pyruvate.  
 

If pyruvate induces acetate production and the annotated lactate dehydrogenases are 

functional, lactate might also induce acetate production. 

At aerobic and hypoxic conditions, Mtb was cultivated in the presence of different 

lactate concentrations. At aerobic and at hypoxic conditions, the growth of Mtb was 

inversely proportional to the lactate concentration offered (Figure 14 A, B). At aerobic 

conditions, the lactate consumption was slower compared to pyruvate uptake rates (see 

Figure 11). Despite a normal growth at hypoxic conditions, nearly no lactate 

consumption was observed (Figure 14 C, D). 

Neither at aerobic nor at hypoxic conditions, acetate accumulation was observed 

(Figure 14 E, F). The small amounts (depicted in Figure 14 E and F) which gave a 

signal during UV-detection, did not give any signal during refractive index (RI) detection, 

indicating the existence of another substance. Fumarate does not give a signal during 

RI-detection, and is eluated nearly at the same time as acetate. 

Concluding from these experiments, lactate did not induce acetate production. 
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Figure 14: Lactate did not induce acetate production. 
Mtb H37Rv was cultivated at aerobic (left graphs) and hypoxic condition (right graphs) in the presence of 
different lactate concentrations for 20 days. Acetate accumulation in culture supernatants was monitored 
via HPLC. Growth (A, B), lactate consumption (C, D), and acetate production (E, F) are depicted. Means 
of two biological replicates are shown.  

 
The amino acid alanine could also be transferred into pyruvate in a one-step reaction 

via the alanine-synthetizing transaminase, AspC (Figure 15). An aspC gene (Rv0337c) 

is also annotated in the genome of Mtb (Cole et al., 1998). 
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Figure 15: Reaction of alanine-synthesizing transaminase, AspC. 
In the genome of Mtb, an alanine-synthesizing transaminase (Rv0337c) is annotated. This enzyme 
catalyzes the conversion from L-alanine with 2-oxoglutarate into L-glutamate and pyruvate.  
 

Mtb was cultivated in the presence of either alanine (50 mM) or pyruvate (50 mM), or 

supplemented with glucose (25 mM) and glycerol (50 mM) each. The supernatants from 

those cultures were analysed with acetate-kit. 

As observed before, cultures with pyruvate started to produce acetate. Alanine did not 

induce acetate production in Mtb (Figure 16). 

 
Figure 16: L-alanine did not induce acetate production in Mtb. 
Mtb H37Rv wild type was cultured at hypoxic condition in the presence of different carbon sources for 21 
days. Carbon sources: 50 mM L-alanine; 50 mM pyruvate; 25 mM glucose, 50 mM glycerol and 50 mM L-
alanine; 25 mM glucose, 50 mM glycerol and 50 mM pyruvate. Acetate accumulation in culture 
supernatants was examined using acetate-kit. Means of two biological replicates are shown. 
 

In Mtb, neither lactate nor L-alanine was found to induce acetate production, as it was 

demonstrated for pyruvate. As lactate entered the cells slower than pyruvate, this 

further emphasized that acetate production is a result of intracellular accumulation of 

pyruvate itself or substances resulting from pyruvate conversion. 
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3.5 Characterization of Mtb ∆pta and ∆ackA mutant 

In E. coli and other bacteria, two pathways generate acetate. The oxidation from 

pyruvate into acetate via pyruvate oxidoreductase (PoxB) and the reaction from acetyl-

CoA to acetate mediated by phosphotransacetylase (Pta) and acetate kinase (AckA) 

(Gottschalk, 1986). In the genome of Mtb, Pta and AckA are annotated. Annotation for 

PoxB was not found in Mtb (Cole et al., 1998). Pta and AckA are also annotated in other 

mycobacterial species. An overview of nucleotide sequence similarities to E. coli pta 

and ackA sequences is provided in Table 8. 

 

Table 8: Comparison of pta ackA sequences from different organism to E. coli.  
Sequences were exported from blast.ncbi.nih.gov/BLAST.cgi and aligned with Clonemanager software 
Version 9. 
 

 matches compared to E. coli K12 [%] 

Organism pta ackA 

M. tuberculosis H37Rv 54 51 

M. bovis BCG subsp. Pasteur 54 52 

M. smegmatis mc
2 155 52 53 

P. aeruginosa PAO1 60 56 

B. subtilis subsp. subtilis str. 168  28 54 

C. glutamicum (ATCC 13032) 41 55 

3.5.1 Acetate production 

When acetate production is only performed via PtaAckA pathway, the disruption of 

these genes should stop the acetate production in Mtb. Mtb H37Rv wild type was 

transformed with a suicide construct carrying a deleted version of pta and ackA, 

respectively. The mutations were confirmed by PCR and Southern blot analyses (For 

∆pta see Figure 6).  

Cultivated in pyruvate, supernatants of wild type Mtb, mutant strains and the mutant 

strain carrying an integrative plasmid with the wild type copy of the deleted gene 

(complemented strains) were collected and further analysed with HPLC. 

The ∆pta mutant strain completely failed to produce acetate, both at aerobic and 

hypoxic conditions (Figure 17 A, B). The ∆ackA mutant strain produced less acetate 

than the wild type and the complemented strain, at aerobic and hypoxic conditions 

(Figure 17 A, B). With the integration of the wild type gene into the mutant strains the 

acetate production was restored. 

The intracellular ATP content did not differ significantly between wild type and mutant 

strains reflecting that the oxygen concentration probably still allowed ATP production via 

respiratory ATP-synthase, even at hypoxic conditions (Figure 17 C, D). As expected 
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from the ATP-data, the survival of wild type and mutant strains was not affected (Figure 

17 E, F). 

To exclude that reduced acetate production in mutant strains is due to reduced ability to 

incorporate pyruvate, the pyruvate consumption was measured. No changes in pyruvate 

incorporation were observed for wild type and mutant strains (Figure 17 G, H). 
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Figure 17: The role of PtaAckA pathway during acetate formation.  
Mtb H37Rv wild type (WT), PtaAckA pathway deletion mutants (∆pta, ∆ackA), and corresponding 
complemented strains were cultivated at aerobic (left graphs) and hypoxic condition (right graphs) for 20 
days in medium containing pyruvate. HPLC analysis was used to examine acetate and pyruvate 
concentration. Acetate formation (A, B), ATP level (C, D), growth (E, F) and pyruvate consumption are 
depicted. Graphs show means of two independent experiments each with two replicates. Error bars 
indicate standard deviation. 
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3.5.2 Enzyme activity 

Enzyme activity testing was performed, to validate that the constructed mutant strains 

had lost activity, respectively. Additionally, this proved that ∆pta phenotype was not a 

result of polar effects on genes downstream of pta, for example ackA. Moreover, the by 

measuring enzyme activity of the Mtb strains when cultivated in glucose and glycerol or 

cultivated in pyruvate, effect of the used medium was examined. Results are shown in 

Table 9.  

