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SUMMARY 

Recent advances in global analyses of biological systems at the level of genes, 
transcripts, proteins, intracellular metabolites, and reaction rates have boosted research of 
system-wide interactions that finally determine the phenotype. In the field of metabolic 
engineering that aims at improving cell factories for biotechnological processes, the 
elucidation of network properties is fundamental to the development of rational strategies. 
Hence, successful metabolic engineering relies strongly on robust and genome-wide analyses 
of cellular components. 

The focus of this thesis is on metabolic engineering of riboflavin (vitamin B2) 
production with the Gram-positive bacterium Bacillus subtilis, which requires considerable 
amounts of carbon building blocks and energy equivalents. In addition, riboflavin 
biosynthesis affects the balance of redox metabolism by generating NADH and consuming 
NADPH. While previous research focused on the specific riboflavin biosynthetic pathway, the 
present thesis assesses the general metabolic capacity of the B. subtilis cell factory to supply 
building blocks, ATP, and redox cofactors for riboflavin production.  

A previously hypothesized strategy of electron rerouting within the branched 
respiratory chain of B. subtilis was successfully applied to this riboflavin producing strain 
(Chapter 2). By increasing the overall coupling efficiency of terminal oxidases in a 
cytochrome bd mutant, a reduction of the substrate requirements for maintenance metabolism 
was obtained. This in turn led to significantly higher biomass and riboflavin titers in fed-batch 
cultures. The interplay between energy and carbon metabolism was assessed in more detail by 
13C-tracer experiments in batch cultures (Chapter 3). Using metabolic flux analysis, we 
demonstrated that cytochrome aa3 is required for rapid respiration rates, and upon disruption 
of the cytochrome aa3 genes, increased overflow metabolism and decreased tricarboxylic acid 
cycle flux were observed as a consequence of the limited capacity of the remaining terminal 
oxidases to quickly transfer electrons from NADH to oxygen. Nevertheless, biomass yields 
and growth rate were unaffected in the mutant, indicating that efficient ATP generation in the 
respiratory chain is not a critical factor during batch growth. 

Glucose-limited continuous cultures where then used for in depth investigation of 
metabolic responses to modifications of the respiratory chain. Surprisingly, the steady-state 
riboflavin production rates were identical in the cytochrome bd mutant with improved fed 
batch performance and the parent. However, two to three-fold increased riboflavin production 
rates were transiently observed for both strains in the first generation after the onset of 
glucose limitation when compared with the steady-state values (Chapter 4). Consistent with 
fed batch experiments, the riboflavin production in the cytochrome bd mutant was higher than 
in the parent during this initial stage. Global analyses of gene expression by microarrays and 
carbon fluxes by 13C-labeling experiments were used to characterize the phenotypes of high 
and low riboflavin production. Parallel interpretation of transcriptome and fluxome data 
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revealed that the drop in riboflavin production was probably caused by decreased expression 
of genes in the purine and riboflavin pathway, and not by limited supply of precursors in the 
pentose phosphate pathway. 

Systematic knockouts of NADPH-dependent reactions in central metabolism and 13C-
tracer experiments were extensively used to dissect the NADPH metabolism in B. subtilis 
(Chapter 5). Along with in vitro transhydrogenase assays, the presented data strongly suggest 
that a yet unidentified transhydrogenase ensures flexible balancing of catabolic NADPH 
production and anabolic NADPH consumption in B. subtilis. 

To increase the availability of pentoses for riboflavin biosynthesis and to reduce CO2 
production in the TCA cycle during glucose catabolism, we disrupted the pyruvate kinase in 
the riboflavin-overproducing B. subtilis (Chapter 6). In the mutant, however, C3 carboxylation 
was catalyzed by the gluconeogenic PEP carboxykinase, which permits to bypass the artificial 
bottleneck and fully compensated for the mutation. This is surprisingly because PEP 
carboxykinase operates now in the reverse of its normal orientation from PEP to oxaloacetate, 
thereby generating one ATP. More detailed analyses revealed that PEP carboxykinase can 
actually function as a second anaplerotic reaction in some B. subtilis strains. 
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SOMMARIO  

I recenti progressi fatti nelle tecniche d’analisi globale di sistemi biologici a livello dei 
geni e della loro trascrizione, delle proteine, dei metaboliti intracellulari e delle reazioni 
chimiche tra di essi hanno notevolmente accelerato l’acquisizione di una conoscenza 
sistemica delle interazioni che in ultima analisi ne determinano il fenotipo. Nel campo 
dell’ingegneria del metabolismo, che mira a migliorare le proprietà di sistemi cellulari per 
processi biotecnologici, la comprensione di tali interazioni è fondamentale per lo sviluppo di 
strategie razionali e fa quindi largo affidamento ai moderni metodi d’analisi. 

In questa tesi, attuali tecniche e metodi di ingenieria del metabolismo sono utilizzati 
per lo studio del microorganismo Bacillus subtilis nella produzione di riboflavina (vitamina 
B2). Oltre a richiedere considerevoli quantità di precursori ed energia, la biosintesi della 
riboflavina modifica l'equilibrio redox cellulare generando NADH e consumando NADPH. 
Mentre sviluppi precedenti sono stati focalizzati sulle reazioni direttamente coinvolte nella 
sintesi di riboflavina, la tesi attuale valuta le capacità metaboliche di  B. subtilis di rifornire la 
biosintesi con le costituenti di carbonio, l’energia ed i cofattori redox in modo appropriato. 

Nella tesi, una strategia precedentemente descritta di dirottamento del flusso di 
elettroni nella catena respiratoria ramificata di B. subtilis é stata applicata con successo 
(Capitolo 2). Aumentando l'efficienza del trasporto di protoni catalizzato dalle ossidasi in un 
mutante priva del citocromo bd, siamo riusciti ad ottenere una riduzione dei requisiti cellulari 
per le proprie attività basali, portando a sua volta ad un incremento considerevole della 
quantità di biomassa e riboflavina prodotta in colture semi-continue di stampo industriale. 
L’interdipendenza del metabolismo del carbonio e dell’energia é stata valutata 
dettagliatamente con l’ausilio di esperimenti con isotopi non radioattivi del carbonio in 
colture batch (Capitolo 3). Usando l'analisi dei flussi metabolici, abbiamo dimostrato che il 
citocromo aa3 è necessario per garantire respirazione ad elevate velocità. La deprivazione di 
citocromo aa3, provoca infatti un’aumento della produzione di acetato ed una diminuzione 
drastica del flusso di carbonio nel ciclo del citrato in conseguenza alla limitata capacità delle 
ossidasi rimanenti di trasferire con sufficiente velocità gli elettroni dall’NADH all’ossigeno. 
Ciononostante, la rendita della biomassa e la velocità di crescita sono inalterate nel mutante, 
suggerendo che la generazione efficiente di ATP nella catena respiratoria non è un fattore 
critico per la crescita in batch. 

L’effetto di variazioni nella catena respiratoria é stato ulteriormente studiato in colture 
continue con limitazione di glucosio. Sorprendentemente, la produzione di riboflavina 
all’equilibrio si é dimostrata identica nel mutante privo del citocromo bd e nel genitore. In 
contrasto, produttività due-tre volte maggiori che all’equilibrio sono state osservate per 
entrambe le linee transitoriamente nella prima generazione susseguente l'inizio della 
limitazione del glucosio ed antecedenti il raggiungimento dell’equilibrio (Capitolo 4). 
Coerentemente con quanto osservato in colture semi-continue, la produzione di riboflavina 
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nel mutante privo del citocromo bd era superiore a quella del genitore durante questa fase 
iniziale. Tecniche di analisi globale a livello dell’espressione dei geni con DNA-chips e dei 
flussi metabolici sulla base di esperimenti con isotopi stabili del carbonio sono state utilizzate 
per caratterizzare i fenotipi di alta e bassa produzione di riboflavina. L'interpretazione 
parallela dei dati concernenti flussi e trascrizione ha rivelato che la diminuzione della 
produzione di riboflavina è probabilmente causata da una diminuzione nell'espressione dei 
geni per la biosintesi delle purine e della riboflavina e non dal rifornimento insufficiente di 
precursori nel ciclo del pentosio-fosfato. 

La delezione sistematica delle reazioni legate all’NADPH nel metabolismo centrale ed 
esperimenti con isotopi del carbonio sono stati adottate in modo estensivo alfine di sezionare 
il metabolismo del NADPH in B. subtilis (Capitolo 5). I risultati presentati, in combinazione 
con misurazioni in vitro dell’attività di transidrogenasi, suggeriscono fortemente che in B. 
subtilis esiste una transidrogenasi che permette di bilanciare in modo flessibile la produzione 
catabolica di NADPH ed il consumo anabolico di NADPH.   

Per incrementare la disponibilità dei pentosi per la biosintesi della riboflavina e ridurre 
la produzione del CO2 nel ciclo del citrato durante il catabolismo del glucosio, abbiamo 
abbiamo mutato la piruvato cinasi in una linea di produzione di riboflavina del B. subtilis 
(capitolo 6). Nel mutante, tuttavia, la carbossilazione di acidi C3 è stata catalizzata dalla 
altrimenti gluconeogenica fosfoenolpiruvato carbossicinasi, che permettendo di aggirare la 
reazione mancante compensa completamente la limitazione artificiale. Ciò è 
sorprendentemente perché la fosfoenolpiruvato carbossichinasi funziona ora nella direzione 
opposta all’orientamento normale, trasformando fosfoenolpiruvato in acido ossalacetico, e 
generando un ATP. Analisi dettagliate hanno rivelato che la fosfoenolpiruvato carbossicinasi 
può effettivamente funzionare come seconda reazione anaplerotica in certe linee B. subtilis. 
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General introduction 
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BIOTECHNOLOGICAL PRODUCTION OF RIBOFLAVIN  

Riboflavin (vitamin B2) is the precursor of the coenzymes flavin mononucleotide 
(FMN) and flavin adenine dinucleotide (FAD), both of which are required as electrons 
acceptors in many cellular redox reactions. Riboflavin is synthesized in microorganisms and 
plants but not by higher animals, which must acquire it from their diet. Chemical riboflavin 
production from ribose (14) is currently being replaced by bioprocesses involving 
microorganisms, offering reduced costs and ensuring the use of renewable substrates such as 
plant oil or sugar instead of mineral oil (23). Microbial fermentations with the fungi Ashbya 
gossypii, Eremothecium ashbyii, and the yeast Candida famata, all natural overproducers, 
were established some decades ago (3, 4, 9, 23). More recently, two novel processes involving 
the bacteria Bacillus subtilis and Corynebacterium ammoniagenes were described (13, 16). 
The biosynthesis of riboflavin starts with guanosine triphosphate (GTP) and ribulose-5-
phosphate and requires 7 steps (Fig. 1)(1). The catalytic activities are substantially conserved 
among different organisms, although small differences in the sequence and the enzymes are 
present (13, 23). 

 

 
 
Figure 1 – Strain improvement for riboflavin biosynthesis in B. subtilis. The purine pathway was 
deregulated by stepwise antimetabolite selection. The rib genes were overexpressed using a strong 
constitutive promoter (16). Abbreviations: P5P, pentose-5-phosphate; PRPP, 
phosphoribosylpyrophosphate; IMP, inosine monophosphate; GTP, guanosine triphosphate; C1, 
methyl group bound to tetrahydrofolate; Gly, glycine. 

 
The Bacillus bioprocess is at the moment among the most competitive, and operated 

by Roche Vitamins AG to produce yearly 3000 t of riboflavin at a site in Germany. Two basic 
strategies were adopted to develop a competitive strain (16). First, availability of the 
riboflavin precursor GTP was increased by the deregulation of the purine pathway. This was 
achieved by stepwise chemical mutagenesis and selection for B. subtilis mutants that are 
resistant to antimetabolites, such as the purine analogs 8-azaguanine, decoyinine, and 
methionine sulfoxide, and the riboflavin analogue roseoflavin. Second, additional 
recombinant copies of the rib operon encoding for the riboflavin biosynthetic genes in B. 
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subtilis under the control of a strong constitutive promoters, where inserted in the 
chromosome thereby drastically increasing the rate of production. Both approaches were 
combined to produce a strain suitable for commercial riboflavin production (16). A further 
improvement was obtained by several more rounds of classical mutagenesis and screening for 
better producers; facilitated by the yellowish color of riboflavin that enables visual 
identification of better producers on plate. 

