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ABSTRACT 

 

 

Thermus thermophilus is a thermophilic bacterium that thrives naturally at temperatures 

around 70-80°C. It has immense potential in the field of biotechnology because of its unique 

physical and biochemical properties, especially for production of low-boiling biofuels at low 

cost. A major limitation for the application of this organism in biotechnology is the limited 

knowledge regarding its metabolism. Hence, the focus of this project was to elucidate the active 

metabolic pathways to allow future engineering of this bacterium for biofuel applications. In this 

study, we have reconstructed and validated the metabolic network model for T. thermophilus 

HB8 using genome-scale modeling approaches and 
13

C tracer experiments. 

First, T. thermophilus HB8 was successfully grown in custom designed miniature 

bioreactors (~5-10 mL) on defined medium at 70°C. The maximum growth rate was 0.093 hr
-1

 

with glucose as the sole carbon and energy source. Next, a metabolic network model for T. 

thermophilus HB8 was constructed using the annotated genome from the Kyoto Encyclopedia of 

Genes and Genomes (KEGG) database. The model was validated through stable 
13

C-isotope 

tracer experiments.  

Eight 
13

C
 
labeled glucose tracers i.e. [1-

13
C], [2-

13
C], [3-

13
C], [4-

13
C], [5-

13
C], [6-

13
C], [1, 

2-
13

C] and [U-
13

C] glucose were employed for metabolic flux analysis. For each tracer 

experiment, the enrichments of 29 amino acid fragments were measured using gas 

chromatography-mass spectrometry (GC-MS). In addition, enrichment of CO2 in the off-gas was 

measured by on-line mass spectrometer. The isotopomer data were entered into a computational 



xiii 

 

software, Metran, for flux analysis. Fluxes were obtained by fitting the isotopomer data to the 

reconstructed metabolic model. For the best fits, 95% confidence intervals for all fluxes were 

computed and compared across all the tracer experiments to determine the pathways that were 

active in the cells.   

The comprehensive model for T. thermophilus based on the genome-scale model 

reconstruction and the concurrent results obtained from tracer studies included 75 reactions and 

73 metabolites. The pathways found to be present were: glycolysis, complete citric acid cycle, 

non-oxidative pentose phosphate pathway, glyoxylate shunt and a complete set of amino acid 

biosynthesis pathways. The results obtained in this work will allow future metabolic engineering 

of T. thermophilus and may also be useful for the analysis of other extremophiles. 
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Chapter 1 

INTRODUCTION 

 

1.1 Motivation 

For centuries, microorganisms have been used to produce biofuels such as ethanol. 

Microorganisms like Saccharomyces cerevisea and E. coli have been extensively studied and 

reengineered by scientists over years to make them efficiently produce desired biofuels (Atsumi 

and Liao 2008). However, a major factor to be taken into consideration while producing biofuels 

is economics (Stephanopoulos 2007). The recovery cost of the fuel from the fermentation broth 

is significant. This is where thermophilic bacteria have a potential advantage (Blumer-Schuette 

et al. 2008, Egorova and Antranikian 2005, Niehaus et al. 1999, Lovitt, Shen and Zeikus 1988, 

Tang et al. 2009b, Shaw et al. 2008, Taylor et al. 2009). 

Thermophilic bacteria thrive at high temperatures ranging from 60 to 80°C and can be 

useful in producing low-boiling biofuels at lower costs. However a major limitation in achieving 

this process is the limited knowledge of the metabolism of thermophilic bacteria. To fully 

understand and utilize the capacity of these bacteria in order for them to be beneficial to us, it is 

important to know the pathways involved in central metabolism of these cells (Schuster, Fell and 

Dandekar 2000).   

The study that is presented in this thesis aims at studying and understanding the 

metabolic pathways in a recently sequenced thermophilic microorganism, T. thermophilus HB8 

(Henne et al. 2004, Liebl 2004). This organism can then be utilized as a model organism for 

studying metabolism of other thermophilic bacteria. Using the model created in this study as the 
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basis, thermophilic bacteria can also be engineered to produce biofuels and other useful 

fermentation by-products more efficiently. Thus, the study of thermophilic bacteria is 

undoubtedly important and the model proposed in this study may be beneficial in several ways. 

 

1.2 Thermus Thermophilus HB8 

 

T. thermophilus is a gram negative eubacterium with an optimal growth temperature of 

70°C to 80 °C. It was first isolated from a thermal vent in Japan by Tairo Oshima and Kazutomo 

Imahori in 1974 (Oshima and Imahori 1974). Proteins from these bacteria are being used in a 

range of biotechnological applications such as PCR because of their heat stability (Pantazaki, 

Pritsa and Kyriakidis 2002). They are relatively easy to alter genetically with developed 

molecular biology tools, hence are being used as model organisms (Cava, Hidalgo and 

Berenguer 2009).  

There are several strains of T. thermophilus out of which HB8 and HB27 are the two 

most commonly studied. T. thermophilus HB8 is a facultative anaerobe and has the ability to 

grow aerobically as well as anaerobically. This is due to a nitrate reductase enzyme which is 

encoded within a conjugative plasmid integrated into the chromosome of this strain (Henne et al. 

2004). The HB27 strain does not possess this complex. We chose to study the HB8 strain in this 

study so that it can be eventually grown anaerobically.  

 Biotechnological uses of T. thermophilus include the biosynthesis of carotenoids which 

are of interest as food colorants and nutrient supplements along with pharmaceuticals. It is 

speculated that they may also be useful as cancer-preventive agents (Sandmann 2001). Also the 
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polymer-degrading enzymes of thermophilic bacteria have attracted attention because of their 

potential use in food, chemical and pharmaceutical industries (Henne et al. 2004).  

Another reason for choosing to study HB8 as the fact that it has been recently 

characterized in 2004 by (Henne et al. 2004). Their study provided a completely sequenced and 

annotated genome for T. thermophilus. This knowledge was useful in creating a genome-scale 

model for this bacterium.  

 

1.3 Metabolic flux analysis 

A powerful tool for the study of metabolic networks and interactions of metabolites in a 

biological system is known as Metabolic Flux Analysis (MFA) (Tang et al. 2009a, Fischer, 

Zamboni and Sauer 2004, Buchholz et al. 2002). Metabolic flux analysis provides important 

insight into the physiology of cells (Antoniewicz et al. 2007b). The central goal of MFA is the 

calculation and analysis of the flux distribution of an entire biochemical reaction network. MFA 

provides information on the rates at which metabolites are being produced and consumed. It also 

gives information about how active a particular pathway is, in a metabolic network system, i.e., it 

can predict whether a certain pathway is active or not by calculating the flux through that 

pathway. 

 In metabolic flux analysis, the intracellular fluxes are measured using a stoichiometric 

model which is derived from the metabolic network topology of an organism and by enforcing 

mass balances around intracellular metabolites. A flux map can be created based on the 

calculated fluxes to determine the pathways which are active.   
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Figure 1.1: Sample metabolic flux map for E. coli 

 

1.4 Mass isotopomers 

Mass isotopomer distributions are the different configurations in which labeled carbon 

i.e. 
13

C versus 
12

C atoms can be found in a component. For example, if a compound has 5 carbon 

atoms then the number of different labeling distributions in which it can be found are 2
5 

= 32 i.e. 

there are 32 different labeling states in which it can be found as shown in figure 1.2.  
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Figure 1.2: Positional and mass isotopomers for a 5-carbon atom molecule. 

 

M0, M1 etc are the mass isotopomers referring to the number of carbon atoms that are 

labeled. M0 corresponds to the fraction of compounds containing only unlabeled carbon atoms. 

In any particular tracer experiment, the mass isotopomer distribution pattern is characteristic to 

the tracer used and gives useful information about the metabolism of the cells. The sum of mass 

isotopomer fractions is equal to 1 by definition. It can be measured using mass spectrometry. We 

employed GC-MS for the measurement of isotopomers in our study.      

 

1.5 Gas chromatography-Mass spectrometry 

 This is a technique which combines gas chromatography with mass spectrometry to 

identify the amount of labeling found in different compounds. It is a rapid and sensitive method 

and has been extensively applied in this research to understand labeling pattern of T. 

thermophilus (Halket et al. 2005).  
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The gas chromatogram aids in separating compounds based on their retention times on 

the GC column and these compounds are detected and analyzed in the mass spectrometer. 

Retention times on the column are characteristic to compounds for a given GC protocol. Larger 

compounds typically have longer retention times. The mass spectrometer connected to the GC 

can identify components according to the mass to charge ratio of ionization fragments. In our 

experiments we used glucose tracers involving 
13

C carbons which are one mass unit heavier than 

12
C carbon. Hence they are easily detected by the mass spectrometer. The mass spectrometer 

generates mass isotopomer distributions which are characteristic to their compounds.  

GC-MS comprises of an ion source, a mass analyzer and a detector. Depending on the 

instrument used, these components and techniques involved in them may vary. We used an 

Agilent technology GC and a Waters Mass spectrometer with an electron impact ion source.    

 

Figure 1.3: A typical chromatogram obtained from selected ion recording of amino acids. 
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1.6 Estimating fluxes from stable isotope tracers 

 To aid metabolic flux analysis, stable isotope tracer studies are conducted. In this work, 

stable isotopes of carbon were used. We used different tracers of glucose such as [1-
13

C] glucose 

which is labeled at the first position of its carbon atoms.  

13
C labeled tracers are used as substrates in the growth of cells and they label the intracellular 

metabolites as the substrate is utilized (Dauner and Sauer 2000, Wiechert 2001, Wiechert et al. 