Pta activity was detected in all strains with the exception of ∆pta. Pta activity was not 

significantly increased in bacteria cultured in pyruvate. AckA activity was found in all 

strains with the exception of ∆ackA. AckA activity did not differ according to the culture 

medium, with the exception of WT culture. When cultivated in pyruvate lysates from WT 

culture showed increased AckA activity. 

 

Table 9: Specific enzyme activity in cell-free extracts of Mtb [U/mg]. 
Mtb H37Rv wild type (WT), ∆pta and ∆ackA mutant and corresponding complemented strains were 
cultivated with either glucose and glycerol (GG) or pyruvate (P) at aerobic conditions. Enzyme activity is 
shown in means out of two independent experiments each with three replicates as units (U) per mg 
protein ± standard deviation. 
 

Activity [U/mg] 
Pta  AckA 

GG P GG P 

WT 0.163±0.011 0.3378±0.089 0.148±0.05 0.946±0.21 

∆ackA 0.2088±0.019 0.2233±0.086 <0.01 <0.01 

∆ackA::pND11
+
 0.3021±0.035 0.4429±0.15 0.729±0.1 0.76±0.1 

∆pta <0.01 <0.01 0.778±0.11 1.1±0.1 

∆pta::pND11
+
 0.1807±0.016 0.2665±0.0967 2.53±0.2 2.57 ±0.53 

3.5.3 Survival 

3.5.3.1 At anaerobic conditions 

At anaerobic conditions, comparison of different media revealed that Mtb H37RV wild 

type best survived in the presence of pyruvate, compared to the cultivation in glucose 

and glycerol, or glucose, glycerol and pyruvate (Figure 9 C). 

To test whether this survival advantage is due to the use of PtaAckA pathway, ∆pta and 

∆ackA were exposed to anaerobic conditions in the presence of pyruvate. Survival at 

anaerobic conditions did not differ significantly between wild type and mutant strains 

(Figure 18).  
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Figure 18: Survival at anaerobic conditions. 
Mtb H37Rv wild type (WT), ∆pta (A), ∆ackA (B) mutant strains with the corresponding complemented 
strains were cultivated at anaerobic condition for 21 days in medium containing 50 mM pyruvate. Survival 
was monitored. Graphs show two independent experiments each with two replicates. Error bars indicate 
standard deviation. 

3.5.3.2 Inhibition of respiratory F1F0-ATP-synthase 

In the presence of pyruvate, Mtb started to produce acetate. Acetate production was 

mediated via PtaAckA pathway and probably coupled to ATP production via substrate 

level phosphorylation. But, Mtb additionally possess the respiratory F1F0-ATP-synthase 

to produce ATP. To analyze the contribution of PtaAckA substrate level phosphorylation 

to the ATP production, Mtb was exposed to respiratory F1F0-ATP-synthase inhibitor, 

dicyclohexylcarbodiimide (DCCD). In Mtb, the inhibition of the respiratory F1F0-ATP 

synthase using DCCD has been shown to decrease ATP content of slow-growing 

cultures and to reduce viability of bacteria (Rao et al., 2008).  

In the presence of glucose and glycerol, substrate level phosphorylation proceeds 

during glycolysis; whereas, in the presence of pyruvate, which enters the carbon 

metabolism below glycolysis, substrate level phosphorylation is thought to be performed 

via PtaAckA pathway.  

The influences on survival and ATP levels of Mtb ∆pta and ∆ackA mutants were 

examined in the presence of 120 µM DCCD with pyruvate (P) or glucose and glycerol 

(GG) or no further carbon source (w/o). The strains were allowed to adapt to the 

medium for 24 h during aerobic cultivation before the experiments were started with the 

addition of 120 µM DCDD and the shift to hypoxic conditions.  

Just after the inoculation, all strains started to proliferate. This was accompanied by a 

general increase of the ATP level from day-1 till day 0. Remarkably, the ATP elevation 

was not that pronounced when the Mtb was cultivated in medium with glucose and 

glycerol, compared to bacteria from pyruvate or minimal culture (Figure 19). 
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When the bacteria were cultivated in medium with pyruvate, the survival of wild type and 

complemented strains was slightly reduced; whereas, the survival of mutant strains was 

reduced by 1000-fold of the starting cell amount (Figure 19 A). At the same time, the 

ATP levels in wild type and complemented strains were little reduced (~50%); whereas, 

in the mutant strains the ATP levels were reduced below 10% regarding their ATP 

amount of day 0 (Figure 19 B). 

In the presence of glucose and glycerol, there were no differences between the five 

tested strains neither in survival nor regarding their ATP-level. Interestingly, when 

feeding glucose and glycerol instead of pyruvate, the survival ranged between 0.1 and 

10% during 10 days of incubation (Figure 19 C) and the ATP-levels of all strains 

dropped till 10% and further little lower (Figure 19 D). 

When feeding no carbon source, the survival dropped even below 1% of starting CFU, 

but showed a slight recovery during progression from day 3 to day 10. All strains 

showed a reduction in ATP levels below 10% of starting ATP amount. 

Summarizing these experiments, when respiratory ATP-synthesis was inhibited in 

culture with pyruvate the survival and the ATP amount were slightly affected. Lack of 

PtaAckA pathway resulted in an enormous reduction of the survival and the ATP level. 

The survival and the ATP amount in ∆pta and ∆ackA were comparable to bacteria 

cultured in medium without any further carbon source. Interestingly, in the presence of 

pyruvate the ATP amount and the bacterial survival were maintained even better 

compared to bacteria cultivated in glucose and glycerol (for direct comparison, see 

Figure 19 G, H). Even when the bacteria were offered the possibility to produce ATP via 

glycolysis, the decrease in survival and the ATP reduction were more pronounced 

compared to cultures with pyruvate.  
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Figure 19: Survival and ATP level during inhibition of the F1F0-ATP-synthase 
Mtb H37Rv wild type (WT), mutants and corresponding complemented strains were exposed to 120 µM 
DCCD for 10 days at hypoxic condition in the presence of pyruvate (A, B), glucose and glycerol (C, D) 
and no further carbon source (E, F). Survival (A, C, E) and ATP-levels (B, D, F) are depicted. To allow 
easier comparison between the three media, survival and ATP level reduction compared to day 0 was 
calculated and is depicted for pyruvate exposure (all strains), together with WT from glucose and glycerol 
culture (GG) and WT from culture without (w/o) a further carbon source (G, H). Means from three 
independent experiments each with two replicates are depicted. Error bars indicate standard deviation. 
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3.5.4 Virulence during murine infection* 

*Experimental data shown in this section were generated by the group of Prof. Dr. Stefan Ehlers 

 

So far the examinations of PtaAckA pathway demonstrated that pyruvate accompanied 

by the intracellular accumulation of NADH led to the formation of acetate via PtaAckA 

pathway. In the presence of pyruvate, the PtaAckA pathway ruled out to be beneficial 

when respiratory ATP-synthase was inhibited. 