 

Potential and limitations of the Bacillus process 

While stoichiometric models predict a theoretical maximum yield of about 0.33 g 
riboflavin per g of glucose (19), values in the range of 0.03-0.04 g g-1 are typically achieved 
(7, 20). Although the current production yields are apparently sufficient for commercially 
viable bioproduction instead of chemical synthesis, large margins of additional improvement 
seem to be still available in the bioprocess. The potential limiting factors can be separated in 
two groups. On one end, the bottleneck may reside in the purine or riboflavin biosynthetic 
pathway (Fig. 1) and may be caused by residual allosteric regulation or by the kinetic 
properties of the involved enzymes. On the other end, riboflavin biosynthesis may be 
hampered by limited availability of building blocks and cofactors that must be provided by 
central carbon and energy metabolism. By summing the requirements of all single enzymatic 
steps of the purine and riboflavin pathway (Fig. 1), we obtain a sum reaction that represents 
the total costs of riboflavin biosynthesis (Fig. 2).  

 
 

 

 

Figure 2 – Building block requirements and cofactor balance for the riboflavin biosynthesis in B. 
subtilis from central metabolism. For abbreviations see legend to Figure 1. 

 

To ensure high riboflavin yields, building blocks, energy equivalents, and redox 
cofactors must be provided by cellular catabolism at an appropriate rate and stoichiometry. 
Hence, maximum theoretical yields require the concerted operation of all metabolic activities 
for the unique goal of riboflavin production. This is obviously not the ultimate goal of wild-
type B. subtilis, which, like all living organisms, primarily aims to survive in challenging 
natural environments and generate offspring when possible. Initial strain developments for 
biotechnological riboflavin production focused on the purine and the riboflavin pathways and 
not on the systemic properties of the host B. subtilis. This is reflected by the carbon balances 
of riboflavin producing strains, in which approximately 30-45 and 50% of the substrate is still 
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routed to biomass and CO2, respectively (7). For highest riboflavin yields, the metabolism of 
B. subtilis should ideally be reprogrammed to provide high amounts of carbon precursors, the 
energy equivalent ATP, and the redox cofactors NADPH and NAD+ in their reduced and 
oxidized form, respectively. This is far from being trivial, because the production and 
consumption of these species are rigidly interconnected in metabolism.  

 

The central metabolism of B. subtilis 

The backbone of the biochemical reactions network of B. subtilis is constituted by the 
central carbon metabolism (Fig. 3). A set of catabolic pathways, complexly interconnected by 
redox cofactors and energy equivalents, enables growth on a wide palette of different 
substrates. The most common and preferred substrate glucose can be catabolized either 
through glycolysis or the pentose phosphate (PP) pathway (Fig. 3). The branch point between 
glycolysis and PP pathway is of cardinal relevance for at least two reasons. First, in the 
oxidative PP pathway electrons are used to reduce the cofactor NADPH, while glycolysis 
generates NADH. Second, riboflavin biosynthesis starts from intermediates of the PP 
pathway. Both pathways converge at the level of trioses that are typically oxidized completely 
to CO2 in the tricarboxylic acid (TCA) cycle under aerobic conditions. The resulting electrons 
are shuttled to the respiratory chain, where they are used to reduce oxygen in an endergonic 
reaction that is exploited to pump protons across the membrane. The resulting electrochemical 
gradient drives ATP phosphorylation by the F1F0ATPase (12). In the absence of oxygen or 
other electron acceptors, complete oxidation of the substrate is not possible and by-products 
such as acetate or acetoin accumulate (15). Under these conditions, ATP can exclusively be 
regenerated by substrate-level phosphorylation in glycolysis by pyruvate kinase, in the TCA 
cycle by succinate thiokinase, and in overflow metabolism by acetate kinase.  

The intricate interplay between carbon, energy, and redox metabolisms is further 
complicated by the distinct physiological functions of the two principal redox cofactors 
NADH and NADPH (Fig. 4). NADH is primarily a shuttle to deliver electrons to the 
respiratory chain for energy generation, and is reduced in glycolysis, the TCA cycle, and by 
anabolic reactions. This enables flexible balancing of the redox state pool, because higher (or 
lower) NAD+ reduction rates in carbon metabolism can be compensated by higher (or lower) 
respiration rates. In contrast, NADPH is the reductant for biosynthesis of cellular components 
in anabolism. Since it is reduced in catabolism but typically not oxidized by respiration, the 
relative activity of catabolic pathways is constrained by the NADPH-balancing.  
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Figure 3 – Biochemical reaction network of B. subtilis. Arrows indicate the assumed reaction 
directionality or reversibility. Abbreviations: AcCoA, acetyl-Coenzyme A; C1, methyl group 
bound to tetrahydrofolate; E4P, erythrose-4-phosphate; F6P, fructose-6-phosphate; G6P, glucose-
6-phosphate; GAP, glyceraldehyde-3-phosphate; P5P, pentose-5-phosphate; Gly, glycine; Mal, 
malate; OAA, oxaloacetic acid; OGA, 2-oxoglutarate; PEP, phosphoenolpyruvate; PGA, 
phosphoglyceraldehyde; Pyr, pyruvate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; 
Ser, serine; S7P, sedoheptulose-7-phosphate; X5P, xylulose-5-phosphate. 

 

In B. subtilis growing on glucose, the catabolic production of NADPH is considerably 
higher than the demand in anabolism (8, 21). Since NADPH can not accumulate a pathway or 
a reaction to regenerate the excess NADPH must operate in B. subtilis. One such system, 
constituted by the reversible transfer of hydrogen between NADPH/NADP+ and 
NADH/NAD+ catalyzed by the pyridine nucleotide transhydrogenase, is active in Escherichia 
coli and Pseudomonas sp. is. An enzyme with sequence homologue was not identified in the 
B. subtilis genome. Despite its important role in linking the fundamental processes of 
anabolism and catabolism, NADPH balancing in B. subtilis thus remains and unsolved topic 
at present. 
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Figure 4 – Link of redox cofactors NADH and NADPH with catabolism and anabolism. 
 

Metabolic flux analysis 

Metabolic engineering has emerged as the field applying modern genetic tools to the 
improvement of cells in biotechnological processes (2, 24), and is thus highly attractive for 
the existing B. subtilis–based production of riboflavin. The development of rational strategies 
in metabolic engineering to improve bioprocesses depends critically on a deep understanding 
of cellular metabolism. This encompasses information on the genome, mRNA transcripts, 
proteins, small metabolites, and metabolic fluxes, which together define the physiological 
state of a cell. This multilayered network of cellular reactions and regulation, reflects the 
metabolic flexibility to environmental changes and ensures survival under very different 
conditions. To adequately address this complexity, quantitative and system-wide experimental 
analyses are important for metabolic engineering. A very suitable methodology is intracellular 
carbon flux analysis by 13C-tracer experiments based on NMR or MS analysis (5, 20, 25, 27, 
28).  

Two complementary methodologies to interpret the 13C-labeling data are presently 
available. In one approach, a comprehensive isotope isomer (isotopomer) model of 
metabolism is used to map metabolic fluxes in an iterative fitting procedure on the isotopomer 
pattern of network metabolites that are deduced from NMR or MS analysis (6, 17, 27). Given 
a suitable 13C-label in experiment, this approach enables a global view on intracellular carbon 
traffic. Since the computed flux solution represents the best fit to all physiological and 13C-
labeling data, the overall solution would often be affected by incomplete networks or 
measurement errors. The second approach, metabolic flux ratio (METAFoR) analysis is 
strictly local (10, 11, 26), hence has a lower resolution but does not require physiological data 
and is much less affected by incomplete stoichiometric models. In this approach, 13C-labeling 
patterns are analytically interpreted to identify biosynthetic pathways and to quantify 
individual flux partitioning ratios (11, 22, 26). A set of probabilistic equations relates NMR or 
MS data to the relative contribution of converging fluxes to a given metabolite pool in central 
metabolism.  

Although based on the labeling patterns of carbon intermediates, flux analysis 
provides indirect access to the redox cofactor and energy metabolism. The in vivo rates of 
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production and consumption of NADH, NADPH, an ATP in anabolism and catabolism are 
per se not measurable. A balance can however be drawn from the cofactor specificity of the 
enzymes in carbon metabolism and their corresponding flux.  
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OUTLINE OF THE THESIS 

In this thesis, I address the interactions of carbon, energy, and NADPH metabolism in 
B. subtilis with a particular focus on their relevance for the biotechnological riboflavin 
production. Systematic gene knockouts are used to modify the biochemical network and 
metabolic responses are monitored in their physiology and by methods of genome-wide gene 
expression or flux analysis. In the framework of this thesis, existing 13C-labeling and analysis 
methods were extended to match the specific demands, such as non-steady-state analyses. 

Based on stoichiometric model predictions that the energetic efficiency is important 
for high level riboflavin production (18), we investigated rerouting of the electron flux in the 
branched respiratory chain in Chapter 2 and Chapter 3 as a possible strategy to improve the 
efficiency of ATP generation. This metabolic engineering strategy was shown to increase the 
riboflavin production in B. subtilis, and the impact of modified thermodynamic and kinetic 
properties of respiration on cellular physiology is discussed.  

In Chapter 4, we describe and investigate transient riboflavin production rates during 
the initial stages of glucose-limited chemostat cultures. Using global analyses of metabolic 
fluxes and genes expression by DNA-chips at a phase of high and low riboflavin production 
rates, we attempt to identify the metabolic factors that affect production.  

Chapter 5 focuses on elucidating the mechanisms of NADPH regeneration in B. 
subtilis. An extensive set of deletion mutants was used to assess the interplay between central 
carbon and NADPH metabolism. 

In Chapter 6 we describe an attempt of rerouting in central metabolism. A pyruvate 
kinase deletion was introduced in riboflavin producing B. subtilis to potentially concentrate 
the carbon catabolism in the PP pathway and glycolysis, and hence force an increase in 
riboflavin fluxes. The genetic robustness of central metabolism is discussed. 
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SUMMARY 

We present redirection of electron flow to more efficient proton pumping branches 
within respiratory chains as a generally applicable metabolic engineering strategy, which 
tailors microbial metabolism to the specific requirements of high cell density processes by 
improving product and biomass yields. For the example of riboflavin production by Bacillus 
subtilis, we reduced the rate of maintenance metabolism by about 40% in a cytochrome bd 
oxidase knockout mutant. Since the putative Yth and the caa3 oxidases were of minor 
importance, the most likely explanation for this improvement is translocation of two protons 
per transported electron via the remaining cytochrome aa3 oxidase, instead of only one proton 
via the bd oxidase. The reduction of maintenance metabolism, in turn, significantly improved 
the yield of recombinant riboflavin and B. subtilis biomass in fed-batch cultures.  
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INTRODUCTION 

Over the last decade, biotechnological production of many chemicals has become 
commercially competitive to preexisting chemical synthesis routes (3). This development was 
largely driven by recombinant DNA technology, in what is now referred to as metabolic 
engineering (1, 14, 18). Once central metabolic and specific biosynthetic pathways are 
optimized for a given product, general traits of the production host govern biological, and 
thus, also commercial process performance. One important general trait is the rate of 
maintenance metabolism and, more specifically, the energetic investment for an organism to 
remain in a viable and active state without growth, which is quantified by the so-called non-
growth associated maintenance energy coefficient (21, 24). This value is an intrinsic property 
of an organism and becomes a critical process variable in industrial fed-batch fermentations 
with slow growing cells (30). In fermentations for penicillin production, for example, about 
70% of the carbon source is utilized for maintenance (11), thus detracting from the available 
resources for product or biomass formation.  

Similarly, theoretical (26, 27) and experimental (6, 29) evidence suggested that 
commercial production of riboflavin, vitamin B2, with recombinant Bacillus subtilis (20) 
requires efficient energy generation and low maintenance metabolism. Since pathway 
engineering of riboflavin biosynthesis has attained a sophisticated level (12) and precursor 
supply appears abundant (7, 28), we attempt here to improve riboflavin production by 
increasing the efficiency of energy generation.  

 
 

 
 
Figure 1 - Composition of the aerobic electron transport chain of B. subtilis. The dashed arrow 
indicates a putative pathway. The stoichiometry of energy coupling was estimated from the 
reported mechanisms of proton translocation (31). NDH-II is the NADH:menaquinone reductase. 