2001, Szyperski 1995, Sauer 2006). Different tracers provide complementary information 

because each of them will label their target differently. The choice of stable isotope depends on 

how the labeling study will be performed. For example, if a loss of CO2 in the network has to be 

examined, then the tracer which is expected to label just that carbon atom which is lost as CO2 

should be chosen, so that the subsequent metabolites in the network do not show any labeling. 

This would confirm the hypothesis of the physiology of the cell. However, if labeling is 

observed, it would suggest that there are some other pathways in the network which have not 

been accounted for.  

Since the interpretation of labeling data is computationally complex, we employ the software 

Metran for our calculations of fluxes. Metran is a statistical analysis tool (Antoniewicz, Kelleher 

and Stephanopoulos 2007a) which is used for prediction of fluxes in a network by fitting 

isotopomer distributions to a user-defined model. It uses a least square parameter optimization 

method to minimize the sum of squares of deviations between observed and simulated 

measurements.      

Different tracers give us different labeling patterns, but the fluxes through the network should 

remain the same irrespective of the tracer being used. This is because it is assumed that the tracer 
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should not affect the pathways in the cell. Hence to test whether the network is correctly 

predicted, different tracers can be used to label the cells. The fluxes derived from fitting the mass 

isotopomers of each of the tracers to the predicted model. These fluxes should ultimately be the 

same for all tracer experiments. Also the confidence intervals with which the fluxes have been 

predicted should be consistent for all tracer experiments. This thesis focuses on reconstructing 

the metabolic network model of T. thermophilus HB8 by employing this technique.   

 

1.7 Previous work 

A study similar to the one presented in this thesis has been done on the microorganism 

Dehalococcides ethanogenes, strain 195 (Tang et al. 2009c) to investigate its carbon 

metabolism using isotopomer analysis. In that study, the researchers conducted 
13

C-labeled
 

tracer experiments using sodium acetate and sodium bicarbonate tracers. Their analysis of 

amino acid biosynthesis pathways indicated the involvement of a new pathway in the 

production of isoleucine.  

Another study done by Nishida et al (Nishida et al. 1999) on T. thermophilus showed a 

different pathway for production of lysine, arginine and leucine. This was important in the 

reconstruction of our network. 

Metabolic flux analysis has also been conducted on the thermophilic bacterium Geobacillus 

thermoglucosidasius (Cripps et al. 2009). It was subsequently reengineered to produce high 

yields of ethanol. 

The comparison of 95% confidence intervals over various tracer experiments has been 

theoretically suggested by Stephanopoulos et al (Metallo, Walther and Stephanopoulos 2009) 

in their evaluation of 
13

C isotopic tracers for metabolic flux analysis in mammalian cells. 
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According to tracer analysis, the fluxes in a network should be the same irrespective of the 

tracer being used to calculate the fluxes. Hence the 95% confidence interval in which the 

fluxes have been estimated should overlap for all tracer experiments. This concept was for 

the first time applied in practice in this study.           

 

1.8 Aim and outline of thesis 

Our research group extensively employs 
13

C stable isotopes for metabolic flux analysis. 

The focus of this thesis is primarily on reconstructing the metabolic network model of the 

thermophilic bacterium T. thermophilus HB8 using 
13

C tracers.  The metabolic fluxes will 

provide information of the pathway that are active in the microorganism and can be later 

used in manipulation of pathways to produce biofuels. T. thermophilus HB8 contains an 

alcohol dehydrogenase gene, adh, which is essential for the production of ethanol (Jeon et al. 

2008). Hence if the metabolic pathways inside the cell are known, then the expression of adh 

enzyme can be optimized to over produce ethanol as a potential biofuel.  

Chapter 2 outlines the methodology involved in our experiments with the culture of cells 

and analysis of the amino acids for metabolic flux analysis. 

Chapter 3 illustrates the results obtained by us by the culture of cells and tracer analysis. 

Chapter 4 discusses the development of the metabolic model based on gene annotations 

and 
13

C tracer analysis.  
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Chapter 2 

MATERIALS AND METHODS 

 

2.1 Materials 

[1-
13

C]Glucose, [2-
13

C]glucose, [3-
13

C]glucose, [4-
13

C]glucose, [5-
13

C]glucose, [6-

13
C]glucose, [1, 2-

13
C]glucose and [U-

13
C]glucose (99+ At% 

13
C) were purchased from 

Cambridge Isotope Laboratories (Andover, MA). Unless otherwise specified, all media 

components were purchased from Fisher Scientific (Pittsburgh, PA). Wolfe’s minerals and 

vitamins solutions were obtained from ATCC (Manassas, VA). 

Defined medium M162 contained (per liter of medium) 3.2 g Na2HPO4.7H2O, 0.54 g 

KH2PO4, 0.54 g NH4Cl, 0.04 g CaSO4.2H2O, 0.20 g MgCl2.6H2O, 0.001 g ferric citrate, 0.10 g 

nitrilotriacetic acid, 0.10 g Tris buffer, 0.05 ml Wolfe’s minerals, 10 ml Wolfe’s vitamins, and 

1.0 g yeast extract. The pH was adjusted to 7.2.   

Defined medium MRA1 contained (per liter of medium) 0.50 g K2HPO4, 0.30 g KH2PO4, 

0.50 g NH4Cl, 0.50 g NaCl, 0.10 g MgSO4.7H2O, 0.006 g CaCl2.2H2O, 0.10 g Na2SO4, and 4.8 g 

Tris buffer. The pH was adjusted to 7.7. Wolfe’s minerals and vitamins were added as indicated 

in the text. 

Defined medium MRA2 contained (per liter of medium) 0.50 g K2HPO4, 0.30 g KH2PO4, 

0.50 g NH4Cl, 0.50 g NaCl, 0.20 g MgCl2.6H2O, 0.04 g CaSO4.2H2O, and 4.8 g Tris buffer. The 

pH was adjusted to 7.7. Wolfe’s minerals and vitamins were added as indicated in the text. 
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2.2 Strain and growth conditions 

T. thermophilus HB8 (ATCC 27634) was used in this study. The strain was provided by 

Athena Biotechnologies, Inc. Batch fermentations were conducted in miniature bioreactors with 

a working volume of 10 ml. Aeration rate was maintained at 5 ml/min and temperature was 

maintained at 70°C by placing the mini-bioreactors in a heating block. Labeled glucose was 

added at the beginning of the culture along with the medium. The cultures were allowed to grow 

for up to 42 hours until OD600 of 1.0 and glucose concentration fell below 0.1 mM.  

 

2.3 Miniature bioreactors 

For the culture of T. thermophilus, a set of eight miniature bioreactors were constructed 

for the experiments (Nanchen, Schicker and Sauer 2006, Betts, Doig and Baganz 2006, Kumar, 

Wittmann and Heinzle 2004, Betts and Baganz 2006). Each mini-bioreactor system consisted of 

one culture tube that served as the humidifier, one culture tube as the bioreactor, and one culture 

tube as the condenser. The culture tubes were connected as shown in figure 2.1.  
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Figure 2.1: Experimental set-up for batch culture of T. thermophilus. 

 

The humidifier and bioreactor were maintained at a temperature of 70°C in the heating 

block. The humidifier served to provide water-saturated air to the bioreactor to keep the medium 

in the bioreactor from evaporating, since evaporation may be a significant cause of medium loss 

at these elevated temperatures. The condenser collected the condensed water from the off-gas of 

bioreactor. The bioreactor contained the medium inoculated with T. thermophilus. A long needle 

was used for collecting samples for OD600 and glucose measurements. The setup was sterilized at 

95°C for at least 2 hours before the experiment. 

 

2.4 Off-gas analysis 

The mini-bioreactor setup was connected to an Ametek process mass spectrometer for 

off-gas analysis. Concentrations of oxygen, nitrogen, argon, and carbon dioxide were measured 

and reported in molar percentages for both the inlet and outlet air streams. This was used to 
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observe the growth pattern of the cells and calculate the fractional labeling of CO2, which was 

quantified by the relative intensities of 
12

CO2 (m/z=44) and 
13

CO2 (m/z=45). 

 

2.5 Gas chromatography-mass spectrometry 

GC/MS analysis was performed on an Agilent 7890A GC system equipped with a DB-35 

MS (30 m x 0.25 mm i.d., 0.25 µm-phase thickness) capillary column, connected to a Waters 

Quattro Micro Tandem Mass Spectrometer operating under ionization by electron impact (EI) at 

70 eV. Helium flow was maintained at 1.0 mL/min via electronic pressure control. The interface 

temperature was maintained at 250 °C. Intensities of selected ions were recorded using the 

MassLynx software. Mass isotopomer distributions were obtained by integration. 

 

2.6 Preliminary experiments 

Initially [1-
13

C] glucose and [U-
13

C] glucose were used to conduct tracer experiments in 

medium M162 supplemented with yeast extract. The yeast extract and glucose proportions were 

varied and the effects of that were noted by observing the growth of the cells. Off-gas analysis 

and OD600 measurements were taken at regular time intervals to determine biomass 

concentrations. From these preliminary experiments we obtained knowledge of the growth 

patterns of the cells which helped in media optimization. 
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2.7 Media optimization experiments 

A set of experiments with varying amounts of yeast extract were conducted in order to 

select the best medium for the tracer experiments. The criteria for selection were that the medium 

should be defined, i.e. contain as little as possible yeast extract, and should provide high growth 

rate for the cells. For this purpose, two new media were evaluated by varying the concentrations 

and materials used in medium M162 and the defined medium used by Yoshida et al (Yoshida et 

al. 1984). These new media were termed MRA1 and MRA2.  

Initially the cells were grown from the frozen stock in 5ml of M162 medium 

supplemented with 0.5 ml of 1% yeast extract solution and 0.05 ml of 20% glucose solution. 1µl 

antifoam was added to prevent frothing of cells. This ensured constant cell density in the next 

batch of experiments. The cells were grown to an OD600 of 1.1.  