To test whether Mtb rely on PtaAckA pathway during murine infection, wild type and 

mutant strains were used to infect female 6 - 8 week old C57/BL6 mice via aerosols. 

The progression of infection was examined at indicated time points by plating lung 

homogenates to determine the bacterial load. 

In mice infected with wild type or ∆pta, bacterial loads increased up to 107 CFU/lung 

during the initial phase of infection (day 0 - day 30). The bacterial load in lungs of mice 

infected with those strains stayed constant for further 30 days (day 30 - day 60). In 

contrast to mice infected with wild type or ∆pta, ∆ackA infected mice showed a reduced 

bacterial load at day 30. The bacterial loads during persisting state stayed at a constant 

low level (day 30 - day 60) (Figure 20). ∆ackA strain was attenuated for the initiation of 

infection. 
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Figure 20: Virulence of PtaAckA pathway deficient Mtb mutant during murine infection. 
C57/BL6 mice were infected via aerosols with the indicated strains. Bacterial loads in lungs were 
examined after indicated time points in at least three mice. Error bars indicting standard deviation. 

 

To examine whether reduced virulence in the ∆ackA strain is due to deletion in ackA 

gene, the infection was repeated. This time, mice were infected with the complemented 

∆ackA strain. But both the ∆ackA and the complemented strain showed reduced 

virulence in the initial phase of infection (Figure 21), indicating that the deletion in ackA 

is not the reason for the observed attenuation. 
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Figure 21: Virulence of Mtb ∆ackA and ∆ackA complemented strain.  
C57/BL6 mice were infected via aerosols with the indicated strains: WT H37Rv, ∆ackA and 
∆ackA::pND11. Bacterial loads in lungs were examined after indicated time points in at least three mice. 
Error bars indicting standard deviation. 

 

The attenuation of ∆ackA is obviously not due to ackA deletion, as the ackA 

complemented strain still showed reduced virulence (Figure 21). 

It might have happened that the ∆ackA mutant acquired a further mutation during the in 

vitro cultivation that reduced its virulence. Disruption in cell wall synthesis in general 

results in reduced virulence (Makinoshima and Glickman, 2005). Especially the loss of 

phthiocerol dimycocerosate PDIM synthesis and transport genes has concerned the 

Mtb community, as the loss of PDIM provides growth advantageous during in vitro 

growth, thus PDIM mutants can accumulated during in vitro cultivation and will be 

attenuated during in vivo experiments (Domenech and Reed, 2009). 
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4 Discussion 

4.1 Characterization of hypoxic cultivation model 

Subjected to harmful environments, bacteria are able to change their phenotype from a 

proliferating mode into a persisting mode, without growth and with only reduced 

metabolic activity, thus survival is sustained successfully. When entering into 

persistence, E. coli down regulates its genes of energy generation (Shah et al., 2006) 

and B. subtilis starts a morphological transformation into spores (Fujita and Losick, 

2005). Mycobacteria also face threatening conditions inside the host, but they 

successfully survive even for the life time of the host. Because TB treatment mainly 

addresses pathways which are essential for bacterial growth, therapy is lengthy and 

ineffective against persisters. To optimize treatment strategies, research was focused 

on the mechanisms that might trigger persistence of Mtb.  

In vitro models to induce persistence in Mtb are based on starvation (Betts et al., 2002) 

or oxygen depletion (Wayne and Hayes, 1996). Wayne model cultures are performed in 

standing, tightly sealed tubes with a small headspace volume compared to the culture 

volume. Cultures are stirred. The bacteria continuously consume the oxygen and 

thereby generate an environment which is low in oxygen. Samples are taken via a 

septum, thus no further oxygen dissolves in the cultures. During Wayne model 

cultivation of Mtb, the induction of more than forty genes, summarized as the DosR 

regulon, is reported by Voskuil and colleagues (Voskuil et al., 2004).  

The hypoxia model, which was established during this study, also based on a self-

generated oxygen limiting concept in tubes with a HMR of 1:2. Bacteria sank to the 

bottom of the tube and consumed the oxygen dissolved in the medium. For sample 

taking, cultures had to be resuspended and thereby new oxygen surely entered the 

culture. Despite those differences compared to Wayne model culture, growth rate 

slowed down and twenty nine genes of the DosR regulon were up regulated when 

comparing hypoxic to aerobic cultivation after two days. Additionally, Rv2497c (pdhA) is 

up regulated 3.5 times comparing hypoxic with aerobic cultivation. Rv2497c is 

considered to be one of five major persister genes which were found up regulated in 

several different persistence models for Mtb (Keren et al., 2011).  

DosR regulon genes were also induced by nitric oxide (Voskuil et al., 2003) and carbon 

monoxide exposure (Kumar et al., 2008). As those stimuli lack in our hypoxic cultivation 

model, it was concluded that phenotypes that were observed during hypoxic cultivation 

are based on oxygen depletion. 
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4.2 Acetate and succinate formation in Mtb 

The initial hypothesis was that in Mtb oxygen limitation might trigger the generation of 

fermentation products like acetate, lactate and succinate. But when cultivating Mtb in 

the commonly used medium with glucose and glycerol as carbon sources, no 

fermentation products were observed. In E. coli, P. aeruginosa and C. glutamicum, 

pyruvate has been shown to stimulate fermentative activity (el-Mansi and Holms, 1989; 

Eschbach et al., 2004; Koch-Koerfges et al., 2013). Thus, to provide equal amounts of 

carbon substrate, 25 mM glucose and 50 mM glycerol were exchanged by 50 mM 

pyruvate.  

When cultivated in pyruvate containing medium, two fermentation products, acetate and 

succinate, were found in the supernatant of Mtb. Oxygen concentration influenced 

acetate and succinate secretion pattern in Mtb. At aerobic conditions, up to 6 mM 

acetate was secreted and further reused (acetate switch), whereas at hypoxic 

cultivation, acetate accumulated continuously. Interestingly, hypoxic bacteria produced 

8 times more acetate compared to aerobic bacteria. Acetate switch also occurs in other 

bacteria like E. coli (Wolfe, 2005) and B. subtilis (Grundy et al., 1993b), when glucose is 

fully consumed, these bacteria start to consume acetate which often is associated with 

a diauxic growth. In Mtb, acetate switch occured when pyruvate, and not glucose and 

glycerol, concentration reached a specific threshold. The molecular mechanisms for 

acetate secretion will be discussed in the subsequent sections (4.2.1 and 4.2.2). Further 

analyses revealed that BCG and M. smegmatis also produced acetate in the presence 

of pyruvate. As no further data were collected for BCG and M. smegmatis, the reasons 

for the absence of an acetate switch in aerobic cultures could not be further evaluated.  