 
As in most other microbes (23, 31),  B. subtilis possesses a branched respiratory chain 

consisting of both quinol (encoded by the cyd, qox and yth operons) and cytochrome c 
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(encoded by ctaCDEF) terminal oxidases (Fig. 1) (2, 16, 23). The use of a particular oxidase 
for energy generation is governed primarily by the environmental conditions such that energy 
coupling can be modulated to growth parameters e.g. availability of oxygen, carbon source, 
etc. Depending on the composition of the respiratory chain, between 1 and 3-4 protons may be 
translocated per transported electron (26, 32). The resulting proton gradient across the 
membrane, in turn, is then exploited for ATP generation via the F1F0ATP synthase. The 
industrially important Bacilli, in particular, appear to operate their respiratory chains well 
below the theoretical maximum (4, 26, 29). The presented metabolic engineering strategy 
redirects the electron flow within the respiratory chain to a more efficient branch. By 
engineering cellular energetics and maintenance metabolism, we present a general strategy for 
improving otherwise optimized, industrial bioprocesses. 
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MATERIALS AND METHODS 

Strains and molecular genetics  

B. subtilis RB50 contains several chemically introduced purine and riboflavin analog-
resistant mutations that deregulate the biosynthetic pathway (19, 20). In RB50::pRF69, the 
native, chromosomal rib operon is replaced by a copy of the constitutively expressed, 
recombinant B. subtilis rib operon, pRF69, that contains also a chloramphenicol resistance 
marker (19, 20). To increase production in fed-batch experiments with constant feed profiles, 
the recombinant rib operon was amplified by chloramphenicol selection (5). The resulting 
strain RB50::[pRF69]n contains multiple chromosomal copies of the recombinant rib operon.  

The qox, cyd, and yth knockout mutations were initially constructed in B. subtilis 1012 
by partial replacement of the relevant genes on the chromosome with antibiotic resistance 
cassettes. To construct a qox deletion-insertion mutation, a 2.2-kb DNA fragment containing 
the qoxAB genes, was amplified by PCR using B. subtilis wild-type strain 1012 genomic DNA 
as a template and primers QoxA+1 (5’-GAGAGGATCCGAAAGGACCTGTAGC-3’) and 
QoxB-1 (5’-GAGAGAATTCTTTCGTTCAGCTTGTGG-3’). The PCR product was purified 
using the QIAquick PCR purification kit (Qiagen Corp.) and was cloned directly into pGEM 
T-easy vector, resulting in plasmid pSM7. Plasmid pSM7 was digested with BclI to remove a 
1-kb fragment encompassing the very 3' of qoxA and the 5' half of qoxB. The 1.2-kb 
spectinomycin-resistance cassette from plasmid pDG1726 (9) was amplified with PCR using 
primers Spc+1 (5’-GCGCTGATCATCGATTTTCGTTCGTG-3’) and Spc-1 (5’-
GAGATGATCACCAATTAGAATG-3’). After purification and BclI digestion, the 
spectinomycin-resistance cassette was cloned into BclI-digested pSM7 to give plasmid pQox-
Spec. Plasmid pQox-Spec was linearised and transformed into competent B. subtilis 1012 
cells. Transformants were selected on TBAB plates containing spectinomycin to a final 
concentration of 100 µg ml-1. To construct a cydBC deletion-insertion mutation, a 3.4-kb 
DNA fragment was amplified with PCR from the wild-type strain 1012 using primers 
CydA+1 (5’-GAGAGGATCCGATGTCTATCGGGC-3’) and CydC-1 (5’-
GCGCGGATCCGTCAGGAAGG-3’). The purified PCR product was ligated into the pGEM-
TEasy vector, resulting in plasmid pNMR20. Plasmid pNMR20 was digested with BclI 
removing 1.4-kb encompassing most of cydB and the 5' half of cydC. The 1.2-kb neomycin-
resistance cassette from plasmid pBEST501 (13) was amplified using primers pBESTBcl+1 
(5’-GAGATGATCAGCTTGGGCAGCAGGTCG-3’) and pBESTBcl-1 (5’-
GAGATGATCATTCAAAATGGTATGCG-3’) using PCR, purified, digested with BclI, and 
cloned into BclI-digested pNMR20 to give plasmid pNMR21. pNMR21 was linearised with 
PstI and transformed into B. subtilis wild-type strain 1012 and selected on TBAB plates 
containing neomycin to a final concentration of 5 µg ml-1. To construct a yth deletion-
insertion mutation, a 1.3-kb DNA fragment was amplified with PCR from the wild-type strain 
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1012 using primers YthA+1 (5’-TTGGCCAGAAGCCTTTTTGGCACG-3’) and YthA-12 
(5’-GCGGAGCCATTACGACTCCGCTG-3’). The purified PCR product was ligated into the 
pGEM-TEasy vector, resulting in plasmid pNZ3. Plasmid pNZ3 was digested with BclI 
removing 648-bp in the middle of ythA. The 1.6-kb erythromycin-resistance cassette from 
plasmid pDG646 (9) was  digested with  BclI, and cloned into BclI-digested pNZ3 to give 
plasmid pNZ4. ScaI-linearised plasmid was transformed into B. subtilis wild-type strain 1012 
and selected on TBAB plates with 0.5 µg ml-1 erythromycin. Correct integrations of the 
construct in the 1012 chromosome by double crossover were controlled by Southern 
hybridisation and PCR analysis. B. subtilis RB50::pRF69 mutants were obtained by 
bacteriophage PBS1 transduction from the constructed 1012 strains (10) (Tab. 1), and correct 
insertions were verified by PCR analysis.   

 
Strain Relevant genotype 
RB50::pRF69 spo0A rib::pRF69(cam) 
cyd  spo0A rib::pRF69(cam) cydBC::neo 
qox  spo0A rib::pRF69(cam) qoxAB::spc 
yth  spo0A rib::pRF69(cam) ythAB::ery 
cyd qox spo0A rib::pRF69(cam) cydBC::neo qoxAB::spc 
cyd yth spo0A rib::pRF69(cam) cydBC::neo ythAB::ery 

 
Table 1 - Constructed respiratory mutants of B. subtilis RB50::pRF69. 

 
 

Growth conditions and media 

Strains for recombinant DNA experiments were grown in Luria-Bertani Broth (LB). 
TBAB (Difco, Chicago, USA) was used for solid cultures on plate. Neomycin, 
spectinomycin, erythromycin, and/or chloramphenicol were added when needed to final 
concentrations of 5, 100, 0.5, and 20 mg/L, respectively. Seed cultures for shake flasks, 
chemostat, and fed-batch cultures were inoculated from frozen stocks and grown in M9 
minimal medium (10) in presence of antibiotics. All further cultivations were done without 
antibiotics. Batch cultures for physiological analyses were grown in shake flasks containing 
M9 minimal medium with 5 g/L glucose. Glucose-limited chemostat cultures were grown in 
minimal medium (29) with 3.6 g/L glucose in a 1.5 L bioreactor (Bioengineering, Wald, 
Switzerland) at 37°C. Fully aerobic conditions with dissolved oxygen levels above 40% were 
ensured by a constant air flow of 1 L/min and an agitation speed of at least 1,000 rpm. The 
continuous mode was initiated either slightly before or immediately after glucose depletion in 
batch culture. 

Glucose-limited fed-batch cultures were grown in a 2 L bioreactor (Adaptive 
Biosystems, London, England). Quantitative physiological characterization was performed at 
37°C in minimal medium containing in the batch 8 g/L glucose, 1.36 g/L NH4Cl, 1.72 g/L 
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(NH4)2SO4,  0.05 g/L Na2HPO4·2H2O, 0.4 g/L KH2PO4, 0.1 g/L NaCl, 0.16 g/L 
MgSO4·7H2O, 19 mg/L CaCl2·2H2O, 4 mg/L FeSO4·7H2O, and 1.03 mL/L of trace salts with 
0.9 g MnCl2·4H2O, 525 mg ZnCl2, 27 mg CuCl2·2H2O, 40 mg CoCl2·6H2O, 40 mg 
Na2MoO4·2H2O, and 100 mg AlCl3·6H2O per liter of stock solution. In the feed medium, the 
same components were added to 37.5-fold higher concentrations, resulting in a solution 
containing 300 g/L glucose. The feed was initiated at a rate of 1.55 mL/L(culture)/h and then 
increased exponentially at a rate of 0.05 h-1 throughout the fermentation using a computer-
controlled Ismatec MPC Standard pump and the Labworldsoft software (Ismatec SA, 
Glattbrugg, Switzerland). 

For industrial process conditions, a partly complex medium and a constant feeding 
profile were used at a temperature of 39°C. The batch medium contained 0.75 g/L 
Na·glutamate, 4.71 g/L KH2PO4, 4.71 K2HPO4, 4.11 g/L Na2HPO4·2H2O, 0.23 g/L NH4Cl, 
1.41 g/L (NH4)2SO4, 11.77 g/L yeast extract (Difco), 27.3 g/L glucose·H2O, 1 g/L 
MgSO4·7H2O, 62.5 mg/L CaCl2·2H2O, 14.6 mg/L MnSO4·H2O, 4 mg/L CoCl2·6H2O, 0.3 
mg/L Na2MoO4·2H2O, 1 mg/L AlCl3·6H2O, 0.8 mg/L CuCl2·2H2O, 4 mg/L ZnSO4·7H2O, and 
40 mg/L FeSO4·7H2O. The feed solution containing 655.2 g/L glucose·H2O was supplied at 
an initial rate of 13.3 mL/L/h for 2 h and at 14.7 mL/L/h for the remainder of the cultivation. 
Stirring speed at 1,500 rpm and air flow between 3 and 5 L/min ensured dissolved oxygen 
levels above 15% throughout the cultivations. 

 

Analytical techniques and determination of physiological parameters 

Concentrations of carbon dioxide and oxygen in the reactor feed and effluent gas were 
determined with a mass spectrometer (Prima 600, Fisons Instruments). Concentrations of 
cellular dry weight (CDW) was determined from a least eight parallel 10-ml cell suspensions, 
which were harvested by centrifugation, washed with distilled water, and dried at 110°C for 
24 h to a constant weight. For riboflavin measurements, culture samples were diluted with 0.2 
M NaOH to the linear range of the spectrophotometer and the A440 was immediately 
measured. Glucose, organic acids, acetoin, and diacetyl in the culture supernatant were 
determined as described previously (6, 29).  

In batch culture, the exponential growth phase was identified by log-linear regression 
analysis of biomass concentration versus time, with growth rate (µ) as the regression 
coefficient. Physiological parameters in chemostat cultures were determined in steady state, 
defined as at least 5 volume changes after adjusting to a new dilution rate (D) and stable 
optical density as well as oxygen uptake and carbon production rate for minimally 1 volume 
change. Under such steady state conditions, consumption and production rates of substrates 
(S) and products (P) were determined from their concentration difference in the feed medium 
(or air) and the effluent broth (or gas). Specific consumption or production rates (qS or qP) 
were obtained from the relationship qS (or qP) = ∆S (or P) (D/X), where X is the steady state 
biomass concentration. Using the relationship 
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 qglc = µ (Ymax)-1 + mglc (1) 

where Ymax is the maximum molar growth yield and mglc is the maintenance coefficient 
(21, 24), the maintenance requirements in terms of glucose were calculated by linear 
regression analysis of qglc at different D as the intercept with the Y axis. These qglc values 
were corrected for the glucose required for riboflavin formation. 
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RESULTS AND DISCUSSION 

Construction of respiration mutants 

A series of mutants with altered respiratory chains was constructed by transduction of 
the qox, cyd, and/or yth operons (Fig. 1) that were partially substituted by inserted antibiotic 
resistance markers into the riboflavin-producing B. subtilis strain RB50::pRF69 (6, 19, 20) 
(Table 1). The phenotypic characteristics were quantitatively assessed in batch cultures grown 
in glucose-containing minimal medium. Growth of the cyd and yth single and double mutants 
was indistinguishable from their parent with a µmax of about 0.45 h-1, while the qox mutant 
grew significantly slower at a µmax of 0.36 h-1 as was described earlier (25), and the cyd qox 
double mutant did not grow at all on minimal medium.  In contrast to the B. subtilis type 
strain 168 (33), the RB50::pRF69 cyd qox double mutant grew under aerobic conditions on 
complex medium. However, growth was extremely weak, since the double mutant attained 
OD600 values of maximally 0.1, while all other grew to values exceeding 2. These results 
indicate that neither the YthAB nor the cytochrome c oxidase branch contribute significantly 
to electron flow during exponential growth in batch culture. 