Eight parallel cultures were set up in which medium MRA1 and MRA2 were prepared 

with 0.01%, 0.005%, 0.002% and 0% yeast extract each along with 0.1 ml of 20% glucose 

solution, 0.1 ml Wolfe’s minerals, 0.1 ml Wolfe’s vitamins and 1 µl antifoam. The media were 

pre-warmed at 70°C in an incubator before inoculating with 100 µl of cells grown in M162 

medium. Results from these experiments suggested that MRA2 could sustain better growth of T. 

thermophilus. Hence, subsequent experiments were performed in medium MRA2. 

     

2.8 Tracer experiments 

As in the case of the medium selection experiments, to get a uniform cell density, the 

cells were grown from frozen stock in 5 ml of M162 medium supplemented with 0.5 ml of 1% 

yeast extract solution, 0.05 ml of 20% glucose and 1 µl of antifoam. The cells were grown to an 

OD600 of about 0.9 in 22 hours and then taken as the inoculum for the tracer experiments.  



15 

 

 Eight simultaneous bioreactors were set up for the tracer experiments with [1-
13

C] 

glucose, [2-
13

C] glucose, [3-
13

C] glucose, [4-
13

C] glucose, [5-
13

C] glucose, [6-
13

C] glucose, [1, 2-

13
C] glucose and [U-

13
C] glucose as tracers. Medium MRA2 was prepared with 0.1 ml of 20% 

labeled glucose solution, 0.1 ml Wolfe’s minerals, 0.1 ml Wolfe’s vitamins and 1µl antifoam. 

The medium was heated in an incubator at 70°C for 15 minutes. 100 µl of cells were taken as 

inoculum for each mini-bioreactor. The cells were allowed to grow for up to 41.5 hours. The 

values of OD600 and glucose concentrations were checked periodically.    

 

2.9 Derivatization of amino acids 

Tertbutyldimethylsilyl (TBDMS) derivatization of biomass amino acids was performed 

prior to GC/MS analysis. 1 ml samples were taken at the end of the tracer experiments and 

centrifuged for 5 minutes at 14000 rpm and the cell pellet and the supernatant were separated. 

The cell pellet was hydrolyzed with 500µl of 6N HCl for 18 hours at 110°C. After cooling to 

room temperature, it was centrifuged at 14000 rpm for 5 minutes to remove cell debris. The 

contents were transferred to a new eppendorf tube and evaporated to dryness under air flow at 

65°C. The dried sample was dissolved in 50µl of pyridine and 50µl of N-(tert-

butyldimethylsilyl)-N-methyl-trifluoroacetamide (MTBSTFA) +1%TBDMCS was added and the 

reaction allowed to proceed for 30 minutes at 60°C. The sample was again centrifuged to remove 

cell debris and finally transferred to GC injection vial. 
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2.10 GC/MS analysis of amino acids 

GC/MS analysis was conducted to quantify the labeling in amino acids (Dauner and 

Sauer 2000). 1 µL of derivatized sample was injected at split ratio of 1:40. The GC oven 

temperature was held at 80°C for 2 min and then increased at a ramp of 7°C/minute to 280°C. 

The total run time was 50 minutes. The detector was operated in selected ion recording (SIR) 

mode. The GC/MS analysis was also run at split ratio of 1:4 to obtain high quality data for amino 

acids with low intensities, namely histidine, lysine and theronine.   

 

2.11 Derivatization of glucose 

Aldonitrile pentapropionate derivatization was performed on glucose prior to GC-MS 

analysis. Medium samples were centrifuged and 200 µl of supernatant with glucose 

concentration of approximately 7 mM were evaporated to dryness under airflow at 60°C. 50µl 

hydroxylamine/pyridine solution was added to the dry residue and incubated for 1 hour at 90°C 

on a heating block. After briefly centrifuging the samples, 100 µl of propionic anhydride was 

added to the samples and incubated for 30 minutes at 60°C. The samples were again briefly 

centrifuged and evaporated to dryness under airflow at 60°C. The residue was dissolved in100 µl 

of ethyl acetate, centrifuged for 2 minutes at 14000 rpm and transferred to GC vial just before 

GC/MS analysis.    

 

2.12 GC/MS analysis of glucose 

GC/MS analysis of glucose was conducted to validate the labeling of tracers, i.e. 

determine the percentage labeling of glucose. 1 µl injection volume was used with a split ratio of 
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1:20. The GC oven temperature was held at 80°C for 1 min and then increased at a ramp of 

15°C/minute to 280°C. The total run time was 20 minutes.  The detector was operated in selected 

ion recording (SIR) mode.  

 

2.13 Genome-scale model 

An initial genome-scale model for T. thermophilus HB8 was created using the Kyoto 

Encyclopedia of Genes and Genomes (KEGG) database. It was then compared to the Biocyc 

database (Caspi et al. 2008) to check for inconsistencies and for gap filling. BLAST search was 

performed to confirm if a protein sequence of interest existed in T. thermophilus. On the basis of 

this genome scale model, a detailed metabolic network model for central metabolism of T. 

thermophilus was created. The network model contained the pathways of glycolysis, TCA cycle, 

one-carbon metabolism and amino acid biosynthesis reactions (Appendix A). Altogether, the 

model was comprised of 75 reactions involving 73 metabolites. There were 5 non-balanced 

metabolites in the model which were allowed to exchange with the environment, namely 

glucose, CO2, O2, NH3, and SO4. The products being produced were biomass, CO2, ATP and 

ethanol. The model also included 60 balanced intracellular metabolites.  

 

2.14 Flux determination and statistical analysis 

The mass isotopomer distribution obtained in the GC/MS analysis was analyzed using a 

software called Metran. It uses the EMU method (Antoniewicz et al. 2007a) to simulate mass 

isotopomer distribution for amino acids. Fluxes were estimated using least square regression by 

minimizing the sum of squared deviations between the observed and simulated measurements.  
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 Fluxes were calculated along with their 95% confidence intervals and standard deviations 

for the mass isotopomer abundances of amino acids using Metran (Antoniewicz, Kelleher and 

Stephanopoulos 2006, Antoniewicz, Kelleher and Stephanopoulos 2007). Flux estimations were 

repeated at least 10 times to ensure that the global optimum was found. 
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Chapter 3 

RESULTS AND DISCUSSION 

 

3.1 Growth rate  

 The growth rate of T. thermophilus HB8 was determined in a number of varying media 

(Degryse, Glansdorff and Pierard 1978). The best growth rate was achieved on medium MRA2 

with no yeast extract. Growth rate was determined by measuring OD600 as well as from off-gas 

analysis. 

3.1.1 Growth rate from off-gas analysis  

 During growth, cells utilize oxygen and release CO2. The amount of CO2 being produced 

can be measured to determine the growth rate of cells. It is assumed that growth rate is directly 

proportional to the CO2 released. Uptake of O2 (m/z=32) and release of CO2 (m/z=44) can be 

measured by a mass spectrometer by comparing the composition of inflowing air to that of 

outflowing air. Off-gas analysis also quantifies the amount of labeled CO2 being produced by 

measuring the 
13

CO2 (m/z=45) being evolved. A typical off gas profile obtained for growth with 

[1-
13

C] glucose is shown in figure 3.1. 
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Figure 3.1: Off-gas analysis data showing the growth rate of the cells by measuring the 

evolution of 
12

CO2 (m/z=44) and 
13

CO2 (m/z=45) with respect to time 

 

The total amount of CO2 being released by the cells is determined by summation of the 

labeled and unlabeled carbon dioxide, denoted by 
12

CO2 and 
13

CO2, at a particular time point and 

subtraction of 
12

CO2 and 
13

CO2 in the inflowing air. The growth rate of the cells is given by the 

slope of the natural log of net CO2 produced (ln (netCO2)) versus time, as shown in figure 3.2. 
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Figure 3.2: The CO2 released by the cells over time. The slope gives the growth rate of the 

cells when no yeast extract was added and is equal to 0.085 hr
-1

. 

 

3.1.2 Growth rate from OD600 analysis 

Growth rate of cells determined from OD600 measurements is shown in figure 3.3. The 

maximum growth rate achieved is 0.093 hr
-1

. Hence the doubling time of the cells is 

approximately 7.45 hrs.  
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Figure 3.3: The OD600 profile with respect to time. The slope gives the growth rate of cells 

when no yeast extract was added and is equal to 0.093 hr
-1

. 

 

Thus, the maximum growth rate was confirmed by both methods to be around 0.085-

0.093 hr
-1

 giving a doubling time of around 7.5 to 8 hrs.  

 

3.2 Preliminary results 

3.2.1 Effect of increasing yeast extract concentration on growth rate 

Medium M162 was supplemented with 0.2% [U-
13

C] glucose along with increasing 

concentrations of 0.2%, 0.4% and 0.8% yeast extract to check the effect of increasing yeast 

extract concentrations in the medium. The growth rates with the varying yeast extract 
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concentrations were determined to observe the effect of yeast extract on growth. A plot of OD600 

vs. time for increasing yeast extract concentration is shown in figure 3.4. The plot shows that 

cells reach their maximum OD600 value faster with decreasing yeast extract concentration. This 

may reflect higher growth rate or shorter lag phase. Hence subsequent experiments involve 0.1% 

yeast extract which is the least amount of yeast extract added for a good growth rate of cells. 

 

Figure 3.4: Effect of increasing yeast extract concentration from 0.2% to 0.8% on cell 

growth. 