Succinate excretion pattern was similar to acetate secretion, but succinate 

concentration was 10 times lower. For E. coli, it has also been reported that succinate 

secretion during mixed acid fermentation is low compared to other small organic acids 

(Zhang et al., 2009). At aerobic cultivation, succinate was reused; whereas, it 

accumulated continuously at hypoxic cultivation. The reaction leading to succinate 

secretion during acetogenic conditions was not further analyzed during this study. Two 

different possibilities shall be discussed: First, the direct production of succinate during 

glyoxylate cycle and second, the production of succinate through reductive TCA cycle 

reactions. 

In the presence of pyruvate, up regulation of glyoxylate cycle at aerobic and hypoxic 

conditions was found. Thus, isocitrate lyase reaction might have directly contributed to 

succinate production. Very recently, it has been established that succinate production 
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via glyoxylate shunt also plays a crucial role for Mtb during adaption to hypoxia (Eoh 

and Rhee, 2013). 

But in E. coli, succinate production during mixed acid fermentation is mediated via 

reversal of TCA-cycle via fumarate reductase (Kim and Gadd, 2008) and elevated by 

NADH accumulation mediated by the deletion of NADH oxidizing enzymes (Jantama et 

al., 2008; Jantama et al., 2008). Watanabe and colleagues revealed that the use of the 

reductive branch of TCA cycle helps to reoxidize reduction equivalents and to maintain 

membrane potential in anaerobic Mtb (Watanabe et al., 2011).  

Per definition, just the interplay between succinate production via the reductive TCA-

cycle branch and acetate formation would fulfill all aspects of fermentation. But as the 

route for succinate production could not be finally identified, it remains to be elucidated, 

whether PtaAckA pathway contributes in a fermentative manner to the survival of Mtb. 

Acetate and succinate are typical fermentation products of mixed acid fermentation 

reactions (Kim and Gadd, 2008), starting when the TCA cycle and / or the electron 

transport chain are limited (el Mansi and Holms, 1989). Typically, this occurs during 

high metabolic flux and / or at low oxygen concentration (Phue and Shiloach, 2005). In 

Mtb (this thesis) and other bacteria (Vemuri et al., 2006), these processes are carbon 

substrate concentration dependent. In the following chapters, reasons why only 

pyruvate, and not glucose, glycerol, lactate or alanine induced acetogenesis in Mtb, will 

be discussed. 

4.2.1 Pyruvate uptake and NADH/NAD+ ratio 

As previously described, acetogenesis starts when carbon influx exceeds the metabolic 

needs of a cell. When Mtb was grown with pyruvate, glucose and glycerol, pyruvate was 

consumed with the highest affinity, compared to glucose and glycerol (Figure 7 E). 

When comparing pyruvate uptake (Figure 11 C, D) with glucose and glycerol uptake 

(Figure 7 E, F) or lactate uptake (Figure 14 C, D), pyruvate uptake was faster. Glucose 

and glycerol (Figure 7 A, B), lactate (Figure 14) and alanine (Figure 16) did not induce 

acetate production in Mtb. Concluding from these data, it seems as pyruvate uptake 

rate is crucial for the induction of acetate formation in Mtb.  

So, an interesting question arose: why did pyruvate enter mycobacterial cells so fast? 

What was the transport system? In Mtb, uptake mechanisms are poorly understood and 

are believed to rely on unspecific porins, which might transport soluble nutrients like 

glucose (Niederweis et al., 2010) and possibly also pyruvate. Glycerol is supposed to 

enter Mtb by diffusion through the cell envelop (Niederweis et al., 2010). For E. coli, it 
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has been demonstrated that pyruvate uptake depends on an active transport system. It 

works against a concentration gradient and is pyruvate specific (Lang et al., 1987). 

Similar analyses have not been conducted for Mtb so far. During acetate production in 

the presence of pyruvate and glucose, high pyruvate uptake rates have been described 

for B. subtilis (Cruz et al., 2000). In C. glutamicum, a pyruvate transporter was identified 

and is encoded by mcpC (Jolkver et al., 2009), but sequence comparison with Mtb 

revealed no similarities. 

Acetate production occurs during high metabolic flux and/or at low oxygen concentration 

(Phue and Shiloach, 2005). During high metabolic flux, pyruvate dehydrogenase, 

isocitrate dehydrogenase and α-ketoglutarate dehydrogenase produce NADH. NADH 

has to be reoxidized into NAD+ to allow further reactions; because otherwise, product 

inhibition occurs. Normally, NADH reoxidization is mediated by NADH dehydrogenases 

of the respiratory chain. At low oxygen concentration, NADH is produced as described 

above; but, the activity of NADH dehydrogenases is reduced due to the lack of the final 

electron acceptor, oxygen. Thus, NADH accumulates. NADH is a key regulator of 

cellular metabolism (Kim and Gadd, 2008). 

Indeed, uptake of pyruvate by Mtb was faster compared to glucose and glycerol (Figure 

7), which probably caused a higher metabolic flux associated with the observed 

accumulation of NADH (Figure 12). Reducing this flux by offering less pyruvate also 

resulted in decreased accumulation of NADH and reduced acetogenesis (Figure 12). 

Mtb is sensitive to the ratio of intracellular metabolites, especially concerning the C2/C3 

metabolite ratio (Lee et al., 2013). The production of acetate might provide a further 

possibility to distribute carbon metabolites and regulated C2/C3 metabolite ratio. This 

might explain why Mtb still possess the PtaAckA pathway. In E. coli, it has been shown 

before that increases of NADH/NAD+ ratio result in increased acetogenesis (Vemuri et 

al., 2006). Furthermore, succinate secretion was elevated, when NADH oxidizing 

enzymes were deleted (Jantama et al., 2008a; Jantama et al., 2008b). 

4.2.2 Regulation of acetate formation 

Gene expression data (Table 7) are discussed for each cultivation model, first aerobic 

and second hypoxic cultivation, separately. Further, the subsection of the cultivation 

models are subdivided into the discussion of up regulated genes and the discussion of 

down regulated genes. When a pathway was affected both by up- and down regulation 

those subsets are jointly discussed. Finally a summary will be given. 
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At aerobic conditions, comparing acetate producing Mtb to non-producing Mtb, icl, pcka 

and ndh were found up regulated; whereas, gltA and a couple of genes encoding for 

type I NADH dehydrogenase subunits were down regulated. 