Largely in agreement with results obtained with the type strain 168 (33), our 
experiments reveal that the aa3 and bd quinol oxidases are the predominant constituents of the 
B. subtilis respiratory chain under the conditions investigated. While their relative 
contributions to electron flow are unknown, either oxidase is fully capable of supporting 
growth alone. Consequently, RB50::pRF69 cyd is expected to rely primarily on the aa3 
oxidase branch, and thus to exhibit a higher energetic coupling efficiency than the parent (Fig. 
1). Since RB50::pRF69 cyd is defect in maturation of cytochrome bd (cydC deletion), we can 
exclude the function of other, potentially unrecognized cytochrome bd oxidases (33). 

 

Maintenance metabolism 

To assess the impact of potentially increased energetic coupling efficiency on growth, 
RB50::pRF69 and its cyd mutant were grown in glucose-limited chemostat cultures over a 
large range of dilution rates. To avoid potential occurrence of mutants with reduced riboflavin 
productivity (29), we inoculated cultures newly for each steady-state. While the steady-state 
biomass concentration of the control exhibited the typical hyperbolic correlation with D, the 
cyd mutant biomass concentration decreased above a critical D of about 0.075 h-1 (Fig. 2), 
revealing reduced biomass yields that were accompanied by enhanced overflow metabolism 
to acetate (data not shown). Below the critical D, however, the mutant used the available 
glucose more efficiently and grew to higher concentrations than the control. 
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Figure 2 - Effect of dilution rate in glucose-limited chemostat culture on the steady-state biomass 
concentration of B. subtilis RB50::pRF69 (control) and its cyd mutant.  

 
This improved biomass yield at low Ds indicates that the bd oxidase catalyzes a 

significant fraction of the electron flow in slow-growing B. subtilis under carbon limitation, 
and that the aa3 oxidase can readily substitute this function. Since both strains had 
comparable specific oxygen consumption and carbon dioxide production rates above the 
critical D (Fig. 3), the apparent growth defect and the associated overflow metabolism of the 
cyd mutant at high Ds is seemingly not related to insufficient aa3 oxidase activity. A possible 
explanation for this behavior is reduced oxygen scavenging by the aa3 oxidase at high rates of 
respiration. Consistently, the B. subtilis aa3 oxidase affinity for oxygen is approximately 100-
fold lower than that of the bd oxidase (8, 22). Thus, electron flow through the aa3 oxidase 
alone may not be sufficient to eliminate excess reducing equivalents, hence leading to 
deleterious effects on cell growth. Alternatively, increased ATP generation may trigger 
overflow metabolism in the cyd mutant at higher D values.  

To quantify the rate of maintenance metabolism, we plotted the specific glucose 
uptake rate (qglc) as a function of D (Fig. 3A). The control strain exhibited a linear correlation, 
which, when extrapolated to a D of zero, yielded a non-growth associated maintenance energy 
coefficient of 0.67 mmol glucose/g CDW/h. This value compares favorably with the 
previously reported value of 0.65 mmol/g/h for a similar riboflavin-producing B. subtilis (29). 
In contrast, the cyd mutant showed a non-linear correlation with significantly lower qglc values 
below the critical D than in the control. The corresponding maintenance coefficient of 0.39 
mmol/g/h is 40% lower than that of the control. A very likely explanation for this reduced 
maintenance demand is the increased coupling efficiency of respiratory energy generation by 
electron flow redirection from the bd to the aa3 oxidase. 
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Figure 3 - Effect of dilution rate in glucose-limited chemostat culture on the specific rate of 
glucose consumption (A), oxygen uptake (B), and carbon dioxide production (C) of RB50::pRF69 
(control) and its cyd mutant. Lines in (A) represent the best fit from linear regression or a second 
order polynomial fit for the control and cyd mutant, respectively. 

 
Previous work on Escherichia coli showed that deletion of the low-efficient 

cytochrome bd oxidase decreases the biomass yield on glucose. However, over-expression in 
the mutant background of high-coupling cytochrome bo oxidase could compensate for this 
defect and even lead to 10% higher biomass yield, compared to the wild-type (15).  

 

Riboflavin production in exponential fed-batch culture 

Based on the hypothesis that efficient supply of ATP is critical for production of 
riboflavin (6, 25), the apparently reduced energetic expenditures for maintenance metabolism 
should increase riboflavin formation in RB50::pRF69 cyd. Hence, both strains were grown in 
minimal medium fed-batch cultures with an exponentially increasing feed rate of 0.05 h-1 
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profile that ensures a growth-limiting but constant specific glucose supply per g cells. Since 
both strains grew exponentially with an experimentally determined rate of 0.045 h-1 (Fig. 4) 
their biomass yields were similar. However, the riboflavin yield on glucose of the cyd mutant 
was 0.032 g/g, compared to 0.028 g/g for the control at around 24 h. Consequently, a 30% 
higher riboflavin titer was accumulated by the cyd mutant compared to the control after 48 h. 
Thus, the fed-batch culture conditions apparently favored riboflavin production rather than 
higher biomass yields, as was seen in the previous chemostat experiments.   

 

 
 
Figure 4 - Time profiles of riboflavin concentration (circles) and OD600 (squares) of B. subtilis 
RB50::pRF69 (open symbols) and its cyd mutant (closed symbols) in glucose-limited fed-batch 
culture (minimal medium) with an exponentially increasing feed rate of 0.05 h-1.  

 

Riboflavin production in industrial fed-batch culture 

To achieve commercially relevant riboflavin titers the recombinant rib operons of both 
strains were amplified, yielding RB50::[pRF69]n and RB50::[pRF69]n cyd. Both strains were 
then grown in complex medium fed-batch cultures using a feeding profile from the industrial 
process. After conclusion of the 6 h batch phase, feeding was initiated at a cell density of 
about 6 g CDW/L and previously accumulated metabolic by-products such as acetate and 
acetoin were co-metabolized with glucose and presumably complex medium components 
during the initial feeding period. During the initial feed phase, the RB50::[pRF69]n cyd 
mutant grew faster and accumulated significantly more riboflavin than the control, 12.3 and 
8.9 g/L after 30 h, respectively (Fig. 5).   

Although after 20 h feeding both strains grew below the critical rate, at this point the 
cyd mutant biomass yield is only 0.05 g CDW/g glucose compared to 0.08 g CDW/g for the 
control. This is presumably a consequence of the higher concentration of accumulated 
biomass for the cyd mutant and thus reduced availability of glucose per cell at this time point. 
While the riboflavin yield decreased in both strains over time, the cyd mutant exhibited 
consistently higher yields than the control (0.041 and 0.032 g riboflavin/g glucose for the cyd 
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mutant and the control after 24 h, respectively). Thus, increasing the efficiency of energy 
coupling not only reduces maintenance requirements, but also improves the overall yield of 
recombinant riboflavin production.  

 
 
Figure 5 - Time profiles of biomass (A) and riboflavin concentration (B) of B. subtilis 
RB50::[pRF69]n (open symbols) and its cyd mutant (closed symbols) in glucose-limited fed-batch 
culture (complex medium) with a constant feeding profile. Representative examples of at least two 
independent cultivations with each strain are shown. Biomass concentration was calculated from 
OD600 measurements, using 0.33 g CDW/L per unit OD600 as conversion factor.  

 
 
The presented results suggest that increasing respiratory energy generation is a general 

strategy to improve product yields in industrial bioprocesses with significant maintenance 
metabolism. Typical cases are high cell density fed batch cultures, and one such example 
could be amino acid production with Corynebacterium glutamicum, which, like B. subtilis, 
employs alternative electron transport chains of the bd- and aa3-type with different coupling 
efficiencies (16). 
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SUMMARY 

The metabolic impact of electron rerouting within the respiratory chain of Bacillus 
subtilis RB50::pRF69 was assessed during batch growth in quinol oxidase mutants by 13C-
tracer experiments. Disruption of the low-coupling cytochrome bd oxidase had no appreciable 
effect on exponential growth or intracellular flux distributions. Deletion of the high-coupling 
cytochrome aa3 oxidase, in contrast, led to a severe reduction of the fluxes through the 
tricarboxylic acid cycle and an increased overflow metabolism to acetate and acetoin. Since 
biomass and riboflavin yields were similar in both mutants and in the parent, the low 
tricarboxylic acid cycle cycle fluxes in the cytochrome aa3 mutant appear not to be caused by 
the lower coupling efficiency of the respiratory chain. The results suggest instead that the 
insufficient rat of electron transfer from NADH to oxygen by the remaining oxidases leads to 
the observed flux response, and further that efficient respiratory energy generation is not 
critical for batch growth of B. subtilis on glucose. 
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INTRODUCTION 

Under sometimes drastically challenging environmental conditions, microbial 
metabolism must provide building blocks, energy, and co-factors for growth. The backbone of 
these activities is constituted by the reactions of central carbon metabolism that convert a 
large number of alternative substrates to few metabolites. A variety of regulatory systems 
ensure optimal operation of this intricate network. To unravel the underlying mechanisms of 
such systems, robust methods for the quantification of intracellular fluxes are required that 
assess the effects of genetic modifications or varying environmental conditions.  

To this end, methods of metabolic flux analysis were initially developed to estimate 
the per se not measurable intracellular fluxes. In the conventional approach, fluxes were 
estimated from the mass balances of intracellular carbon metabolites according to the 
stoichiometric properties of the reactions network and the measured extracellular fluxes 
during physiological steady-state (18). The obtained system of linear equations is typically 
under-determined, so that additional constrains are used, for example by including balances of 
redox-cofactors or energy equivalents in the model. However, in this approach critical 
assumptions must be made that are often based upon wild type strains, and often not to 
appropriate to describe highly engineered industrial strains (12). 

To overcome these limitations, additional constrains were obtained by the use of 
stable isotopic tracers in physiological experiments, typically 13C-labeled substrates. Since 
alternative pathways cleave and rearrange the carbon skeletons of the substrate, they produce 
distinct 13C-labeling patterns in their educts. This information is made accessible by nuclear 
magnetic resonance (NMR) spectroscopy or mass spectrometry (MS). Metabolic flux ratio 
(METAFoR) analysis is one of such methods and enables to determine the active metabolic 
pathways. In METAFoR analysis by GC-MS, a set of probabilistic equations relates the mass 
distributions of specific metabolites to the relative contributions of converging pathways to a 
given intermediate (4). Alternatively, METAFoR analysis based on two-dimensional NMR 
spectroscopy yields equivalent results (12, 13, 15). 

Here the fluxes in central metabolism during exponential growth are resolved by the 
integrated use of metabolite balancing and a set of additional constrains derived from GC-MS 
based METAFoR analysis. The method is applied to investigate the metabolic responses to 
the knockout of quinol oxidases in the respiratory chain of the riboflavin-overproducing 
Bacillus subtilis, strain RB50::pRF69. Bacilli are chemotrophic bacteria that derive their 
metabolic energy from the oxidation of organic and inorganic electron donors (14). The free 
energy deriving from these oxidation reactions is used to phosphorylate ATP either directly 
during catabolism or indirectly in the respiratory chain, in which protons from the reducing 
equivalents are extruded by the terminal oxidases to maintain the proton gradient that is 
required to drive ATP phosphorylation by the F1F0ATPase. So far, three distinct oxidase 
systems with different kinetic and thermodynamic properties were identified in B. subtilis 
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(19). The cytochrome bd (encoded by cydABCD) and aa3 (qoxABCD) are both quinol 
oxidases that translocate one or two protons per electron transferred to oxygen (H+/e-), 
respectively. A third branch, involving the cytochrome c, exhibits with 3.5 H+/e- the highest 
theoretical coupling efficiency (11, 16). However, electrons typically flow through the two 
less-efficient quinol oxidases and the physiological role of the cytochrome c branch is still 
unclear (9, 19, 20). The deletion of one quinol oxidase affects the overall coupling capacity 
and thus cellular energetics. In the recombinant, riboflavin overproducing B. subtilis 
RB50::pRF69, knockout of the low coupling cyd was demonstrated to increase riboflavin 
production (22). 
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MATERIALS AND METHODS 

Bacterial Strains and growth conditions 

In this study we used the B. subtilis RB50::pRF69 with a deregulated biosynthetic 
pathway to riboflavin and bearing one additional copy of the constitutively expressed, 
recombinant B. subtilis rib operon pRF69 integrated in the chromosome (7). The cydBC and 
qoxAB mutations were introduced by PBS1 phage transduction (22).  