3.2.2 Effects of increasing glucose concentration on growth rate 

3.2.2.1 Optimal glucose concentration in culture 

Another set of experiments was done to check the effect of increasing concentration of 

glucose to the growth rate of cells. It is expected that, very little amount of glucose would not 

give good labeling of amino acids in biomass and very high amounts of glucose could inhibit 

growth of cells. Hence this experiment gave us a good idea of the optimal glucose concentration 



24 

 

for the subsequent tracer experiments. The optimal glucose concentration was determined to be 

0.2% glucose.  

Growth was measured at glucose concentrations of 0.2%, 0.4%, 0.6%, 0.8% and 1.2% 

[U-
13

C] glucose. There was no growth observed in the reactors with 0.6%, 0.8% and 1.2% 

glucose hence glucose concentrations above 0.4% inhibit growth of cells. A plot of OD vs. time 

for glucose with 0.2% [U-
13

C] and 0.4% [U-
13

C] compares the growth rate of cells with 

increasing concentration of glucose. 

 

Figure 3.5: Effect of increasing glucose concentration on cell growth. No growth was 

observed for glucose concentrations of 0.6% and 0.8% and 1.2%. 
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Although the cells reached a higher cell density with 0.4% glucose than with 0.2% 

glucose, the growth of cells was inhibited somewhere between 0.4% glucose and 0.6% glucose. 

Hence, to reduce the chance of cell growth inhibition, we chose to perform experiments with 

0.2% glucose henceforth. This would also decrease the cost of tracer experiments as glucose 

tracers are expensive ($100-1000/gram).    

 

3.2.2.2 Determination of substrate limited growth 

Cells were grown with 0.2% glucose and 0.1% yeast extract and glucose concentrations 

were measured during the experiment to check for substrate limited growth. Glucose 

concentrations were checked at constant intervals to determine the consumption rate of glucose 

during growth. A plot of glucose concentration vs. time suggests that glucose was used up within 

20 hours. Hence the cells probably stopped growing because of lack of glucose in the medium. 

These results suggest that the thermophile can grow to a higher density if provided more glucose. 

Hence future experiments could be aimed at performing the experiment as fed-batch in which 

glucose is supplied at regular intervals. That would allow us to determine the extent to which 

cells can grow and to maximize production of products.   
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Figure 3.6: Shows glucose concentrations at different time points during cell growth. The 

concentration drops to zero within 20 hrs. 
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3.2.3 Effects of increasing yeast extract concentration on carbon labeling 

 

Figure 3.7: Effect of increasing yeast extract concentration on average carbon labeling 

shown for four amino acids Ala, Gly, Val, Leu 

 

Medium M162 was supplemented with increasing concentration of yeast extract 0.1%, 

0.2%, 0.4% and 0.8% along with 0.2% [U-
13

C] glucose. Cells were grown on these media and 

the average labeling of amino acids was measured by mass spectrometry. The plot of percentage 

average carbon labeling versus percentage yeast extract in figure 3.7 shows results for four 

amino acids. The average carbon labeling corresponds to the fraction of biomass that was 

produced from glucose. These results demonstrate that average labeling decreases with 

increasing amounts of yeast extract. For flux analysis we would like the labeling to be as high as 

possible. Hence it would be optimal to grow cells on defined medium. The lesser the amount of 
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yeast extract used, the better the average carbon labeling. Another reason for trying to define the 

medium to contain least amount of yeast extract was because yeast extract contains some amount 

of carbon which is difficult to quantify and will differ from experiment to experiment. Hence 

experiments would not be reproducible. Therefore, to make the experiments and results obtained 

reproducible, it was essential to cultivate the cells without yeast extract. 

 

3.3 Diauxic growth regime 

Off-gas analysis results of growth of T. thermophilus on [U-
13

C] glucose along with 0.1% 

yeast extract gave a growth profile as shown in figure 3.8.  

 

Figure 3.8: Growth profile of T. thermophilus supplemented with 0.2% [U-
13

C] glucose and 

0.1% yeast extract. 
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The off-gas analysis clearly indicates that the 
12

CO2 is released before 
13

CO2. Since 

uniformly labeled glucose was used in this experiment, all of 
13

CO2 being released would 

originate from glucose. However, 
12

CO2 is seen to be released as well which indicates that yeast 

extract contributes to the carbon content in the fermentation along with glucose. Also since the 

peak of 
12

CO2 is seen before that of 
13

CO2 it could be because of preferential consumption of 

carbon from yeast extract before glucose. This happens when a diauxic growth regime is 

followed by the cells in the presence of multiple carbon sources.  

    

3.4 Media optimization  

3.4.1 Effects of decreasing yeast extract concentration 

Two media, MRA1 and MRA2, were compared by performing experiments with 

decreasing amounts of yeast extract to determine the least amount of yeast extract required for 

cell growth and which medium gave a better growth rate. 0.2% unlabeled glucose was added to 

the medium and the growth profile was measured by off-gas analysis and OD600.  

By comparing the growth profiles given in figure 3.8 and figure 3.9, we concluded that 

MRA2 was a better culture medium for T. thermophilus as even with varying amounts of yeast 

extract (YE) it gave similar growth profile for all the experiments whereas MRA1 was slightly 

variable. Also, looking at the medium compositions, MRA2 contained higher concentrations of 

calcium and magnesium salts which allowed the cells to grow better.  

Hence it was concluded that MRA2 was a better medium and would be used for the tracer 

experiments with no addition of yeast extract. Glucose was used as the only source of carbon. 

This was optimal because the results obtained from 
13

C tracer experiments would be easily 
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interpretable as there was no other external carbon pool diluting the labeling as in the case of 

yeast extract addition.   

 

Figure 3.9: Plot of OD600 vs. time for decreasing yeast extract concentration in medium 

MRA1 
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Figure 3.10: Plot of OD600 vs. time for decreasing yeast extract concentration in medium 

MRA2 

   

3.5 Off-gas analysis results from labeled experiments 

Off-gas measurements were taken by mass spectrometer from which we can calculate the 

uptake and release of gases such as O2, CO2, and N2. The CO2 analysis gives us the labeling as 

well as growth pattern of cells. The results of the off-gas data are given in Appendix C. The off-

gas analysis of [U-
13

C] glucose is taken as a control to determine if the experiment was correctly 

done because theoretically the enrichment of CO2 from [U-
13

C] experiment should equal to the 

combined labeling seen in the other 6 tracers namely [1-
13

C], [2-
13

C], [3-
13

C], [4-
13

C], [5-
13

C] 

and [6-
13

C] glucose. We confirmed that this was observed in the off gas data, which gives us 

confidence that the experimental measurements were accurate. 



32 

 

The expected values of CO2 labeling in off-gas for [U-
13

C] glucose are 100%, because 

[U-
13

C] glucose is the only carbon source for cell growth and metabolism. The observed values 

of CO2 released were slightly lower than expected values as shown in the table 3.1. This could be 

because of instrument measurement error. The CO2 from [U-
13

C] glucose experiment was being 

recorded just after the CO2 from [1, 2-
13

C] glucose experiment. This could have caused the 

measurement errors. 

 

3.6 
13

C-Glucose Tracer experiments  

Glucose tracer experiments were conducted in the mini-bioreactor system using 10 ml 

medium MRA2, 0.1 ml 
13

C-labeled glucose tracer solution (20 wt%), 0.1 ml minerals, 0.1 ml 

vitamins and 100 µl antifoam inoculated with a constant cell density inoculums of 100µl. [1-

13
C], [2-

13
C], [3-

13
C], [4-

13
C], [5-

13
C], [6-

13
C], [1,2-

13
C] and [U-

13
C] glucose tracers were used in 

parallel experiments to study the labeling pattern of cells in order to determine active metabolic 

pathways.  

Mass isotopomer distributions were obtained for the amino acid fragments. The 

chromatograms generated by the GC-MS were integrated using the wsearch32 software and mass 

spectra obtained for each metabolite fragment were analyzed for the different tracer experiments. 

The mass isotopomer distributions obtained were entered into Metran and corrected for natural 

abundances. Depending on the labeled tracer used in the experiment, a different mass isotopomer 

distribution was observed for each amino acid fragment. This provided information about how 

the labeling was distributed through the network as the precursors of the amino acids were 

known.   
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  [U-
13

C] glucose tracer was used as a control throughout the study to determine if the cells 

became properly labeled. The predicted average carbon labeling in [U-
13

C] glucose experiments 

was 100% as glucose was the sole carbon source and all the labeling in the amino acid would 

originate from glucose. But we observed average carbon labeling to be lower than expected 

around 88% to 96%. This could be due to several factors. Either there was a significant amount 

of unlabeled CO2 incorporated from the air being supplied, or the labeling was diluted because of 

the initial inoculum which was grown on unlabeled glucose. There could also be some 

instrumental error from the mass spectrometer. Due to these reasons, slightly lower than 

expected values of average carbon labeling were observed.  
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Table 3.1: Average carbon labeling of amino acid fragments for 8 different tracer 

experiments 

 