The isocitrate lyase (Icl), the first enzyme of the glyoxylate cycle, serves anaplerotic 

reactions. The phosphoenolpyruvate carboxylase (PckA) contributes to 

gluconeogenesis. Both pathways have been described to be essential during growth on 

C2-carbon sources (Marrero et al., 2010; Micklinghoff et al., 2009; Munoz-Elias and 

McKinney, 2005). But in Mtb, acetogenesis was induced when the bacteria grew on 

pyruvate (C3-carbon), but this is perfectly consistent, because anaplerosis and 

gluconeogenesis should provide C4 and more complex carbon substrate. The need for 

anaplerosis and gluconeogenesis further suggested that the direct reaction from 

pyruvate to phosphoenolpyruvate is not possible. This reaction should be mediated by 

the annotated pyruvate phosphate dikinase (ppdk). Marrero and colleagues already 

hypothesized, that this reaction is not possible (Marrero et al., 2010). It cannot be 

excluded, that icl induction might have also been due to acetate accumulation 

(Micklinghoff et al., 2009) and not due to pyruvate feeding. To conclude, anaplerosis 

and gluconeogenesis are important for Mtb when grown on pyruvate. 

Citrate synthase encoded by gltA, was down regulated at aerobic conditions. This is 

controversial and will be discussed in this chapter section together with the hypoxic 

gene expression (see below).  

Type II NADH dehydrogenase encoded by ndh was up regulated; whereas, several 

genes encoding type I NADH dehydrogenase were down regulated. In Mtb, this shift 

towards the non-proton pumping Type II NADH dehydrogenase also occurs during 

metabolic adaptation to oxygen limitation in vitro (Shi et al., 2005) which is also 

associated with increased NADH concentrations (Eoh and Rhee, 2013). Thus, pyruvate 

consumption accompanied by the accumulation of NADH might have stimulated a 

reaction cascade, which normally occurs at low oxygen concentrations. In E. coli, the 

usage of the NADH dehydrogenases is the opposite way: type I NADH dehydrogenases 

are associated with anaerobic conditions (Unden and Bongaerts, 1997), and type II 

NADH dehydrogenases are preferably used during aerobic respiration (Green and 

Guest, 1994).  

 

At hypoxia, icl and citA were found up regulated in acetate producing Mtb. Further 

genes of glycolysis, PPP, acetate forming pathway and lots of genes from respiratory 

chain components were down regulated. 
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During hypoxic cultivation, the up regulation of icl indicates again the need for 

anaplerosis and gluconeogenesis.  

Further the role of citrate synthase seemed to be important during pyruvate utilization. 

At aerobic and at hypoxic conditions, gltA, a gene encoding citrate synthase, was down 

regulated. Additionally, at hypoxic conditions, citA, also encoding citrate synthase, was 

up regulated. These findings might suggest different usage of diverse citrate synthases 

in Mtb. This might have influenced the switch from oxidative to reductive TCA-cycle use.  

A reason for different enzyme usage might be the NADH accumulation, either directly 

by product mediated feedback inhibition or indirectly by changing gene expression, as it 

had been reported for E. coli (Vemuri et al., 2006). On the one hand, NADH could have 

inhibited the oxidative route of TCA cycle by product mediated feedback inhibition on 

NADH producing reaction. The induced usage of the reductive TCA cycle would 

simultaneously provide a reaction for NADH oxidization into NAD+ via fumarate 

reductase. On the other hand, NADH might have influenced gene expression acting on 

transcription factors, which further regulate the expression of different citrate synthases. 

In Mtb, the expression of gltA has been described to be under the control of SenX3 

RegX3 two component regulatory system (Roberts et al., 2011). But none of these 

genes was differentially regulated in the presence of pyruvate. In E. coli, acetogenesis 

was associated with the repression of TCA-cycle genes by ArcAB system (Vemuri et al., 

2006). An ArcAB regulatory system has not been described for Mtb, yet. A protein 

sequence analysis with ArcA amino acid sequence compared to mycobacteria in 

general indeed revealed RegX3 from Mtb as a similar protein. But sequence similarity 

was very low.  

At hypoxia, acetate formation was accompanied with the down regulation of genes of 

CCM including glycolysis, PPP and even acetate producing pathway. The down 

regulation of genes encoding acetate producing enzymes in Mtb was unexpected and 

also in contrast to E. coli. In Mtb, ackA is up regulated during the infection of 

macrophages (Schnappinger et al., 2003) and during active TB in humans (Garton et 

al., 2008). In E. coli, the expression of pta and ackA genes was induced during 

acetogenesis (Phue and Shiloach, 2005). For B. subtilis, it was described that pta 

negatively regulated itself (Presecan-Siedel et al., 1999). Perhaps this applied to Mtb 

during the present study. Gene expression analysis at earlier time points might have 

shown the up regulation of pta and ackA gene. 

Most peculiar was the down regulation of genes of respiratory chain components. Such 

global down regulatory processes have been observed during murine infection (Shi et 
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al., 2005), but it was not further analyzed how they are induced by the addition of 

pyruvate. As the increase of NADH/NAD+ ratio also occurs during oxygen limitation 

((Eoh and Rhee, 2013) see Figure S1F), NADH accumulation might induce a gene 

expression pattern with similarities to the gene expression during infection.  

 

Summarizing the results from aerobic and hypoxic gene regulation, when Mtb grew on 

pyruvate, anaplerosis and gluconeogenesis were needed to build C4 and more complex 

carbon metabolites like sugars, amino acid and nucleic acid for bacterial growth and 

survival. Additionally, the down regulation of respiratory chain components occurred 

both at aerobic and hypoxic conditions. These changes are similar to the adaptation to 

oxygen limitation (Shi et al., 2005). When oxygen is limited and respiratory chain 

reactions do not manage to reoxidize all occasional NADH, NADH accumulates (Eoh 

and Rhee, 2013), and this might induce the down regulation of respiratory chain 

components as during persistence. 

4.3 Contributions of PtaAckA pathway 

4.3.1 Acetate formation 

In E. coli, acetate formation is caused by the PtaAckA pathway converting acetyl-CoA to 

acetate and by PoxB oxidizing pyruvate directly to acetate (Abdel-Hamid et al., 2001; el 

Mansi and Holms, 1989). A homologue to poxB has not been found in the Mtb genome 

(Cole et al., 1998).  

Pta catalyzes the phosphorylation of acetyl-CoA into acetyl-phosphate. AckA transfers 

the phosphate residue from acetyl-phosphate onto ADP and thereby, generates ATP 

and acetate. The Mtb ∆pta mutant completely stopped acetate production; whereas, the 

Mtb ∆ackA mutant strain still secreted small amounts of acetate.  

Mutants of E. coli lacking pta show only a reduction (not a complete loss) of acetate 

formation, probably because of PoxB activity (Chang et al., 1999; Kakuda et al., 1994). 