Frozen stocks were used to inoculate 5 mL Luria-Bertani (LB) broth (6), containing 
neomycin at final concentration of 5 mg L-1 when required. After 8 h incubation, 250 µl of 
this culture were used to inoculate 50 mL M9 (6) minimal medium with 10 g L-1 glucose in 
500 mL buffled shake flasks. At the end of the exponential growth phase, 250 µl were used in 
turn to inoculate 50 mL M9 medium with 5 g L-1 glucose for physiological characterization. 
All cultures were incubated at 37°C on a gyratory shaker at 250 rpm. For 13C-labeling 
experiments, glucose was added either entirely as the [1-13C] labeled isotope isomer 
(Cambrigde Isotopes, Andover, MA) or as a mixture of 20% (w/w) [U-13C] (Martek 
Biosciences Corp., Columbia, MD) and 80% (w/w) natural glucose.  

 

Analytical Techniques 

Cell growth was monitored by measuring the optical density with a spectrophotometer 
at 600 nm (OD600) or with a Klett-colorimeter (Bel-Art, Pequannock, NJ) using a green filter 
(520-580 nm). Glucose and acetate concentrations in the supernatant were determined 
enzymatically (Beckman Synchron CX5CE). Acetoin was measured by GC analysis using a 
Carbowax MD-10 column (Macherey-Nagel). Riboflavin concentrations were measured with 
a spectrophotometer at 440 nm upon dilution in 0.2 M NaOH. Specific consumption and 
production rates were calculated as described previously (13), using an experimentally 
determined factor of 0.33 g cellular dry weight (CDW) per OD600 unit. Yields were calculated 
from the specific rates.  

 

Sample preparation and GC-MS measurement 

Samples for GC-MS analysis were prepared as described previously (4). Briefly, 
culture aliquots were harvested by centrifugation, washed once with 1 mL 0.9% NaCl, and 
hydrolyzed in 1.5 mL 6 M HCl at 105°C for 24 h in sealed microtubes. The hydrolyzate was 
dried in a vacuum centrifuge at room temperature and derivatized at 85°C for 1 h in 50 µL 
tetrahydrofuran and 50 µL N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide 



Chapter 3 

44 

(MTBSTFA). Derivatized amino acids were measured on a series 8000 GC, combined with 
an MD 800 mass spectrometer (Fisons Instruments, Beverly, MA) as described previously 
(4).  

 

Determination of metabolic flux ratios  

In metabolic flux ratio (METAFoR) analysis by GC-MS, the mass distributions of  
proteinogenic amino acids provide the 13C-labeling pattern of their related precursor 
molecules in central metabolism (4, 13, 15). Using probabilistic equations, the mass 
distributions of selected amino acid fragments are related to the relative contribution of 
converging fluxes to a given metabolite pool (4, 13). In this work, all routines required to 
estimate METAFoRs from raw GC-MS data were entirely programmed in the MATLAB 
environment (The Mathworks Inc., Natick, MI) and implemented in the software package 
FiatFlux (Appendix A). FiatFlux offers automatic and supervised interpretation of MS-
spectra, delivering a complete METAFoR analysis in a few seconds with a Pentium 1.5 GHz 
processor. In the procedure, raw GC-MS data are transformed by the GC-MS software 
Databrigde (Finnigan, UK) to netCDF format. The Network Common Data Form, or netCDF, 
is widely diffused for the exchange of mass spectral data and is supported from the majority 
of software for GC-MS analysis.  

First, FiatFlux reads netCDF files and composes a MS-matrix with the measured mass 
intensities over time (scans). Multiple measurements for a given mass, occasionally occurring 
in spectral regions with low signal-to-noise ratios, are automatically reduced. In the second 
step, FiatFlux identifies the peaks corresponding to proteinogenic amino acids in the two-
dimensional landscape of the MS-matrix. Briefly, for a given amino acid with molecular mass 
m, the program searches the global maximum in the MS-matrix for the masses m-15, m-57, m-
85, m-159 that are characteristic for the fragmentation of MTBSTFA-derivatized amino acids 
in the MS (1). Once identified, the mass distributions for the different fragments are 
calculated by the integration of the two-dimensional peaks. Third, the GC-MS-derived amino 
acid mass distributions are corrected for naturally occurring isotopes as described previously 
(17). The corrected mass distributions are then used to calculate the mass distribution of their 
precursors in central metabolism (4). Fourth, metabolic flux ratios are calculated from the 
mass distributions using the probabilistic equations described by Fischer and Sauer (4).  

For the B. subtilis model used here, the set of equations described for Escherichia coli 
(4) was used with to two modifications. First, the Entner-Doudoroff pathway was omitted 
because it is not present in B. subtilis (2). Second, in B. subtilis the anaplerotic reaction is 
catalized by pyruvate carboxylase rather than a PEP carboxylase in E. coli. Hence, the 
contribution of anaplerosis to the oxaloacetate pool was estimated from the mass distribution 
of pyruvate. Standard deviations for metabolic flux ratios are calculated by FiatFlux as 
described by Fischer and Sauer (4). Routines for the interpretation of MS-spectra from [1-
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13C], [U-13C], and mixed 13C-labeled glucose as well as the E. coli, yeast, and 
Corynebacterium models were implemented in FiatFlux. 

 

Calculation of carbon net fluxes 

A biochemical reaction network was constructed based on the model of Dauner and 
Sauer (2) as shown in Fig. 1. The malic enzyme was assumed to be NADPH-dependent 
(Chapter 5). From this network, we obtained a stoichiometric matrix containing 23 unknown 
fluxes and 21 metabolite balances, including balances for the substrates and products glucose, 
acetate, riboflavin, CO2 and O2, and the cofactors NADH and NADPH. Precursor 
requirements for biomass formation were taken from Dauner and Sauer (2). This system of 
linear equations is under-determined and a solution space with an infinite number of different 
flux vectors that fulfill the constraints exists. Hence, to uniquely solve the system and 
estimate the in vivo fluxes, additional constrains are required. Here, a set of linearly 
independent equations were obtained from the metabolic flux ratios, similar to a previous 
approach (12). Specifically, the following flux relationships were added as additional 
constraints to solve the system: 
(1) the fraction of serine originating through glycolysis: 
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Figure 1 – Considered biochemical reaction network of B. subtilis. Arrows indicate the assumed 
reaction directionality or reversibility. Abbreviations: AcCoA, acetyl-Coenzyme A; E4P, 
erythrose-4-phosphate; F6P, fructose-6-phosphate; G6P, glucose-6-phosphate; GAP, 
glyceraldehyde-3-phosphate; P5P, pentose-5-phosphate; Gly, glycine; Mal, malate; OAA, 
oxaloacetic acid; OGA, 2-oxoglutarate; PEP, phosphoenolpyruvate; PGA, 
phosphoglyceraldehyde; Pyr, pyruvate; R5P, ribose-5-phosphate; Ru5P, ribulose-5-phosphate; 
Ser, serine; S7P, sedoheptulose-7-phosphate; P5P, xylulose-5-phosphate.  
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The sum of the weighted square residuals of the constraints from both metabolite 
balances and flux ratios was minimized using the MATLAB function fmincon. The residuals 
were weighted by division with the experimental error. Thereby, only positive values were 
allowed for the irreversible reactions (Fig. 1). For flux ratios implemented as upper bounds 
(i.e. d, e) only error residuals from positive deviations from the experimental value were 
considered in the objective function, while for lower bounds, only negative deviations were 
considered. The computation was repeated at least 5 times starting with a randomly chosen 
flux distribution to ensure the localization of the global minimum. The Jacobian matrix of the 
output function was calculated to estimate the sensitivity of individual fluxes towards 
measurement errors, and confidence intervals were calculated for each flux. All routines were 
implemented in the FiatFlux framework to simplify the handling of the experimental data and 
the metabolic network (Appendix A). 
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RESULTS AND DISCUSSION 

Physiological characterization 

To investigate the metabolic impact of electron rerouting through branches of the 
respiratory chain with different energetic efficiencies, we used two B. subtilis RB50::pRF69 
mutants defective in the cyd and qox operons. These mutants and their parent were grown in 
batch culture with glucose as carbon source (Fig. 2). The cyd mutant grew essentially like its 
parent during exponential growth phase (Tab. 1). At an OD600 of about 3, however, 
production of acetate and riboflavin ceased in the mutant, while the formation of biomass and 
acetoin were not affected. These physiological observations are consistent with the view that 
the cyd operon is expressed maximally at low oxygen tension, thus should not be active 
during the mid exponential growth phase (20, 21). At the higher cell densities towards the end 
of exponential growth, however, oxygen tension will probably drop. Under this condition, the 
higher affinity of the cytochrome bd for oxygen (8) compared to other cytochromes (5) may 
be important to maintain respiration active. 

 
 Specific uptake/consumption rates 

(mmol/g CDW/h) 
 Yield 

(g CDW/ g glucose) 
Strain 

µmax 
(1/h) Glucose Acetate Riboflavin  Y Y corr 

RB50::pRF69 0.44 ± 0.03 10.2 ± 0.8 5.8 ± 0.3 0.039  0.24 ± 0.02 0.33 ± 0.05 
RB50::pRF69 cyd 0.48 ± 0.04 9.9 ± 0.1 4.6 ± 0.1 0.026  0.27 ± 0.02 0.35 ± 0.03 
RB50::pRF69 qox 0.43 ± 0.03 11.8 ± 0.6 10.3 ± 0.2 0.027  0.20 ± 0.03 0.35 ± 0.04 

 
Table 1 – Physiological parameters of B. subtilis during exponential batch growth (between OD600 
0.5 and 1.5). Confidence intervals indicate the standard deviations from at least 2 experiments. 
The errors for the yields were calculated according to the Gauss’s law of error propagation. Ycorr 
was corrected for product formation, assuming that 1 mol of glucose is required to produce 2 mol 
of acetate.  

 
In the qox mutant, in contrast, about 50% of the carbon substrate consumed during the 

exponential growth phase were secreted as acetate (Tab. 1 and Fig. 2), resulting in a lower 
biomass yield for the qox mutant. However, when correcting for the carbon utilized for by-
product formation, similar yields of 0.33-0.35 g CDW per g glucose are obtained for all three 
strains. Consequently less biomass and less riboflavin accumulated in the qox mutant cultures. 
The lower growth rate shown in Fig. 2 for the qox mutant is not statistically significant (Tab. 
1). 
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Figure 2 – Time profiles of (A) OD600, (B) riboflavin, (C) acetate, and (D) acetoin concentrations 
during batch growth of B. subtilis RB50::pRF69 (white circles), RB50::pRF69 cyd (gray circles), 
and RB50::pRF69 qox (black circles) strains on glucose.  

 

Metabolic flux ratios of quinol oxidase mutants 

The physiological data suggest a major redistribution of carbon fluxes in the qox 
mutant (Tab. 1). To track these intracellular responses, all three strains were grown in a batch 
cultures with different 13C-labeled glucose isotopes. Biomass samples were collected at an 
OD600 of about 1.5 and intracellular flux ratios were determined with METAFoR analysis by 
GC-MS (4). As expected the flux profiles of parent and cyd mutant were virtually identical 
(Fig. 3).  
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For the qox knockout, the METAFoR values of the pentose phosphate (PP) pathway 
and C1 metabolism were in the same range as in the parent but differed significantly in the 
tricarboxylic acid (TCA) cycle and the lower part of glycolysis. The fraction of OAA 
originating from pyruvate through the anaplerotic reaction was 90% in the qox knockout, 
compared to 54 and 59% in parent and cyd mutant, respectively. This indicates almost absent 
catabolic fluxes trough the TCA cycle to OAA. The result was confirmed in a duplicate 13C-
labeling experiment with the qox mutant. The high relative contribution of the anaplerotic flux 
to the OAA pool renders the upper bound of the malic enzyme (pyruvate from malate) 
difficult to resolve, as is reflected by the corresponding error bar. Along with the increased 
acetate production, this suggests that the fluxes in the TCA cycle are strongly reduced in the 
qox mutant. 
 