AminoAcid 

Fragments 

1-
13

C 2-
13

C 3-
13

C 4-
13

C 5-
13

C 6-
13

C U-
13

C 1,2-
13

C 

Ala232 25.4% 22.6% 0.4% 0.0% 23.1% 25.5% 96.3% 48.0% 

Ala260 17.6% 15.8% 14.1% 14.2% 16.0% 17.3% 95.8% 33.7% 

Gly218 5.9% 42.5% 0.4% 0.0% 43.3% 4.6% 96.0% 47.5% 

Gly246 4.3% 22.8% 20.6% 20.6% 22.5% 3.3% 94.8% 26.4% 

Val260 24.7% 21.7% 0.6% 0.2% 22.2% 24.6% 93.8% 47.0% 

Val288 20.2% 18.1% 8.3% 8.3% 18.3% 20.0% 94.9% 38.5% 

Leu274 28.2% 17.7% 0.4% 0.1% 18.1% 28.2% 93.8% 46.3% 

Ile274 28.1% 18.0% 0.6% 0.2% 18.3% 28.1% 93.8% 46.6% 

Pro258 28.7% 18.2% 0.5% 0.1% 18.3% 28.7% 93.4% 46.8% 

Met218 29.6% 13.7% 3.1% 2.9% 14.1% 30.6% 91.2% 42.9% 

Met320 25.8% 13.7% 5.1% 4.6% 14.3% 26.2% 92.4% 40.0% 

Ser362 23.8% 23.1% 0.3% 0.0% 23.8% 23.9% 96.1% 41.5% 

Ser390 16.2% 16.0% 14.8% 14.7% 16.3% 16.3% 95.5% 32.4% 

Thr376 24.3% 15.2% 3.6% 3.3% 16.5% 26.4% 91.9% 41.5% 

Thr404 22.1% 16.2% 6.5% 6.2% 17.2% 24.0% 93.1% 39.2% 

Phe302 3.1% 22.3% 20.8% 21.2% 22.6% 2.6% 93.0% 24.4% 

Phe308 13.2% 12.4% 12.2% 11.2% 22.7% 23.6% 94.3% 25.6% 

Phe336 12.0% 11.4% 15.6% 14.8% 20.3% 21.2% 94.6% 23.2% 

Asp302 20.8% 17.8% 6.6% 6.8% 17.7% 21.3% 91.0% 37.7% 

Asp390 26.0% 16.0% 3.8% 3.3% 16.7% 27.1% 93.4% 42.7% 

Asp418 23.1% 17.1% 6.4% 6.2% 17.5% 23.9% 93.9% 40.4% 

Glu330 28.1% 17.8% 0.3% 0.1% 18.2% 28.9% 93.7% 46.5% 

Glu432 26.3% 19.0% 2.7% 2.3% 19.2% 26.7% 94.3% 45.2% 

Lys329 31.0% 15.1% 1.0% 0.6% 15.1% 31.0% 88.8% 44.5% 

Lys431 26.7% 18.8% 0.4% 0.1% 19.6% 27.3% 92.6% 46.3% 

His338 28.3% 27.0% 12.4% 10.8% 12.3% 10.1% 93.2% 52.6% 

His440 29.4% 23.1% 10.1% 8.5% 9.8% 16.0% 95.1% 52.6% 

Tyr302 3.1% 22.1% 20.8% 21.0% 22.7% 2.6% 93.2% 24.8% 

Tyr364 13.5% 12.7% 12.6% 11.6% 22.9% 24.1% 95.0% 25.7% 

CO2 10.9% 13.6% 26.2% 26.9% 14.7% 10.5% 93.4% 23.8% 
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Amino acids are found in abundance and labeled well with all glucose tracers. Hence 

they were analyzed to determine the mass isotopomer labeling patterns. The average carbon 

labeling calculated by Metran for the different amino acid fragments is recorded in table 3.1.  

The average carbon labeling of amino acids in the tracer experiments with [1-
13

C] 

glucose and [6-
13

C] glucose; [2-
13

C] glucose and [5-
13

C] glucose; [3-
13

C] glucose and [4-
13

C] 

glucose were similar. This is in accordance with the assumption that when FBP → DHAP + 

GAP the 6- carbon molecules of FBP break up into two 3-carbon molecules. These 3-carbon 

molecules behave the same way as each other except that one of them flips. Therefore the 1
st
 and 

6
th

 carbon atoms behave the same way. Similarly 2
nd

 and 5
th

 behave the same just as 3
rd

 and 4
th

. 

Hence the average carbon labeling should also be the same for these corresponding molecules 

assuming that the oxidative pathway is inactive. This is what was observed. This was also 

confirmed by the off-gas analysis data in which the enrichment of CO2 in the off-gas stream was 

measured to have a similar labeling pattern as observed above. 

 

3.7 Results from Glucose analysis 

At the end of the experiment, cells were centrifuged and aldonitrile pentapropionate 

reagent added to derivatize glucose. The derivatized samples were analyzed in the GC-MS to 

determine the isotopic purity and molar enrichment of the glucose in the medium. Plot for the 

isotopomer distributions is given in figure 3.11.  
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The mass isotopomer distributions obtained from GC-MS analysis of glucose were used 

to calculate the isotopic purity of glucose and the molar enrichment. For example, the MID of 

[U-
13

C] glucose corrected for natural abundance shown in figure 3.11. It can be seen that the 

fragment with m/z 370 has a fractional abundance of M4 isotopomer of about 7%. This indicates 

that glucose is not completely labeled. The purity of the glucose can then be calculated from this 

M4 abundance. Since all 5 carbon atoms have the same probability of being labeled, the M4 

abundance is divided by 5 to obtain the amount of unlabeled carbon in the glucose. From the 

graph, this value is calculated to be 0.071/5=0.0.0142 or 1.42%. Hence the isotopic purity is 100-

1.42 = 98.6%.  

The molar enrichment is the addition of the abundances of the mass isotopomers other 

than M0. Molar enrichment for [U-
13

C] glucose is 100-0.87=99.1% 

 

Figure 3.11: Mass isotopomer distribution for [U-
13

C] labeled glucose fragment m/z 370 

 

Similar analysis was conducted for the other glucose tracers. The isotopic purity and 

molar enrichment for all the tracers used is given in table 3.2. 



37 

 

 

Table 3.2: Isotopic purities and molar enrichments of the different glucose tracers used in 

this study 

 

Tracer Isotopic Purity Molar Enrichment 

[1-
13

C] Glucose 100% 99.2% 

[2-
13

C] Glucose 100% 99.2% 

[3-
13

C] Glucose 100% 99.2% 

[4-
13

C] Glucose 100% 99% 

[5-
13

C] Glucose 99.5% 99% 

 [6-
13

C] Glucose 99% 99% 

[1,2-
13

C] Glucose 99.7% 99% 

[U-
13

C] Glucose 98.6% 99% 

  

These results were incorporated in the Metran model to reflect the isotopic labeling and 

molar enrichments obtained.    

 

 3.8 Metabolic flux analysis 

We estimated metabolic fluxes by fitting the metabolic model (see chapter 4) to amino 

acid isotopomer abundances. At convergence, the goodness-of-fits were assessed by statistically 

evaluating the SSRES in Metran. From this it was determined which data fit the model well and 

which dataset did not. The deviating fits were either due to a low signal or were deviating 

because of something wrong in the model. The goodness-of-fit check for isoleucine indicated 
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that there was something missing in the model which turned out to be a new pathway for the 

production of isoleucine which had not been accounted for in the model previously (see chapter 

4). With the addition of the extra pathway, the goodness of fit for isoleucine was corrected and 

the mass isotopomer distribution for isoleucine fit the model well.  

 

3.9 Products from T. thermophilus 

After the cells were allowed to grow for 42 hrs, approximately 1 ml of the cell culture 

was taken in an eppendorf and centrifuged for 5 mins at 14000xg. The cells and the supernatant 

were separated. The supernatant was analyzed for products being produced during the 

fermentation. Initially, HPLC was used to analyze the samples. Each of the 8 samples for the 

different tracer experiments was run through the HPLC. The results showed that there was no 

presence of butyric acid, butanol or acetate. Ethanol was confirmed to be present in the samples 

but in very small quantities of about 4mM. There was also an unknown peak observed in the 

chromatogram which eluted at 7 mins which could not be identified positively by HPLC. (As 

shown in figure 3.12) 
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Figure 3.12: HPLC chromatogram showing production of ethanol 

 

Hence to determine that unknown peak the supernatant was derivatized using two 

methods, TBDMS and aldonitrile pentapropionate. The TBDMS derivatization produced a 

chromatogram shown in figure 3.12 which clearly indicates three peaks which are three 

molecules in the supernatant.    
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Figure 3.13: Chromatogram produced by analysis of by-products 

 

The NIST database was used to identify the unknown peaks. In the NIST database, the 

peak of interest can be identified by comparing it against a library of mass spectra. The results 

from NIST suggested that the 1
st
 peak at retention time 44.44 mins was phosphoric acid and the 

3
rd

 peak at retention time 57.68 mins was tris buffer. NIST database did not identify the 2
nd

 peak 

at retention time 49.18 mins. To determine if the 2
nd

 peak was a by-product produced by the 

cells, we measured the labeling pattern of the unknown compound for the different tracers. We 

did not observe a change in labeling between the [1-
13

C] glucose and the [U-
13

C] glucose 

samples. Thus we concluded that that peak was some substance present in the medium, for 

example, vitamins or minerals added to the medium.  

Since the HPLC as well as the GC-MS analysis did not show any by-products of 

metabolism being produced by the cells, it is possible that the cells were either producing some 
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gas such as hydrogen or some volatile substances which could not be detected by HPLC, for 

example formate. Future experiments should be done to decipher the by-products being 

produced.  
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Chapter 4 

DEVELOPMENT OF METABOLIC MODEL FOR THERMUS THERMOPHILUS 

 

4.1 Initial model 

For metabolic flux analysis, an initial network model needs to be specified in Metran in 

order to calculate fluxes. We initially assumed the network model for E. coli (Antoniewicz 2006) 

as it has been well characterized and well studied. The model for E. coli consisted of glycolysis, 

citric acid cycle, pentose phosphate pathway, Entner-Doudoroff pathway, anaplerotic pathways, 

1-carbon metabolism and a complete set of amino acid biosynthesis pathways. The mass 

isotopomer distributions obtained for various amino acid fragments were fit to this E. coli model 

to get an initial prediction of what the actual model of T. thermophilus would be like. According 

to the pathways which had a zero flux or mass isotopomers which did not fit the E. coli model 

well, the reactions and pathways of E. coli were modified to obtain an improved model for T. 

thermophilus HB8.   