Residual acetate formation in ∆ackA mutant has also been observed for E. coli (Kakuda 

et al., 1994; Pruss and Wolfe, 1994), and could probably also result from the 

spontaneous dephosphorylation of the Pta reaction product, acetyl-phosphate, into 

acetate (Brown et al., 1977). 

In B. subtilis, lack of PtaAckA pathway reduces the production of acetate (Cruz et al., 

2000). In contrast to E. coli and B. subtilis, the results presented here suggested that 

PtaAckA is the only acetate-forming pathway in Mtb. 
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4.3.2 Growth and survival 

The growth of PtaAckA pathway deficient mutants was not affected; neither during 

acetate production at aerobic nor at hypoxic conditions (Figure 17). As pyruvate 

improved the survival of Mtb at anaerobic conditions (Figure 9), acetogenesis was 

thought to sustain survival. But PtaAckA mutants did not show a decreased survival at 

anaerobic conditions (Figure 18). 

The unaffected growth and survival of Mtb PtaAckA mutants was also a difference to 

the observations made in other bacteria. In E. coli, ∆pta mutant is impaired in growth on 

glucose and pyruvate (Chang et al., 1999). At anaerobic conditions the growth of ∆pta 

mutant in B. subtilis is reduced (Cruz et al., 2000) and AckA is even important for 

aerobic growth on glucose (Grundy et al., 1993a; Presecan-Siedel et al., 1999). In 

P. aeruginosa, lack of Pta reduces anaerobic survival (Eschbach et al., 2004).  

In Mtb, even at slow-growth conditions, neither the ∆pta nor the ∆ackA mutant was 

impaired in growth on pyruvate in comparison to Mtb wild type (Figure 17). 

4.3.3 Substrate level phosphorylation 

During mixed acid fermentation, the role of acetogenesis is to produce ATP and to 

regain CoA (Kim and Gadd, 2008). Regarding the role of substrate level 

phosphorylation, Mtb lacking PtaAckA pathway were neither affected in their ATP-levels 

nor in their survival (Figure 17). In E. coli, the deletion of pta did not reduce ATP levels 

during aerobic cultivation, too (Castano-Cerezo et al., 2009). In Mtb, even during 

hypoxic cultivation, the ATP levels are probably maintained, because enough oxygen is 

available during the cultivation, thus respiratory ATP-synthase provides ATP. 

To prove whether ATP production from PtaAckA pathway provides an alternate 

possibility for substrate level phosphorylation in Mtb, respiratory ATP synthase was 

inhibited in hypoxic Mtb with DCCD. DCCD inhibits the ATP-synthase and affects the 

survival of non-replicating Mtb (Rao et al., 2008). That Mtb in general is susceptible to 

the inhibition of respiratory ATP-synthase has been impressively demonstrated with the 

application of TMC207, a new TB drug (Andries et al., 2005). The survival and the ATP-

content of Mtb grown in three different media were monitored, while respiratory ATP-

synthase was inhibited. The three different media were used. First, pyruvate as carbon 

source only enabled substrate level phosphorylation via PtaAckA pathway. Second, 

glucose and glycerol instead provided the opportunity to produce ATP via glycolysis and 

via PtaAckA pathway. Third, medium without any further carbon source did not provide 

a possibly for ATP generation (Figure 19).  
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During hypoxic cultivation of Mtb in the presence of pyruvate, and simultaneous 

inhibition of respiratory ATP-synthase, the survival and the ATP-level of wild type Mtb 

dropped little; whereas the survival and the ATP-level of strains with deletions in 

PtaAckA pathway were extremely affected. However, this experiment might indicate that 

PtaAckA pathway affected mutants of Mtb show reduced survival because they lack 

acetate fermentation for substrate level phosphorylation. Thus, when ATP-synthase is 

inhibited, substrate level phosphorylation via PtaAckA pathway provides enough energy 

to maintain low levels of ATP, and sustains survival of hypoxic Mtb. But it might also be 

true that the survival is reduced due to other reasons, and that reduced survival is just 

reflected by reduced ATP-levels. Cause and consequence could not be identified. 

To prove whether substrate level phosphorylation sustains survival when respiratory 

ATP-synthase is inhibited, glucose and glycerol were used instead of pyruvate for the 

second part of the experiment. Those carbon sources should provide the possibility to 

generate ATP via substrate level phosphorylation during glycolysis. No differences 

between wild type and mutant strains occurred, thus survival in glucose and glycerol 

medium did not depend on PtaAckA pathway. But neither the survival nor the ATP level 

of Mtb from glucose and glycerol containing medium reached the level of the Mtb wild 

type cultivated in pyruvate. Already after the pre-incubation, the level of ATP in Mtb 

grown with glucose and glycerol was lower compared to Mtb grown with pyruvate, 

despite the fact that both showed the same number of colony forming units. Here, direct 

correlation between the survival and the absolute ATP-level failed. That the ATP-level 

cannot be used to predict the exact amount of colony forming units, was also shown by 

Rao and colleagues (see especially Figure 4 in (Rao et al., 2008)). 

Next, proof that PtaAckA reaction in the presence of pyruvate helped to sustain survival 

should be conducted in medium without any additional carbon source. But during 

cultivation of wild type Mtb without any further carbon source, the survival was not 

affected to the same extent as in the PtaAckA mutants strains during cultivation in 

pyruvate; whereas, the ATP levels indeed were comparable. 

These data demonstrated that PtaAckA mutant phenotypes during pyruvate cultivation 

and simultaneous inhibition of ATP-synthase could not only be due to the lack of 

substrate level phosphorylation. Surely, there are further parameters influenced, that led 

to the pronounced decrease of survival. One of those parameters could have been the 

interference with NADH/NAD+ ratio. But such low bacterial numbers, made redox factor 

determination so far impossible and in E. coli ∆pta mutant was not affected in its redox 
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state (Castano-Cerezo et al., 2009). Further parameters could have been the disorder in 

carbon flux distribution or the disturbance of the ADP/ATP ratio.  

 

These experiments show several further controversial aspects that have not been 

analyzed, yet:  

As already discussed above, survival and ATP-amount do not necessarily have to 

correlate. During the pre-incubation, the initial increase of ATP was similar during 

cultivation in pyruvate and minimal medium. Why did the ATP-level of Mtb incubated 

with glucose and glycerol not increase in a similar way? The ATP-level of Mtb, when 

cultivated in glucose and glycerol, could be reduced to a lower level without effects on 

survival. What renders the bacilli resistant to ATP depletion in the presence of glucose 

and glycerol?  

The complete lack of oxygen during anaerobic cultivation did not affect the survival of 

PtaAckA mutants (Figure 18), but the inhibition of ATP-synthase revealed pronounced 

differences between wild type and PtaAckA mutant strains (Figure 19). However, both 

experiments aimed to prove that PtaAckA pathway helps to face oxygen limitation as 

experienced during infection - this disagreement between the results, can only be 

resolved with the examination of PtaAckA mutant strains during infection. 