 

Figure 3 – Metabolic flux ratios of B. subtilis RB50::pRF69 (white bars), RB50::pRF69 cyd (grey 
bars), and RB50::pRF69 qox (black bars) during batch growth on glucose. For abbreviations refer 
to Fig. 1. 

 
 



Chapter 3 

51 

Estimation of metabolic fluxes 

Intracellular fluxes were then estimated by quantitative balancing of  experimentally 
determined extracellular fluxes (Tab. 1), the detailed biomass composition of B. subtilis (2), 
an the  METAFoR values of Fig. 3 as constrains. The available data were sufficient to resolve 
alternative pathways and cycles. Consistent with the previous results, the parent strain and the 
cyd mutant exhibited almost identical distributions of intracellular fluxes (Fig. 4). While the 
flux partitioning into the PP pathway was similar in the qox mutant, the TCA cycle flux was 
reduced in this mutant to about one third of the control value. As a consequence of the 
incomplete oxidation of glucose in acetate overflow, significantly less reducing equivalents 
are generated and the rate of respiration is reduced (NADH to O2). 

 

 
 
Figure 4 – Flux distributions of B. subtilis oxidase mutants during exponential growth in M9 
medium with glucose as carbon source. Top, parent strain; middle, cyd; bottom, qox. For 
abbreviations refer to Fig. 1.  
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During vegetative growth on glucose, the cytochrome bd compensates for the loss of 
cytochrome aa3 in a qox mutant (20). A qox cyd double mutant is not able to reduce oxygen 
and grows poorly (20, 22), suggesting that the remaining respiratory branches are inactive. To 
elucidate the impact of the reduced energetic efficiency of respiration in the qox mutant, ATP 
production was indirectly assessed from the calculated net fluxes. For this purpose, we 
assumed the exclusive operation of the low-coupling (1 H+/e-) cytochrome bd oxidase in the 
qox mutant, and that four protons are used by the F0F1ATPase to produce 1 ATP (3, 10). 
Using these energetic parameters and the flux distributions shown in Fig. 4 for the qox 
mutant, a net excess production of about 1.6 mol ATP per mol of consumed glucose was 
estimated from the model. The calculation does not account for non-growth dependent 
maintenance requirements, which were previously estimated as 5-8 mmol ATP per gram cell 
dry weight and hour (22), depending on the respiratory assumptions. For the qox mutant this 
corresponds to 0.5-0.8 mol ATP per mol of consumed glucose, hence less than 50% of the 
excess ATP. Thus, we conclude that growth of the qox mutant can be fully supported by the 
activity of a low-coupling oxidase such as Cyd. 
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CONCLUSION 

During exponential growth, riboflavin, and biomass yields (corrected for acetate 
production) were similar in all three strains tested here. This indicates that metabolic activities 
are not impaired by reduced ATP formation. Thus, the decreased TCA cycle flux and the 
increased overflow to acetate in the qox mutant, appear not to be caused by a putative low-
coupling efficiency in the respiratory chain, as confirmed by the ATP balance. The activity of 
the remaining oxidases seems to be insufficient to compensate for the loss of cytochrome aa3 
at fast growth rates, resulting in overflow to acetate. Instead the results suggest a kinetic 
problem of the remaining terminal oxidases to compensate for the loss of cytochrome aa3 in 
the qox mutant. Overflow to acetate would then primarily occur because NADH can not be 
regenerated quickly enough to NAD+ at the respiratory chain, because the bd oxidase does not 
deliver electrons at the appropriate rate to oxygen. 

 



Chapter 3 

54 

REFERENCES 

1. Dauner, M., and U. Sauer. 2000. GC-MS analysis of amino acids rapidly provides rich information for 
isotopomer balancing. Biotechnol. Prog. 16:642-649. 

2. Dauner, M., and U. Sauer. 2001. Stoichiometric growth model for riboflavin-producing Bacillus 
subtilis. Biotechnol. Bioeng. 76:132-143. 

3. Fillingame, R. H. 1997. Coupling H+ transport and ATP synthesis in F1F0-ATP synthases: glimpses of 
interacting parts in a dynamic molecular machine. J. Exp. Biol. 200 ( Pt 2):217-224. 

4. Fischer, E., and U. Sauer. 2003. Metabolic flux profiling of Escherichia coli mutants in central carbon 
metabolism using GC-MS. Eur. J. Biochem. 270:880-891. 

5. Garcia-Horsman, J. A., B. Barquera, and J. E. Escamilla. 1991. Two different aa3-type cytochromes 
can be purified from the bacterium Bacillus cereus. Eur. J. Biochem. 199:761-768. 

6. Harwood, C. R., and S. M. Cutting. 1990. Molecular biological methods for Bacillus. John Wiley & 
Sons Ltd, Chichester, England. 

7. Perkins, J. B., A. Sloma, T. Hermann, K. Theriault, E. Zachgo, T. Erdenberger, N. Hannett, N. P. 
Chatterjee, V. Williams II, G. A. Rufo Jr, R. Hatch, and J. Pero. 1999. Genetic engineering of 
Bacillus subtilis for the commercial production of riboflavin. J. Ind. Microbiol. Biotech. 22:8-18. 

8. Rice, C. W., and W. P. Hempfling. 1978. Oxygen-limited continuous culture and respiratory energy 
conservation in Escherichia coli. J. Bacteriol. 134:115-124. 

9. Santana, M., F. Kunst, M. F. Hullo, G. Rapoport, A. Danchin, and P. Glaser. 1992. Molecular 
cloning, sequencing, and physiological characterization of the qox operon from Bacillus subtilis encoding 
the aa3-600 quinol oxidase. J. Biol. Chem. 267:10225-10231. 

10. Saraste, M. 1999. Oxidative phosphorylation at the fin de siecle. Science 283:1488-1493. 
11. Sauer, U., and J. E. Bailey. 1999. Estimation of P-to-O ratio in Bacillus subtilis and its influence on 

maximum riboflavin yield. Biotechnol. Bioeng. 64:750-754. 
12. Sauer, U., V. Hatzimanikatis, J. E. Bailey, M. Hochuli, T. Szyperski, and K. Wüthrich. 1997. 

Metabolic fluxes in riboflavin-producing Bacillus subtilis. Nature Biotechnol. 15:448-452. 
13. Sauer, U., D. R. Lasko, J. Fiaux, M. Hochuli, R. Glaser, T. Szyperski, K. Wüthrich, and J. E. 

Bailey. 1999. Metabolic flux ratio analysis of genetic and environmental modulations of Escherichia coli 
central carbon metabolism. J. Bacteriol. 181:6679-6688. 

14. Sonenshein, A. L., J. A. Hoch, and R. Losick (ed.). 2002. Bacillus subtilis and Its closest relatives. 
ASM Press, Washington, D.C. 

15. Szyperski, T. 1995. Biosynthetically directed fractional 13C-labeling of proteinogenic amino acids. An 
efficient analytical tool to investigate intermediary metabolism. Eur. J. Biochem. 232:433-448. 

16. Trumpower, B. L., and R. B. Gennis. 1994. Energy transduction by cytochrome complexes in 
mitochondrial and bacterial respiration: The enzymology of coupling electron transfer reactions to 
transmembrane proton translocation. Annu. Rev. Biochem. 63. 

17. van Winden, W. A., C. Wittmann, E. Heinzle, and J. J. Heijnen. 2002. Correcting mass isotopomer 
distributions for naturally occurring isotopes. Biotechnol. Bioeng. 80:477-479. 

18. Varma, A., and B. O. Palsson. 1994. Metabolic flux balancing: Basic concepts, scientific, and practical 
use. Bio/Technol. 12:994-998. 

19. von Wachenfeldt, C., and L. Hederstedt. 2002. Respiratory cytochromes, other heme proteins, and 
heme biosynthesis, p. 163-179. In A. L. Sonenshein, J. A. Hoch, and R. Losick (ed.), Bacillus subtilis and 
its close relatives. ASM Press, Washington, D.C. 

20. Winstedt, L., and C. von Wachenfeldt. 2000. Terminal oxidases of Bacillus subtilis strain 168: one 
quinol oxidase, cytochrome aa3 or cytochrome bd, is required for aerobic growth. J. Bacteriol. 182:6557-
6564. 

21. Winstedt, L., K. Yoshida, Y. Fujita, and C. von Wachenfeldt. 1998. Cytochrome bd biosynthesis in 
Bacillus subtilis: characterization of the cydABCD operon. J. Bacteriol. 180:6571-6580. 

22. Zamboni, N., N. Mouncey, H. P. Hohmann, and U. Sauer. 2003. Reducing maintenance metabolism 
by metabolic engineering of respiration improves riboflavin production by Bacillus subtilis. Metab. Eng. 
5. 

 
 



Chapter 3 

55 

APPENDICES 

Appendix A – Fiat Flux user interfaces 

 
 
Figure 5 – Main user interface of FiatFlux. The upper plot shows the GC-MS chromatogram. In 
the lower part, a bar chart reports the residuals resulting from the least-squares fitting step used to 
calculate the mass distribution of metabolites in central metabolism. Each bar corresponds to a 
fragment from the GC-MS spectrum. Fragments with white bars are not considered in the 
METAFoR analysis. 
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Figure 6 – FiatFlux user interface for supervised amino acid recognition. The top plot shows the 
GC-MS chromatogram. The middle plot shows the intensities corresponding to the masses m-15, 
m-57, m-85, m-159 characteristic for a given amino acid (Ser in the figure). The bottom plot report 
the product of the four weighted intensities and is used to identify the amino acid in the GC-MS 
chromatogram. 
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Figure 7 – FiatFlux graphic user interface for the estimation of intracellular net fluxes with 
metabolite balancing and metabolic flux ratios. 
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SUMMARY 

The recombinant Bacillus subtilis RB50::pRF69 undergoes pronounced riboflavin 
production transients at the onset of glucose-limited continuous cultures. Within the first 
generation the riboflavin yield is rather high but is about two-fold reduced in physiological 
steady-states after 3-4 generations. Increasing the coupling efficiency in the respiratory chain 
of an isogenic cyd mutant improves the riboflavin yield in the initial generation but not in 
steady-state. Physiological analyses excluded genetic degeneration and co-metabolism of 
previously generated overflow metabolites as possible causes for the riboflavin transients. 
Using metabolic flux analysis based on 13C-labeling experiments, we could show that 
pentoses were initially synthesized exclusively via the non-oxidative pentose phosphate 
pathway. Despite significantly higher fluxes through the pentose pools in steady-state the 
riboflavin yield dropped, suggesting that a regulatory effect impairs high level riboflavin 
biosynthesis. Indeed, transcriptome analysis with DNA microarrays demonstrated that the 
expression of several genes in the purine and riboflavin biosynthesis pathways was reduced in 
steady-state through a purR-independent mechanism. Furthermore, our results demonstrate 
that major flux changes within the oxidative pentose phosphate pathway are not caused by the 
limited expression of the corresponding enzymes.  
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INTRODUCTION 

The development of rational metabolic engineering strategies to improve bioprocesses 
depends critically on a deep understanding of cellular metabolism. This encompasses 
information on the genome, mRNA transcripts, proteins, small metabolites, and metabolic 
fluxes, which together define the physiological state of a cell. This multi-layered network of 
cellular reactions and regulation, reflects the metabolic flexibility to environmental changes 
and ensures survival under very different conditions. To adequately address this complexity, 
quantitative and system-wide experimental analyses are important for metabolic engineering. 
A pertinent methodology is the so-called transcriptome analysis, which simultaneously 
detects genome-wide expression levels of all genes (5). A second methodology is intracellular 
carbon flux analysis by 13C-tracer experiments based on NMR or MS analysis (4, 28, 32, 36, 
39).  