 

4.2 Modification of E. coli model 

The mass isotopomer data for T. thermophilus did not fit well to the E. coli model as 

expected because some of the pathways in T. thermophilus differed from the ones in E. coli. 

Therefore, to account for the pathways which were different from E. coli, we checked the 

annotated sequence in the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Kanehisa and 

Goto 2000, Kanehisa 2002, Kanehisa et al. 2006). KEGG contains a collection of manually 
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drawn pathway maps which represent the predicted molecular interactions for particular 

organisms. KEGG contains the complete annotated sequence of T. thermophilus HB8 which was 

sequenced and annotated in 2004 by (Henne et al. 2004). Using this database, along with 

BRENDA (Schomburg, Chang and Schomburg 2002), we were able to gather information about 

the various predicted enzymes catalyzing the pathways present in the thermopile along with 

knowledge of the enzymes which had not been annotated. Table 4.1 compares the reactions 

which were different in T. thermophilus from E. coli.  

Since we were measuring amino acids, it was important to know the precursors of the 

amino acids in the central carbon metabolism. We used KEGG along with biochemistry books 

(McMurry and Begley 2005), to find out the atom transitions taking place in the amino acids 

biosynthesis pathways and central metabolism (Appendix B). 

  

4.3 Comparison of pathways in E. coli and Thermus thermophilus 

The pathways of E. coli K-12 MG1655 and T. thermophilus HB8 were compared based 

on the annotations in KEGG database. In addition, the pathways obtained from KEGG for T. 

thermophilus were checked against the database Biocyc (Caspi et al. 2008, Herrgard, Fong and 

Palsson 2006). The central carbon metabolism was found to be largely the same for both 

microorganisms though according to KEGG, pathways for oxidative pentose phosphate and 

Entner-Doudoroff were not annotated in T. thermophilus. A complete glycolysis and TCA cycle 

were present in the annotated sequence. Also according to KEGG and Biocyc the anaplerotic 

reaction Pyr → OAC was missing in T. thermophilus. Amino acid biosynthesis reactions for 7 

amino acids were found to differ from E. coli. These annotations were found in KEGG and 
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confirmed in Biocyc and publications (Caspi et al. 2008). The pathways which were annotated as 

being present in T. thermophilus are shown in figure 4.1. 

 

Figure 4.1: The EC numbers and gene annotations for the enzymes catalyzing reactions in 

the T. thermophilus network as listed in the KEGG and Biocyc databases 



45 

 

4.4 Amino acid biosynthesis pathways in T. thermophilus 

In this thesis, we have studied the amino acid labeling patterns to determine the network 

topology of the cells. Hence it is essential that the correct pathways of the amino acid 

biosynthesis are known so that the precursors of the amino acids can be studied. To get the 

pathways of the amino acid biosynthesis, KEGG database was referenced. Since KEGG is a 

manually developed database, the gene annotations were carefully checked against another 

database called Biocyc (Paley and Karp 2002).  

After protein hydrolysis, we were able to detect 15 of the 20 amino acids in the GC-MS. 

Cysteine and tryptophan were not observed as they get degraded at high temperatures 

(Antoniewicz 2006). Glutamine and asparagine were also not observed because they get 

deamidated to glutamate and aspartate. Arginine was not seen because it rapidly coverts to 

ornithine. Figure 4.2 shows the T. thermophilus model with different amino acid precursors for 

all the amino acids observed. 
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Figure 4.2: A network representation of the precursors of amino acids in the central 

metabolism based on annotations in KEGG 
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These pathways were compared to the amino acid biosynthesis pathways in E. coli. It was 

found that alanine, serine, leucine, arginine, lysine, methionine and cysteine were the amino 

acids which had biosynthesis pathways different from the ones in E. coli. This was also 

suggested in literature where it was (Nishida et al. 1999) found that the lysine, leucine and 

arginine pathways of T. thermophilus were different from the biosynthesis pathways usually 

found in bacteria.  

A research group in Japan (Nishida et al. 1999) proposed that the lysine in T. 

thermophilus is produced through the α-amino adipic acid (AAA) pathway instead of the 

diaminopimelic acid (DAP) pathway normally found in E. coli. The AAA pathway is 

characteristic to fungi that produce lysine through this pathway (Wulandari et al. 2002, Miyazaki 

et al. 2001, Kobashi, Nishiyama and Tanokura 1999). Along with the lysine biosynthesis 

pathway, the pathways for synthesis of arginine and leucine also have been studied by these 

investigators. Their results suggest that T. thermophilus has different pathways for synthesis of 

these amino acids. 
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Table 4.1: Amino acid biosynthesis pathways in T. thermophilus which are different from 

the ones found in E. coli 

 

These amino acids were added to the model. In addition, serine is also produced from 3-

phosphoglycerate (3PG) in E. coli. This was also added to the model to fit serine fragments.  

 

4.5 Model formulation 

According to the differences that were found in the E. coli and T. thermophilus pathways, 

the model of T. thermophilus was formulated and entered into Metran. The pathways found for 

T. thermophilus were added to the base model of E. coli. This would help confirm if any 

reactions were absent in the cells by consistently giving a zero flux for that pathway. Hence the 

pentose phosphate pathways, Entner-Doudoroff pathways, Pyr → OAC pathways were added to 

the model along with glycolysis and TCA. The amino acid biosynthesis pathways which were 

Pyruvate + NH3 + NADH → Alanine + NAD 

Pyruvate + NH3 → Serine 

Glycine + MEETHF → Serine + THF 

2Pyruvate + NADPH + NAD + AcCoA + Glutamate → Leu + NADP + NADH + 2CO2 + AKG + CoA 

2Glutamate + AcCoA + Aspartate + CO2 + NH3 + 4ATP + NADPH → Ac + CoA + Arginine + 

Fumarate + 4ADP + AKG +NADP + Pi 

2AcCoA + NAD + NADPH + 2Glutamate → Lysine + Ac + NADP + NADH + 2CoA + AKG + CO2 + 

Pi 

Aspartate + ATP + 2NADPH + AcCoA + H2S + METHF → Methionine + ADP + 2NADP + oPi + CoA 

+ Ac + THF 

AcCoA + Serine +H2S → Cysteine + Ac + CoA 
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found to be different from E. coli were added. A complete list of reactions in the model is given 

in Appendix A. 

The amino acid biosynthesis pathways found in T. thermophilus along with the EC 

numbers of the enzymes involved in their synthesis are given in figure 4.3. 
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Figure 4.3: Schematic of amino acid biosynthesis pathways in T. thermophilus. EC numbers 

of enzymes are shown for reactions that were identified in either KEGG database or 

BioCyc. 
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4.6 Fitting the model 

The mass isotopomer distribution data for the various tracer experiments were fit to the 

comprehensive model containing all the reactions of E. coli and T. thermophilus given in 

Appendix A. The data was corrected for natural abundances and flux analysis studies were 

conducted.  

A recent publication on the investigation of carbon metabolism in the organism 

Dehalococcoides ethanogene (Tang et al. 2009c) revealed that presence of a new citrate synthase 

called Re-citrate synthase which is different from the one normally found in E. coli and 

mammalian cells i.e. Si-citrate synthase. We also added this reaction to the model to check if it 

exists in T. thermophilus. Mass isotopomer data of 29 amino acids fragments were added to 

Metran along with CO2 data from the off-gas analysis. Fitting the model to this data we got a 

good fit for most of the amino acid fragments except for the fragments of histidine, His 338 and 

His 440. Also the isoleucine fragment, Ile 274, did not fit the model.  

For the histidine fragments, we got low intensities in the chromatogram. Also it contained 

significant noise which could have contaminated these fragments. Hence we eliminated the His 

338 and His 440 fragments from our data for fitting fluxes.  

The Ile 274 fragment had good intensity in the chromatogram but did not fit the model 

for any of the tracer experiments. This led us to investigate alternate pathways for synthesis of 

isoleucine since the pathway from Thr → Ile did not seem to give a good enough fit. Literature 

review revealed that an alternate pathway for isoleucine exists in some organisms (Tang et al. 

2009c). It was suggested that isoleucine was formed from AcCoA and pyruvate via citramalate 

synthase instead of threonine. We checked this pathway in KEGG, but it did not have an 
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annotation for the enzyme EC 2.3.1.182 for T. thermophilus which is citramalate synthase. We 

added this reaction to the model and tried to fit the mass isotopomer data of 27 fragments along 

with CO2 data. The Ile 274 fragment fit well to this model providing strong evidence for the 

presence of the alternate pathway for production of isoleucine. Flux analyses of the two 

pathways for production of Ile suggested that only the pathway from AcCoA and Pyr to Ile is 

used whereas the pathway from Thr to Ile carried zero flux. In addition, Thr → Ile flux had a 

95% confidence interval including zero for all the tracer experiments as shown in figure 4.4. 

   

Figure 4.4: 95% Confidence intervals for different tracer experiments for the pathway of 

isoleucine production from threonine 
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Figure 4.5: 95% Confidence intervals for different tracer experiments for the pathway of 

isoleucine production from AcCoA and Pyruvate 

    

For the fluxes obtained for the central carbon metabolism, most of the 95% confidence 

intervals obtained for the oxidative pentose phosphate pathway included zero for the tracer 

studies done as shown in figure 4.6. 
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Figure 4.1: 95% Confidence intervals for the oxidative pentose phosphate pathway 
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Since flux studies showed zero flux for pentose phosphate pathway and the KEGG also 

suggested that the enzymes catalyzing the reactions for pentose phosphate pathway did not exist, 

these reactions were eliminated from the T. thermophilus model. 