4.3.4 Murine infection 

When infecting C57/BL6 mice with the generated PtaAckA pathway mutant strains, 

neither the initiation nor the persistence of ∆pta in murine lungs was impaired. The 

∆ackA mutant was attenuated during initiation of infection, but remained at a constant 

low level. But the infection with the ∆ackA::pND11+ strain revealed, that it was not the 

ackA-deletion itself that caused the observed attenuation. 

The PtaAckA pathway of Mtb is not essential during murine infection. To test whether 

the PtaAckA pathway of Mtb sustains bacterial survival during human infection, the 

murine infection model was not ideal. The oxygen status of Mtb lesion in mice is not 

anaerobic (Aly et al., 2006), as it is thought to be in human granulomas (Gengenbacher 

and Kaufmann, 2012; Schnappinger et al., 2003) or granulomas of infected guinea pigs. 

Though, it could not be revealed whether PtaAckA pathway helped to face oxygen 

limitations in vivo.  
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4.4 Outlook 

This thesis reported for the first time acetate formation in Mtb. In E. coli, extensive 

studies of acetate generating pathway revealed the involvement in several other 

physiologic aspects, which could not been addressed during this thesis. 

This thesis mainly focused on acetate dissimilation; acetate assimilation has been 

neglected so far. Concerning the acetate assimilation, the role of acetyl-CoA synthase 

has to be evaluated. As shown in other bacteria, PtaAckA pathway also influences the 

growth on different substrates. And because acetate is often used to mimic growth on 

fatty acids in Mtb (de Carvalho et al., 2010; Eoh and Rhee, 2013; Micklinghoff et al., 

2009), acetate assimilation studies would improve the understanding of a commonly 

used experimental model. 

Further, the contribution of acetate formation for balancing the carbon flux in Mtb should 

be addressed. It was demonstrated that Mtb rely on methylcitrate cycle, methyl malonyl-

CoA pathway and glyoxylate pathway to balance C2/C3 carbon ratio (Lee et al., 2013). 

Using fatty acids as carbon source would be of special interest, because it provides a 

high level of NADH and acetyl-CoA. This situation is hypothesized to resemble pyruvate 

assimilation, too. 

It could not be finally demonstrated that acetate formation in Mtb is part of mixed acid 

fermentation. Fermentation includes the energy generation via substrate level 

phosphorylation, but also the generation of membrane potential and the reoxidization of 

NADH independently of the respiratory chain. This thesis demonstrated that acetate 

formation sustains energy level via substrate phosphorylation independently of 

respiratory ATP-synthase, but this is not any proof for fermentative activity. Other 

reactions which reoxidize NADH, like ethanol or lactate production, were not present, 

thus succinate production could have contributed to NAD+ formation. Concerning the 

succinate production, the identification of the carbon flux routes by isotope profiling 

experiments might evaluate whether the succinate production was part of mixed acid 

fermentation, or whether it was the glyoxylate shunt which produced succinate. 

The contribution of PtaAckA pathway during murine infection was neglectable. But 

murine granulomas are not very similar to human anaerobic granulomas. Mtb infection 

in guinea pigs is more similar to human infection, because anaerobic granulomas 

encapsulate the Mtb infectious lesion in both hosts. Furthermore, guinea pig infection 

with Mtb was accompanied by acetate accumulation in the infected tissue (Somashekar 

et al., 2011; Somashekar et al., 2012). Taken together with the absence of mammalian 

acetate producing reactions, these data imply that during guinea pig infection acetate 
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formation might be a result of PtaAckA usage by Mtb. The infection of guinea pigs with 

PtaAckA deficient mutants is reasonable, as the pathway should provide ATP in the 

absence of oxygen and differences in acetate accumulation could be examined. 
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5.4 Abbreviations 

 
Abbreviations do not include all unit names, chemical formula and gene names that 
were not of special interest during this thesis. 
 
A Adenine 
ABS ATP binding cassette 
AckA, ackA Acetate kinase (protein, gene) 
Acs, acs Acetyl-CoA synthethase (protein, gene) 
ADP adenosine diphosphate 
AP Alkaline phosphatase 
ATCC American Type Culture Collection 
ATP Adenosine triphosphate 
B. Bacillus 
BC Before Christus 
BCG Bacilli Calmette Guerin 
bp Basepair 
C Cytosine 
C. Corynebacterium 
C2, C3,  Metabolite with two/three  carbon atoms 
CFU Colony forming units 
CHP Conserved hypothetical protein 
CoA Coenzyme A 
CSPD Chloro-5-substituted adamantyl-1,2-dioxetane phosphate  
DCCD Dicyclocarbodiimide 
ddNTPs Dideoxy nucleotide tri phosphate 
DEPC Diethylpyrocarbonate 
DIG Digoxygenine 
DNA Deoxyribonucleic acid 
dNTPS Deoxy nucleoside triphosphate 
DTT Dithiothreitol 
E. Escherichia 
EDTA Ethylenediaminetetraaceticacid 
et al. Et alii (and others) 
FC Fold change 
G Guanine 
G-/+ Gram negative/positive 
GG Glucose and glycerol 
GGP Glucose, glycerol and pyruvate 
HG Mercury 
HIV Human immunodeficiency virus 
HMR Headspace to media ratio 
HP Hypothetical proteine 
HPLC High pressure liquid chromatography 
Icl, icl Isocitrate lyase (protein, gene) 
IL Interleukine 
Kb Kilo basepair 
LB Luria Bertani 
LldD, lldD Lactate dehydrogenase (protein, gene) 
M. Mycobacterium 
MDR Multi drug resistant 
MHC Major histocompatibility complex 
MOPS  3-(N-morpholino)propanesulfonic acid 
Mtb Mycobacterium tuberculosis 
NAD+/NADH Nicotineamide adenine dinucleotide (oxidized / reduced) 
NADP/NADPH Nicotine amide adenine dinucleotide phosphate (oxidized / reduced) 
NADt NAD and NADH 
NK Natural killer 
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OD Optical density/absorbance 
P Probable 
P Pyruvate 
P. Pseudomonas 
PBS Phosphate buffered saline 
PCR Polymerase chain reaction 
PEP Phosphoenolpyruvate 
PfkB, pfkB Phosphofructokinase (protein, gene) 
Pfl, pfl Pyruvate formate lyase (protein, gene) 
PoxB, poxB Pyruvate oxidoreductase (protein, gene) 
PPP Pentose phosphate pathway 
Pta, pta Phosphotransacetylase (protein, gene) 
r Ribosomal 
RI Refractive index 
RLU Relative lights units 
RNA Ribonucleic acid 
rpm Rounds per minute 
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5.5 Chemicals 
100 bp or 1 kb ladder New England Biolabs GmbH, Frankfurt, Germany 
5x reaction buffer Affymetrix, Santa Clara, USA 
7H10 Difco Laboratories, Detroit, MI, USA 
7H9 Difco Laboratories, Detroit, MI, USA 
Acetic acid  Roth, Karlsruhe, Germany 
Acetyl phosphate Sigma, Deisenhofen, Germany 
ADP Sigma, Deisenhofen, Germany 
Agarose Eurogentec, Köln, Germany 
Ammoniumiron (II)sulfate Sigma, Deisenhofen, Germany 
Ampicillin Boehringer Mannheim, Germany 
Antarctic phosphatase New England Biolabs GmbH, Frankfurt, Germany 
Anti-digoxygenin (DIG) alkaline phosphatase 
(AP)  