Two complementary methodologies to interpret the 13C-labeling data for metabolic 
flux analysis are presently available. In one approach, a comprehensive isotope isomer 
(isotopomer) model of metabolism is used to map metabolic fluxes in an iterative fitting 
procedure on the isotopomer pattern of network metabolites that are deduced from NMR or 
MS analysis (7, 25, 36). Given a suitable 13C-labeling strategy, this approach enables a global 
view on intracellular carbon traffic. Since the computed flux solution represents the best fit to 
all physiological and 13C-labeling data, the overall solution would often be affected by 
incomplete networks or measurement errors. The second approach, metabolic flux ratio 
(METAFoR) analysis is strictly local (13, 14, 33), hence has a lower resolution but does not 
require physiological data and is much less affected by incomplete stoichiometric models. In 
this approach, 13C-labeling patterns are analytically interpreted to identify biosynthetic 
pathways and to quantify individual flux partitioning ratios (14, 30, 33). A set of probabilistic 
equations relates NMR or MS data to the relative contribution of converging fluxes to a given 
metabolite pool in central metabolism.  

While industrial processes typically operate in the fed batch mode, metabolic flux 
analysis is mostly done in continuous cultures for practical reasons (3, 13, 21, 28, 40). A 
downside of chemostat experiments are often rates and yields of product formation in steady-
state that are not directly comparable to those in industrially relevant fed batch cultures. One 
such example is the production of riboflavin (vitamin B2) with recombinant Bacillus subtilis, 
where 2-3-fold lower product yields are attained in continuous cultures (9-11) than in fed 
batches with a comparable medium and growth rate (41). Hence, intracellular fluxes 
determined in steady-state of such riboflavin-producing chemostat cultures may not reflect the 
metabolic situation during fed batch-based production. 

We show here that the riboflavin-producing B. subtilis strain RB50::pRF69 produces 
riboflavin transiently in glucose-limited chemostat culture at a rate that is comparable to the 
one observed in fed-batch cultures. This high productivity occurs solely during the initial 
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phase after initiation of feeding, while in steady-state after 3 generations the yield drops to the 
previously described 2-3-fold lower value (9, 10, 29). Classical 13C-labeling methods were 
extended to access intracellular carbon fluxes in non-steady-state and integrated with genome-
wide analyses of RNA expression by microarrays to characterize the metabolic and genetic 
nature of these production transients.  
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MATERIALS AND METHODS 

Bacterial strains  

The recombinant, riboflavin-producing strain B. subtilis RB50::pRF69 (24) and its 
otherwise isogenic cyd mutant (41) were used throughout this study. RB50::pRF69 contains 
several purine and riboflavin analog-resistant mutations that deregulate the biosynthetic 
pathway to riboflavin. An additional copy of the recombinant, constitutively expressed B. 
subtilis rib operon, pRF69, is integrated in the native locus together with a chloramphenicol 
resistance marker (24). The cyd mutant has a deletion in the low proton-coupling cytochrome 
bd oxidase in the respiratory chain (37, 38), hence the electron flow in the cyd mutant is 
forced through the energetically more efficient cytochrome aa3 oxidase or cytochrome c 
branch (41). 

 

Growth conditions and media 

Frozen stocks were used to inoculate the complex VY medium containing 15 g L-1 
glucose, 25 g L-1 veal infusion broth, and 5 g L-1 yeast extract. Chloramphenicol was added 
only to this medium to a final concentration of 20 mg/L. After 8 h incubation at 37°C, 50 mL 
M9  minimal medium (15) with 10 g L-1 glucose were inoculated 1:200 in 500 mL baffled 
shake flasks, cultivated for a further 12 h, and used entirely for bioreactor inoculation. 
Glucose-limited chemostat cultures were grown at 37°C with a working volume of 1 L in a 2 
L LH discovery 210 series bioreactor (Adaptive Biosystems, UK). The minimal medium 
contained 3.6 g L-1 glucose, 4 g L-1 K2HPO4, 2 g L-1 (NH4)2SO4, 0.2 g L-1 MgSO4⋅7H2O, 0.7 
ml L-1 H2SO4 (95 to 97%), and 10 ml L-1 of a trace element solution with the following 
composition (per liter of distilled water): 0.55 g CaCl2⋅2H2O, 1 g FeCl3, 0.1 g MnCl2⋅4H2O, 
0.17 g ZnCl2, 0.043 g CuCl2⋅2H2O, 0.06 g CoCl2⋅6H2O, 0.06 g Na2MoO4⋅2H2O. For 13C-
labeling experiments in chemostat cultures, the feed medium contained 3.6 g L-1 glucose as 
mixture of 20% (w/w) [U-13C]glucose and 80% (w/w) naturally labeled glucose. For 
microarray analysis of genes expression, the feed medium was prepared using two-fold higher 
concentrations for all components, and a comparable physiological state to the flux 
experiments was ensured for all cases. The pH was controlled to 6.8 with 4 M NaOH and the 
volume was kept constant by a weight-controlled pump. A constant air flow of 1 L min-1 was 
achieved by a mass flow controller, and the agitation speed was set to 1,000 rpm, ensuring 
dissolved-oxygen levels above 40%. 
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Analytical techniques 

Cellular dry weight (CDW) was determined from at least eight parallel 10 ml culture 
aliquots that were harvested by centrifugation, washed once with distilled water, and dried at 
110°C for 24 h to a constant weight. Glucose concentration was determined enzymatically 
(Beckman, USA). Acetate, acetoin, and 2,3-butanediol concentrations were measured by gas 
chromatography (5890E; Hewlett Packard, USA) using a Carbowax MD-10 column 
(Macherey-Nagel, Germany) with butyrate as the internal standard. Riboflavin concentrations 
were determined spectrophotometrically at 440 nm immediately upon appropriate dilution in 
0.2 M NaOH. Organic acid concentrations in the supernatant were measured by HPLC on a 
Supelcogel H column (4.6 x 250 mm; Sigma, Switzerland) with a diode array detector (Perkin 
Elmer, USA). 0.2 N phosphoric acid was used as the mobile phase at a flow rate of 0.3 mL 
min-1 and 40°C. Concentrations of carbon dioxide and oxygen in the reactor feed and effluent 
gas were determined with a mass spectrometer (Prima 600; Fisons, UK).  

Production and consumption rates were calculated using: 
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where P is the product (or substrate), [P] the product (or substrate) concentration, V 
the volume, and D the dilution rate. The derivative of polynomial fits to the experimentally 

determined data was used to extrapolate the [ ]
t
P

d
d  term, which in steady-state is zero. Yields 

were calculated from the quotient of the corresponding rates. 
 

Sample preparation and GC-MS measurement 

Samples for GC-MS analysis were prepared as described previously (14). Briefly, 
culture aliquots were harvested by centrifugation, washed once with 1 mL 0.9% NaCl, and 
hydrolyzed in 1.5 mL 6 M HCl at 105°C for 24 h in sealed microtubes. The hydrolyzate was 
dried in a vacuum centrifuge at room temperature and derivatized at 85°C for 1 h in 50 µL 
tetrahydrofuran and 50 µL N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide. 
Derivatized amino acids were measured on a series 8000 GC, combined with an MD 800 
mass spectrometer (Fisons Instruments, Beverly, MA) as described previously (14).  

 

Determination of metabolic flux ratios and net fluxes 

The GC-MS-derived amino acid mass distributions were corrected for naturally 
occurring isotopes as described previously (8). These corrected mass distributions were then 
used for METAFoR analysis (14, 30, 33) or net flux analysis (7). In METAFoR analysis by 
GC-MS, the mass distributions of amino acids provide the 13C-labeling pattern of their related 
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precursor molecules in central metabolism. A set of probabilistic equations and the mass 
distributions of selected amino acid fragments were then combined to calculate the relative 
contribution of converging fluxes to a given metabolite pool. For the quantification of carbon 
net fluxes, the corrected amino acids mass distributions and the physiological data were 
combined within an comprehensive isotopomer balancing model, where all isotopomer 
patterns are simultaneously fitted to the experimental data (7). For each analyzed fermentation 
interval, the iterative fitting procedure was initiated at least five times from different starting 
flux distributions. Biochemical network and precursor requirements for biomass formation in 
B. subtilis were used as described by Dauner and Sauer (9).  

 

Correction for non-steady-state kinetics 

To obtain insights into the intracellular carbon flux distribution during the 
physiological transients between the end of the batch culture and the steady-state in chemostat 
cultures, the feed medium contained the mixture of 20% (w/w) [U-13C]glucose and 80% 
unlabeled glucose. After five volume changes, the chemostat culture was a in physiological 
and isotopomeric steady-state. Since the employed flux analysis relies on the 13C-labeling 
pattern in proteinogenic amino acids, differences in the pool sizes of intracellular amino acids 
between cells at the end of batch growth and cells in steady-state must be considered in the 
analysis. Assuming that the yield of each amino acid on the substrate glucose remains 
constant during cultivation and thus equals the steady-state value, the change in concentration 
for each single amino acid is given by the difference between the metabolic production rate 
and the washout caused by dilution of the chemostat, hence:  
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Integration yields the total concentration of the amino acid (AA): 
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The concentration of labeled amino acids [AAL] changes according to first order 
kinetics: 
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The unknown parameter [ ] [ ]end0 AAAA can then be estimated for each amino acid 
from the measured time profiles of their labeled fractions [ ] [ ]ttL AAAA . Thus, the mass 
distributions of amino acids produced between time t1 and t2 is given by: 
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where f is the fraction of biomass in the reactor that has been produced between t1 and 
t2 with 
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RNA expression analysis 

We used an “antisense” oligonucleotide array (GeneChip) complementary to the 
Bacillus subtilis genome designed by Affymetrix (Santa Clara, CA) and previously described 
(18). Biomass samples were prepared from three independent glucose-limited continuous 
cultures at a D of 0.05 h-1. Samples of 100 mL were collected 10 and 100 h after glucose 
depletion at the end of the batch phase, corresponding to about 0.3 and 3.5 culture 
generations, respectively. To avoid disturbing the steady-state, the feeding profile was 
adjusted to the working volume after the first harvest. RNA isolation, cDNA labeling, 
hybridization procedure, and data acquisition were performed as previously reported (18).  
The average of all signal intensities measured on a GeneChip was used to normalize the 
intensities. Triplicate experiments were analyzed separately, and used to calculate the average 
intensity and the standard deviation for each probe on the DNA-chips. The fold change value 
is defined as the mean of the intensities measured after 3.5 culture generations divided by the 
mean of intensities from the samples collected after 0.3 generations. A paired Student’s t-test 
was used to calculate the p-value, indicating the probability that the difference in gene 
expression occurred by chance (false positive). 
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RESULTS 

Transient riboflavin production at the onset of chemostat cultivation 

Previously we showed that the cyd mutation in riboflavin-producing B. subtilis 
RB50::pRF69 increased the titer of riboflavin considerably in glucose-limited fed-batch 
cultures (41). Although the cyd mutant produced biomass more efficiently at low dilution 
rates in the previously described glucose-limited chemostat cultures than its parent, both 
strains exhibited similar riboflavin production characteristics in physiological steady-state  
after 3.5-4 generations (41). We noted, however, pronounced transients of riboflavin 
production between the end of the batch culture and a stable steady-state in chemostat 
cultures. To quantitatively investigate this phenomenon, B. subtilis RB50::pRF69 and its cyd 
mutant were grown in glucose-limited chemostat cultures at different dilution rates. Following 
the growth physiology throughout the first 4 generations upon chemostat initiation, we 
observed a peak in riboflavin concentration prior to the physiological steady-state and this 
peak was significantly higher in the cyd mutant. Generally, the biomass concentration was 
constant within 1-2 generations with consistently higher values in the cyd mutant, as shown 
for the example of a dilution rate of 0.05 h-1 (Fig. 1A). The riboflavin concentration, in 
contrast, followed a peak-shaped profile with its maximum after 1.5 generations and attained 
a steady-state only after 5 generations, corresponding to 7 volume changes (Fig. 1B).  

 

 
Figure 1 – OD600 (A) and riboflavin concentration (B) profiles of B. subtilis RB50::pRF69 (closed 
symbols) and its cyd mutant (open symbols) immediately after initiation of a glucose-limited 
chemostat with a dilution rate of 0.05 h-1. 
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For a given strain, all time-resolved riboflavin concentration profiles overlapped with 

lower peak concentrations at higher Ds (Fig. 2A). The apparent yield of riboflavin on glucose 
was inferred from polynomial fits to the concentrations (Fig. 2B) and the highest value 
observed here was at around 0.07 g(riboflavin) per g(glucose) during the peak of the cyd 
mutant at a D of 0.03 h-1. It should be noted that this yield on glucose does not consider 
potential consumption of previously formed metabolic by-products. At all Ds, the high initial 
riboflavin yield was maintained for about 1 generation and decreased then sigmoidally, 
indicating that the number of generations and not the fermentation time is relevant for the 
riboflavin production transients. At all Ds investigated, the mutant exhibited significantly 
higher riboflavin yields during the peak, but both strains had almost identical production 
characteristics in physiological steady-state (shown exemplarily in Fig. 1B). 