Similarly the flux studies for Entner-Doudoroff pathway produced confidence intervals 

with zero value for the flux as shown in figure 4.7. 

 

Figure 4.7: 95% Confidence intervals for the Entner-Doudoroff pathway 

 

Again for similar reasons as in the pentose phosphate pathway, the Entner-Doudoroff 

reactions were also eliminated from the model.  

In addition to the above two pathways, we consistently obtained zero fluxes in the 

pathway from      Pyr → OAC and in the reverse pathway from Pyr → PEP as shown in figures 

4.8 
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Figure 4.8: 95% Confidence intervals for the pathways from pyruvate to oxaloacetate and 

phosphoenol pyruvate 
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According to figure 4.1 showing the EC numbers for T. thermophilus. Our results are 

consistent with the fact that Pyr → OAC does not exist in the network. However, it shows that 

Pyr → PEP does exist and has the EC number 2.7.9.1/2.7.9.2 and the gene has been annotated. 

But since our flux studies consistently show confidence intervals including zero value for that 

pathway confirmed by all the tracers used, this pathway was also eliminated from the model. The 

tracers [4-
13

C] and [6-
13

C] did not fit the model exactly. This could suggest the possibility of a 

novel reaction in T. thermophilus which has not yet been discovered.   

Thus the confidence intervals gave an initial idea of which reactions were missing by 

predicting a confidence interval including zero. These pathways are listed in table 4.2.  

Table 4.2: Pathways missing in T. thermophilus 

 G6P + NADP → 6PG + NADPH  

 6PG + NADP → Ru5P + CO2 + NADPH  

 6PG → KDPG  

 KDPG → GAP + Pyr  

 Pyr + CO2 + ATP → OAC + ADP + Pi  

 AcCoA + OAC → Cit  

 

By removing the above reactions from our model, we fit the model against the 

isotopomer distribution again.  
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Table 4.3: Sum of squares of residuals (SSR) obtained for the comprehensive model 

 

Tracer Experiment Lowest SSR obtained 

[1-
13

C] glucose 52.7 

[2-
13

C] glucose 97.5 

[3-
13

C] glucose 74 

[4-
13

C] glucose 132.7 

[5-
13

C] glucose 109.3 

[6-
13

C] glucose 72 

[1,2-
13

C] glucose 131 

 

By removing the reactions given in table 4.2 a simplified model was obtained. The results 

obtained from this simplified model suggested that the pathways from Mal → Pyr may not exist 

or is inactive in our experiments. Figure 4.9 shows that the 95% confidence interval obtained for 

this pathway includes zero for all tracer experiments conducted. 
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Figure 4.9: 95% Confidence intervals for the pathway from malate to pyruvate involving 

the malate enzyme 

   

Also pathways from Thr → Ile as shown in figure 4.4 (given above) and Pyr → Ser may 

be missing although enzymes catalyzing these reactions have been annotated in KEGG. It is also 

possible that these reactions are not active in T. thermophilus at the growth conditions we used. 

The 95% confidence intervals are shown in figure 4.10. 
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Figure 4.10: 95% Confidence intervals for the pathway from pyruvate to serine 

 

The 95% confidence intervals for the rest of the pathways in the central metabolism of T. 

thermophilus are shown in the Appendix D.  

 

 

To illustrate how the fluxes are distributed at branch points in the network of T. 

thermophilus, the 95% confidence intervals of the fluxes for several key branch points have been 

plotted together. These are given in figures below. These figures provide important information 

which pathways are more active and to what extent the fluxes are partitioned. 

 



61 
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Figure 4.11: Flux branching at various points in the central metabolism of T. thermophilus 

 

Based on the model developed, fluxes were calculated for all the tracer experiments. The 

fluxes through the different pathways are shown in figure 4.12. 
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Figure 4.12: Fluxes through various pathways in the metabolism of T. thermophilus 
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Chapter 5 

CONCLUSIONS AND DIRECTIONS FOR FUTURE WORK 

 

5.1 Conclusions 

In this work, the metabolic network of the thermophilic bacterium T. thermophilus HB8 

was explored. Our study shows that this thermophile has promise as a model organism for 

biofuels production.  

In Chapter 2, we describe the methodology that we developed for culturing the 

thermophilic bacterium. The first goal achieved was to culture the thermophile in defined 

medium with glucose as the only carbon source. This was done at a scale of 10 ml using 

miniature bioreactors which reduced the cost of tracer experiments and allowed high-throughput 

analysis. We also describe the experimental techniques involved in the analysis of labeled amino 

acids.  

In Chapter 3, we present a detailed report on the results obtained from batch cultures of 

the bacterium. Preliminary experiments indicated that the growth of the cells was carbon limited 

and that the yeast extract used in the growth with complex medium was significantly diluting the 

labeling in the cells. Hence, defined medium was developed which contained no yeast extract 

and glucose was used as the sole carbon source. The cells reached a maximum growth rate of 

0.093 hr
-1

 under the specified conditions.  For the analysis of the central metabolism, 
13

C tracer 

studies along with gas chromatography-mass spectrometry were employed. Eight different 
13

C 

glucose tracers were used in parallel experiments and the proteins produced by the cells were 
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hydrolyzed and the amino acids were subsequently derivatized for GC-MS analysis. 15 of the 20 

labeled amino acids were analyzed to obtain information about their corresponding precursors in 

central metabolism. Using the amino acid biosynthesis information obtained from KEGG and 

Biocyc databases, the precursors of the amino acids were determined. This knowledge was 

applied to recreate the network pathways which the cells use for growth on glucose.  

In Chapter 4, we illustrate the development of the metabolic model for T. thermophilus. 

We created a large scale model using the genome sequence of T. thermophilus HB8 annotated in 

databases KEGG and Biocyc. This was then confirmed and validated by conducting various 

tracer experiments using [1-
13

C], [2-
13

C], [3-
13

C], [4-
13

C], [5-
13

C], [6-
13

C], [1,2-
13

C] and [U-
13

C] 

glucose tracers. Using mass isotopomer distribution of amino acids, flux analysis studies were 

conducted on the different tracer experiments. The 95% confidence intervals of the fluxes 

simulated were compared over all the tracer experiments. Although the fits for all the tracer 

experiments were within the acceptable range, the 95% confidence intervals for [4-
13

C] glucose 

and [6-
13

C] glucose did not overlap with the other tracers. This suggests the possibility of an 

unknown pathway that should be included in the model that has not yet been discovered. It could 

also suggest that tracer analysis is more complex than our present understanding. Further study 

needs to be conducted to get a full understanding of tracer analysis.   

On the basis of the overlapping confidence intervals obtained by fitting the mass 

isotopomer distributions for the various tracers to the model, it was determined that the cells used 

the pathways of glycolysis, citric acid cycle, anaplerotic reactions, glyoxylate shunt and a 

complete set of amino acid biosynthesis pathways during growth on glucose. The oxidative 

pentose phosphate pathway and Entner-Doudoroff pathway were found to not be present. These 

findings were consistent with the genome-scale model formulated using KEGG database. Tracer 
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studies also showed that malic enzyme was not active despite the genes for the enzymes being 

identified in the genome. The amino acid biosynthesis pathways for lysine, leucine, arginine, 

alanine, serine, methionine and cysteine were found to differ from the ones commonly found in 

E. coli. We also discovered a new pathway for the biosynthesis of isoleucine which has not been 

annotated in KEGG or Biocyc.          

HPLC analysis of the supernatant showed that ethanol was produced albeit in low 

concentrations. This result opens up an opportunity for further studies to increase the yield of 

ethanol by blocking the competing pathways and overexpressing genes for alcohol 

dehydrogenase (ADH).  

 

5.2 Directions for future work 

5.2.1 Intracellular metabolite analysis 

At present, we studied amino acids labeling from proteins because they are in abundance 

and give labeling information about their respective precursors in the network. Also, it is more 

difficult to extract intracellular metabolites from bacteria and the protocols have to still be 

optimized. Amino acids analysis is an indirect method of obtaining information about the central 

metabolism. A more direct way to obtain knowledge on metabolism is to extract the intracellular 

metabolites from the cells (Canelas et al. 2009). Intracellular metabolites can be useful in 

determining and reconfirming if the model created by us is correct or should be further extended. 

It may also resolve the inconsistencies in the present model and help figure out why the [4-
13

C] 

glucose and [6-
13

C] glucose are not matching the other tracers. 
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5.2.2 Fed-batch experiments 

 According to glucose concentration analysis at various time points during the cultivation 

of the thermophile we found that the growth of cells in the batch culture was carbon limited, i.e. 

the cells stopped growing because of limitation of glucose in the broth. Hence, to check the true 

extent to which the thermophiles are capable of growing to high cell densities, a fed-batch 

fermentation can be performed (Pantazaki et al. 2009).  

In fed-batch fermentations, fresh glucose should be added after 20 hrs of starting the 

experiment when the glucose concentration in the culture tends to zero. This analysis will 

determine the growth pattern and capacity of the cells. It will also determine the amount of by-

products that can be produced without inhibition of cell growth.   

In fed-batch, higher cell densities can be reached which would in turn improve 

volumetric productivity. However, product accumulation and changes in pH can cause cells to 

stop growing in fed-batch experiments. This would need to be investigated. It would also be 

ideal to have pH-control in the mini-bioreactor system. 