Roche diagnostics, Mannheim, Germany 

ATP Roth, Karlsruhe, Germany 
BigDyeR 
Terminatorv1.1CycleSequencingReagent 

Applied Biosystems, Foster City, CA, USA 

Blocking Reagent Roche, Mannheim, Germany 
Bovine Serum Albumin fraction V AppliChem, Darmstadt, Germany 
Bromphenolblue AppliChem, Darmstadt, Germany 
Centri SepTM gel filtration columns Princeton Separations, Adelphia, NJ, USA 
Cetrimide (Cetyltrimethylammoniumchloride) AppliChem, Darmstadt, Germany 
Chloroform Roth, Karlsruhe, Germany 
Chloroform/Isoamylalcohol (24:1)  Sigma, Deisenhofen, Germany 
Citrate synthase Sigma, Deisenhofen, Germany 
CoA Sigma, Deisenhofen, Germany 
CSPD Roche, Mannheim, Germany 
DEPC Applichem, Darmstadt, Germany 
Dicyclohexylcarbodiimide (DCCD) Sigma, Deisenhofen, Germany 
DifcoTM LB agar BD, Sparks, MD, USA 
DifcoTM LB broth base  BD, Sparks, MD, USA 
Dimethylsulfoxide (DMSO) Sigma, Deisenhofen, Germany 
Disodiumhydrogenphosphate Applichem, Darmstadt, Germany 
Dithiothreitol (DTT) Applichem, Darmstadt, Germany 
DNA-loading buffer  New England Biolabs GmbH, Frankfurt, Germany 
DNA-Polymerase I Klenow fragment New England Biolabs GmbH, Frankfurt, Germany 
DNaseI Pierce Biotechnologies, Omaha, USA 
DNA I buffer Affymetrix, Santa Clara, USA 
dNTPs  Peqlab, Erlangen, Germany 
dye reagent concentrate Bio-Rad Laboratories GmbH, Munich, Germany 

Ethanol (96%)  
J.T. Baker, Avantor Performance Materials 
Center Valley, PA USA 

Ethidiumbromide (1%) Applichem, Darmstadt, Germany 
Ethylenediaminetetraacetic acid (EDTA) Sigma, Deisenhofen, Germany 
First strand buffer Invitrogen, Karlsruhe, Germany 
Formaldehyde Applichem, Darmstadt, Germany 
Formamid Applichem, Darmstadt, Germany 
Gas packs (anaeroGenTM compact) Oxoid Microbial Products, UK  
GeneChip® DNA Labeling Reagent Affymetrix, Santa Clara, USA 
Glucose (D-) Applichem, Darmstadt, Germany 
Glucose-6-phosphate-dehydrogenase Sigma, Deisenhofen, Germany 
Glycerol Applichem, Darmstadt, Germany 
Glycogene Roche, Mannheim, Germany 
Guanidine isothiocyanate Sigma, Deisenhofen, Germany 

HCl, Hydrochloricacid (37%) 
J.T. Baker, Avantor Performance Materials 
Center Valley, PA USA 

HEPES(4-(2-Hydroxyethyl)piperazine-1-
ethanesulfonicacid) 

Roth, Karlsruhe, Germany  

Hexokinase Sigma, Deisenhofen, Germany 
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Hygromycin Roche, Mannheim, Germany 
Isopropanol Merck, Darmstadt, Germany 
Kanamycin Sigma, Deisenhofen, Germany 
LB broth base BD, Sparks, MD, USA 
Lithiumchloride Sigma, Deisenhofen, Germany 
Lysing matrix B tube MP Biomedicals, Santa Ana, United States 
Lysozyme Sigma, Deisenhofen, Germany 
Magnesiumchloride Sigma, Deisenhofen, Germany 
Malate dehydrogenase Sigma, Deisenhofen, Germany 
Maleicacid Sigma, Deisenhofen, Germany 
Middelbrook 7H10 Difco Laboratories, Detroit, MI, USA 
Middelbrook 7H9 Difco Laboratories, Detroit, MI, USA 
MOPS Roth, Karlsruhe, Germany 
NAD Roth, Karlsruhe, Germany 
NADP Roche, Mannheim, Germany 
Neutravidin Pierce Biotechnology, Rockford, IL,USA 
N-Laurylsarcosin sodium salt Sigma, Deisenhofen, Germany 
PCR water (Water for molecular biology ) Applichem, Darmstadt, Germany 
Phenol/Chloroform/Isoamylalkohol (25:24:1) Roth, Karlsruhe, Germany 
Phosphate buffered saline powder Biochrom, Berlin, Germany 
Proteinase K Merck, Darmstadt, Germany 
Random Primer Invitrogen, Karlsruhe, Germany 
RNAesin Promega, Madison, WI, USA 
Sodiumacetate Sigma, Deisenhofen, Germany 
Sodiumchloride Merck, Darmstadt, Germany 
Sodiumcitrate Sigma, Deisenhofen, Germany 
Sodiumdodecylsulfate (SDS)  Applichem, Darmstadt, Germany 
Sodiumhydroxide Merck, Darmstadt, Germany 
Sodiumnitrite Sigma, Deisenhofen, Germany 
Sodiumpyruvate Sigma, Deisenhofen, Germany 
ß-Mercaptoethanol Roth, Karlsruhe, Germany 
Sucrose Applichem, Darmstadt, Germany 
terminal deoxynucleotidyl transferase Promega, Madison, WI, USA 
SuperScript® II reverse transcriptase Invitrogen, Karlsruhe, Germany 
T4-DNA ligase New England Biolabs GmbH, Frankfurt, Germany 
Tris acetate EDTA, 10×(TAE) Roth, Karlsruhe, Germany 
Tris(hydroxymethyl)aminomethane (Tris) Applichem, Darmstadt, Germany 
Trisodiumcitratedihydrate Applichem, Darmstadt, Germany 
Trizol Life technologies, Darmstadt, Germany 
Tween 80  Sigma, Deisenhofen, Germany 
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