 

5.2.3 Culturing thermophile under anaerobic conditions 

For effective production of biofuels using microorganisms, it is preferred to achieve 

anaerobic growth conditions. Literature shows that T. thermophilus HB8 is a facultative anaerobe 

(Ramirez-Arcos, Fernandez-Herrero and Berenguer 1998) hence it is possible to cultivate it in 

oxygen limited conditions. Using the medium developed for aerobic growth conditions and by 

infusion of nitrogen into the culture broth, anaerobic growth may be achieved. Optimizing 



68 

 

growth under such conditions should be the first goal. It would also be interesting to determine 

the optimal temperature and pH for cell growth under aerobic and anaerobic conditions.  

 

5.2.4 Re-engineering the thermophile for ethanol production 

Our study showed that ethanol was produced by the cells but the concentration of ethanol 

was very low. Hence to increase the titer and yield of the ethanol, it would be useful to re-

engineer the metabolic pathways of the thermophile. Possible methods to increasing the yield of 

ethanol would be to block the pathways for production of other by products being produced that 

may be hindering the production of ethanol. Also optimizing the anaerobic conditions could help 

better the ethanol yield from the cells. Another strategy would be to over express the native gene 

for ADH or ADH genes from other organisms that produce ethanol at high yields (Atsumi and 

Liao 2008).  

 

5.2.5 Ethanol tolerance 

Once a good amount of ethanol is produced by the cells there will be another limitation of 

toxicity to the cells by the ethanol being produced. Bacteria can tolerate ethanol only up to a 

particular limit after which they start dying due to the toxic effect of ethanol on cells (Liu and 

Qureshi 2009). Future work can focus on determining the limit to which T. thermophilus HB8 

can tolerate ethanol and then conducting adaptive evolution by site-directed mutagenesis and 

selection to increase the tolerance of the cells to ethanol. This would help increase the yield and 

titer of ethanol.   
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APPENDIX A 

T. thermophilus complete model  

Glycolysis  

 G6P ↔ F6P  

 F6P + ATP → FBP + ADP  

 FBP ↔ DHAP + GAP  

 DHAP ↔ GAP  

 GAP + NAD + ADP + Pi ↔ 3PG + ATP + NADH  

 3PG ↔ PEP  

 PEP + ADP → Pyr + ATP  

 

Pentose Phosphate Pathway  

G6P + NADP → 6PG + NADPH 

6PG + NADP → Ru5P + CO2 + NADPH  

 Ru5P ↔ X5P  

 Ru5P ↔ R5P  

 X5P ↔ GAP + E-C2  

 F6P ↔ E4P + E-C2  

 S7P ↔ R5P + E-C2  

 F6P ↔ GAP + E-C3  

 S7P ↔ E4P + E-C3  
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Entner-Doudoroff Pathway  

6PG → KDPG  

KDPG → GAP + Pyr  

TCA Cycle  

 Pyr + NAD →AcCoA + CO2 + NADH  

 AcCoA + OAC → Cit  

 Cit ↔ ICit  

 ICit + NADP ↔ AKG + CO2 + NADPH  

 AKG + NAD → SucCoA + CO2 + NADH  

 SucCoA + ADP + Pi ↔ Suc + ATP  

 Suc + FAD ↔ Fum + FADH2  

 Fum ↔ Mal  

 Mal + NAD ↔ OAC + NADH  

Pyr + CO2 + ATP → OAC + ADP + Pi  

AcCoA + OAC → Cit  

 

Glyoxylate Shunt  

 ICit → Glyox + Suc  

 AcCoA + Glyox → Mal  

 

Amphibolic Reactions  

 Mal + NADP → Pyr + CO2 + NADPH  
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 PEP + CO2 → OAC + Pi  

Gluconeogenesis  

 OAC + ATP → PEP + CO2 + ADP  

 

Mixed Acid Fermentation  

 AcCoA + ADP + Pi ↔ Ac + ATP  

 

Amino Acid Biosynthesis  

 AKG + NADPH + NH3 → Glu + NADP  

 Glu + ATP + NH3 → Gln + ADP + Pi  

 Glu + 2 NADPH + ATP → Pro + 2 NADP + ADP + Pi  

 OAC + Glu → Asp + AKG  

 Asp + NH3 + 2 ATP → Asn + 2 ADP + 2 Pi  

 Ser + THF ↔ Gly + MEETHF  

 Gly + THF + NAD ↔ CO2 + MEETHF + NH3 + NADH  

 Thr + NAD → Gly + AcCoA + NADH  

 Asp + 2 NADPH + 2 ATP → Thr + 2 NADP + 2 ADP + 2 Pi  

 2 Pyr + NADPH + Glu → Val + CO2 + NADP + AKG  

 Thr + Pyr + Glu + NADPH → Ile + CO2 + AKG + NADP + NH3  

 E4P + 2 PEP + Glu + NADPH + ATP → Phe + CO2 + AKG + NADP + ADP + 4 Pi  

 E4P + 2 PEP + Glu + NADPH + NAD + ATP → Tyr + CO2 + AKG + NADP + NADH + ADP 

+ 4 Pi  

 E4P + 2 PEP + R5P + Ser + Gln + NADPH + 3 ATP → Trp + CO2 + Pyr + GAP + Glu + 

NADP + 3 ADP + 6 Pi  
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 R5P + FTHF + Gln + Asp + 5 ATP + 2 NAD → His + 2 NADH + AKG + Fum + 5 ADP + 6 Pi 

+ THF  

 2 Pyr + NADPH + NAD + AcCoA + Glu → Leu + NADP + NADH + 2 CO2 + AKG  

 Pyr + NH3 + NADH →Ala + NAD  

 Pyr + NH3 → Ser  

 Asp + ATP + 2 NADPH + AcCoA + METHF + H2S → THF + Met + ADP + 2 NADP + Pi + 

Ac  

 2 AcCoA + NAD + NADPH + 2 Glu + AKG → Lys + Ac + NADP + NADH + Pi + 2 AKG + 

CO2  

 2 Glu + AcCoA + Asp + CO2 + NH3 + 4 ATP + NADPH → Arg + Ac + Fum + 4 ADP + AKG 

+ NADP + 3 Pi  

 AcCoA + Ser → Ac + Cys  

 3PG + Glu + NAD → Ser + AKG + NADH + Pi  

 AcCoA + 2 Pyr + Glu + NAD + NADPH → Ile + 2 CO2 + AKG + NADH + NADP  

 

One Carbon Metabolism  

 MEETHF + NADH → METHF + NAD  

 MEETHF + NADP → FTHF + NADPH  

 

Oxidative Phosphorylation  

 NADH + 0.5 O2 + 3 ADP + 3 Pi → 3 ATP + NAD  

 FADH2 + 0.5 O2 + 2 ADP + 2 Pi → 2 ATP + FAD  

 

Transhydrogenation  

 NADH + NADP ↔ NADPH + NAD  
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ATP hydrolysis  

 ATP → ATP.Ext  

 

Transport  

 Gluc.Ext + ATP → G6P + ADP  

 CO2 → CO2.Ext  

 O2.Ext → O2  

 NH3.Ext → NH3  

 SO4.Ext → SO4  

 CO2.Pre → CO2  

 CO2.
13

C → CO2  

 

Biomass Formation  

0.488 Ala + 0.281 Arg + 0.229 Asn + 0.229 Asp + 0.087 Cys + 0.25 Glu + 0.25 Gln + 0.582 Gly 

+ 0.09 His + 0.276 Ile + 0.428 Leu + 0.326 Lys + 0.146 Met + 0.176 Phe + 0.21 Pro + 0.205 Ser 

+ 0.241 Thr + 0.131 Tyr + 0.402 Val + 0.205 G6P + 0.071 F6P + 0.129 GAP + 0.619 3PG + 

0.083 Pyr + 2.51 AcCoA + 0.087 AKG + 0.34 OAC + 0.054 Trp + 0.754 R5P + 0.051 PEP + 

33.247 ATP + 5.363 NADPH + 0.443 MEETHF + 1.455 NAD → 39.683 Biomass + 1.455 

NADH + 33.247 ADP + 33.247 Pi + 5.363 NADP + 0.443 THF  

Reactions in Red were removed to obtain the simplified model which fits T. thermophilus 
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APPENDIX B 

Atom transition for amino acids different from E. coli 

 

Amino Acids Reaction 
Carbon atom 

transitions 

Alanine Pyruvate + NH3 + NADH → Alanine + NAD abc → abc 

Serine Pyruvate + NH3 → Serine abc →abc 

Leucine 
2Pyruvate + NADPH + NAD + AcCoA + Glutamate → Leu 

+ NADP + NADH + 2CO2 + AKG + CoA 

cde + fgh + ab + 

ijklm → abdgeh + f 

+ c + ijklm 

Arginine 

2Glutamate + AcCoA + Aspartate + CO2 + NH3 + 4ATP + 

NADPH → Ac + CoA + Arginine + Fumarate + 4ADP + 

AKG + NADP + Pi 

abcde + mnopq + fg 

+ ijkl + h → fg + 

habcde + ijkl + 

mnopq 

Lysine 
2AcCoA + NAD + NADPH + 2Glutamate → Lysine + Ac + 

NADP + NADH + 2CoA + AKG + CO2 + Pi 

ab + mn + hijkl + 

opqrs + cdefg → 

cdefab + mn + hijkl 

+ opqrs + g 

Methionine 
Aspartate + ATP + 2NADPH + AcCoA + H2S + METHF 

→ Methionine + ADP + 2NADP + oPi + CoA + Ac + THF 

abcd + ef + g → 

gabcd + ef 

Cysteine AcCoA + Serine +H2S → Cysteine + Ac + CoA abcde → abc + de 
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APPENDIX C 

CO2 vs time profiles for growth with different tracer experiments (baseline subtracted) 

(a)  
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Appendix D 

95% Confidence intervals for various pathways in the central metabolism of  

T. thermophilus 
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