 

 
 

Figure 2 – Riboflavin concentration (A) and yield (B) after initiation of glucose-limited chemostat 
cultures with B. subtilis RB50::pRF69 cyd at dilution rates of: 0.03 h-1 (closed circles), 0.04 h-1 
(open circles), 0.05 h-1 (triangles), 0.07 h-1 (diamonds), and 0.16 h-1 (squares). 

 
In principle, the up to three-fold drop in riboflavin yield may be the consequences of 

(i) genetic degeneration and selection of a subpopulation with lower productivity (29), (ii) co-
metabolism of by-products accumulated during batch growth (10), or (iii) changes in 
intracellular metabolism. To verify that genetic degeneration does not occur, two identical 
chemostat cultures were run sequentially with 1 ml of the first culture after 3.5 generations as 
the inoculum for a shake flask and then a second chemostat at the same D of 0.05 h-1. While 
the riboflavin concentrations were about 50% lower throughout the second culture, the 
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riboflavin peaks were very similar in timing and shape (data not shown), showing that product 
transients are not directly caused by genetic degeneration or population heterogeneity.  

Co-metabolism of additional carbon sources, in particular acetoin, was previously 
shown to improve riboflavin productivity (10). Since bacilli typically produce acetate and 
acetoin during batch growth, we determined the concentration profiles of these by-products 
during the initial volume changes in chemostat cultures. In all fermentations, 10-15 mM 
acetate accumulated at the end of batch growth. Upon initiation of the glucose-limited feed, 
acetate was consumed quickly beyond detection limit well before 10 h. Since high riboflavin 
yields were maintained for about 20-30 h, co-metabolism of acetate cannot explain the 
riboflavin peak. In batch culture, acetoin concentrations were typically below 0.4 mM, but in 
few cases several mM. In these latter cases, net acetoin production continued even during the 
first volume change under glucose limitation, amounting to up to 10% of the carbon from 
consumed glucose (Fig. 3). This may be explained by the induction of the  acetoin 
biosynthesis genes alsSD at the end of exponential growth (6, 26) and whose activity remains 
many hours after transcriptional repression (16). While the sporadically occurring acetoin 
formation reduced the riboflavin yield, it had no influence on the riboflavin transients. To 
further exclude a possible role of acetoin co-metabolism, 10 mM acetoin were pulsed 20 h 
after feed initiation of a glucose-limited chemostat with a D of 0.04 h-1. Despite the relatively 
high concentration of acetoin, this pulse had no detectable effect on riboflavin production 
(data not shown). Likewise we can exclude a significant role of pyruvate, α-ketoglutarate, 
succinate, malate, oxaloacetate, glutamate, or 2,3-butanediol in the riboflavin transients 
because none of them was present at significant concentrations.  

 

 

Figure 3 –Acetoin (closed squares) and riboflavin (circles) concentration profiles during the initial 
1.5 generation of a glucose-limited chemostat culture of B. subtilis RB50::pRF69 with a dilution 
rate of 0.05 h-1. Open squares indicate the acetoin concentration profile that would be expected 
from a first order washout kinetic without uptake or production.    
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Since the above experiments exclude genetic degeneration and co-metabolism as 
explanations for the riboflavin transients, we speculated that a more general, metabolic or 
regulatory feature may be involved. While more efficient energy generation in the cyd mutant 
increased the riboflavin concentration at the peak, cellular energetics appear to be irrelevant 
for the production transients that occurred in both strains. Thus, it appears that riboflavin 
production is progressively hampered by factors that are not of energetic nature. 
Consequently, we tried to elucidate the intracellular carbon flux distributions during the 
riboflavin transients. 

 

13C-labeling experiments in non steady-state conditions 

Metabolic flux analysis based on 13C- labeling in proteinogenic amino acids is 
typically used for steady-state conditions (4, 7, 14, 28, 36, 39). To estimate carbon fluxes 
during the initial 3.5 generations of chemostat operation, the previously described methods 
were extended to consider non steady-state kinetics. For this purpose, the feed medium 
containing the mixture of 20% [U-13C6] and 80% naturally labeled glucose was used for the 
entire chemostat cultivation. Biomass aliquots were collected at regular intervals and the mass 
distribution of proteinogenic amino acids was determined by GC-MS (Fig. 4 and Appendix 
A).  

 

Figure 4 – Time profiles of fractional 13C-labeling in alanine, valine, and phenylalanine during the 
initial three generations of B. subtilis RB50::pRF69 in glucose-limited chemostat culture with a 
dilution rate of 0.05 h-1. The solid line represents the 13C-labeling that would be expected from 
first order kinetics.  

 
When 13C-labeling is initiated in physiological steady-state, the fraction of 13C-labeled 

biomass increases according to a first order kinetics. In the non-steady-state experiment 
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shown here, however, different rates of 13C-label uptake were observed for different amino 
acids (Fig. 4). The peptidoglycan precursors alanine and glutamate clearly exhibited rates that 
exceed the expected value from first order kinetics (data partly shown in Fig. 4), indicating a 
high demand for cell wall building blocks during exponential growth. To obtain flux 
information for different phases, differences between the mass distributions of two time-
points were used (Fig. 5A). For this purpose, differential mass distributions were calculated 
for each amino acid and interval. 

 

METAFoR analysis 

GC-MS-derived 13C-labeling pattern in the amino acids were first interpreted using 
METAFoR analysis (Fig. 5). The most significant changes were seen in the metabolites 
related to the pentose phosphate (PP) pathway. During the initial 1.5 generations, an 
increasing fraction of PEP molecules were cleaved by a transketolase, revealing increased 
fluxes from PP pathway intermediates to glycolysis, which includes both net and exchange 
fluxes (Fig. 5B). Furthermore, the fraction of pentoses with intact C5 backbones was very low 
during this phase when compared to the following (Fig. 5I). This indicates that pentoses were 
in the beginning synthesized predominantly through the non-oxidative PP pathway, as is also 
apparent from the high fraction of pentoses originating from E4P (Fig. 5G). These flux ratios 
change gradually after 1.5 generations, and within 3.5 generations, about 30% of the pentoses 
were synthesized through the oxidative PP pathway (Fig. 5I).  

While the fractions of PEP originating from OAA (Fig. 5E) and pyruvate originating 
from malate (Fig. 5F) were constant throughout the whole cultivation, the fraction of OAA 
synthesized from pyruvate increased after the first generation (Fig. 5D). This reveals an 
increased anaplerotic contribution to OAA synthesis, catalyzed by pyruvate carboxylase, 
relative to the catabolic contribution of the tricarboxylic acid (TCA) cycle. Since anaplerosis 
is required to replenish the OAA pool for intermediates that were withdrawn for biosynthesis 
of amino acids, this increase demonstrates progressive fine tuning of metabolism to the higher 
biomass yield during glucose limitation. 
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Figure 5 – (A) Specific riboflavin production rate during the initial 3 generations of a glucose-
limited chemostat culture of B. subtilis RB50::pRF69 with a dilution rate of 0.05 h-1. The numbers 
indicate the intervals considered for metabolic flux analysis. (B-I) Time profiles of metabolic flux 
ratios from METAFoR analysis for the seven intervals shown in A (closed symbols), and for 
which  the MS data of biomass harvested at the beginning and at the end of the interval was used 
to differentially-calculate the mass distributions of proteinogenic amino acids. Flux ratios were 
plotted at the midpoint of the interval on the generations-axis. Open symbols indicate flux ratios of 
the same strain obtained through METAFoR analysis by NMR during physiological steady-state 
(Chapter 6). Raw METAFoR data are listed in Appendix C. Abbreviations: E4P, erythrose-4-
phosphate; GAP, glyceraldehyde-3-phosphate; GLY, glycine; Mal, malate; OAA, oxaloacetic 
acid; P5P, pentose-5-phosphate; PPP, pentose phosphate pathway; SER, serine; S7P, 
sedoheptulose-7-phosphate; TA, transaldolase; TK, transketolase; ub, upper bound; lb, lower 
bound; 
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Net carbon flux analysis 

To obtain a more complete description of the carbon flux distributions, we used a 
comprehensive isotopomer balancing model of B. subtilis (7, 9), the corrected GC-MS data, 
and the physiological data (Appendix B) to estimate the intracellular net fluxes during the 
intervals shown in Fig. 5A. Generally, the flux distributions in central metabolism were 
relatively stable during the first generations (Appendix D), with the exception of the PP 
pathway (data partly shown in Fig. 6). During the first generation the oxidative PP pathway 
was virtually absent and low fluxes through the non-oxidative PP pathway provided sufficient 
pentose precursors for growth and the high riboflavin formation. After one generation, the 
oxidative PP pathway flux increased gradually up to 32% of the catabolic flux after three 
generations.  

 

 
 
Figure 6 – Intracellular net fluxes through glycolysis and PP pathway in B. subtilis RB50::pRF69 
during the initial 3 generations of a glucose-limited chemostat culture at a dilution rate of 0.05 h-1. 
The lines are drawn to scale to the carbon fluxes. Abbreviations: F6P, fructose-6-phosphate; T3P, 
triose-3-phosphate; PGA, phosphoglycerate.  

 
The estimated net fluxes are in good agreement with the independently determined 

flux ratios (Fig. 5). The changes in oxidative PP pathway fluxes reflect the differences in the 
origin of pentoses (Fig. 5G-I) and PEP that was generated through the PP pathway (Fig. 5B). 
Flux ratios calculated from net flux values at the PEP, PYR, and OAA nodes compare 
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favorably with the METAFoR data (data not shown). To verify the reliability of the flux 
estimates, the linearized model was used to calculate the confidence regions around the 
solution, as described previously (7). The obtained confidence intervals were similar to those 
of NMR-based analyses in steady-state (7, 10). After 1.5 generations, the 68% confidence 
interval for the fluxes through the oxidative PP pathway, glycolysis (PGA to PEP), and the 
TCA cycle, are 15%, 5%, and 5% of the glucose uptake rate, respectively. For reasons 
discussed elsewhere (8, 25), net flux estimates in the PEP-PYR-OAA triangle exhibit larger 
confidence intervals. 

 

Transcriptome analysis 

To assess correlations between differential gene expression and riboflavin production 
transients, we used the Affymetrix GeneChip microarrays to monitor genome-wide RNA 
transcription. These microarrays contain probes that are specific to 4’112 open reading frames 
and 603 intergenic regions larger than 250 nucleotides in the B. subtilis genome (18).  
Specifically, we compared the RNA expression patterns in B. subtilis RB50::pRF69 during 
glucose-limited continuous cultures at a D of 0.05 h-1, in aliquots harvested after 0.3 and 3.5 
generations. These conditions correspond to the above described states of high and low 
riboflavin production rates, respectively (Fig. 6). Aliquots from these three independent 
cultures were separately analyzed, and the resulting normalized expression data used to 
calculate the average intensities and the standard deviation, which were used to describe the 
transcript levels at the two time points.  

A very good correlation was shown by the comparison of the transcripts for high and 
low riboflavin production rates (Fig. 7): the Pearson correlation coefficient calculated from 
the averaged datasets was of 0.97, which is high when compared to other studies comparing 
two different physiological conditions (18). This indicates that the vast majority of genes are 
expressed at about the same level under the two conditions. In particular, all known genes of 
central carbon metabolism or respiration exhibited fold-changes that were lower than two 
(Table 1). Among these, limited but statistical relevant variations (p-value less than 0.1) were 
observed only for gapB and the pyruvate dehydrogenase operon, which exhibited a fold-
change of 0.6 and 1.5, respectively. Concomitantly with the decrease of the gluconeogenic 
gapB expression, its glycolytic counterpart gapA exhibited a two-fold increase, the highest 
value that was detected in central metabolism, but the p-value of 0.17 indicates that it may not 
be significant.  
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Figure 7 – Scatterplot of average intensities from hybridization experiments with cDNA prepared 
from B. subtilis RB50::pRF69 harvested after 0.3 and 3 generations under glucose limitation in 
continuous cultures at a D of 0.05 h-1. The experiments were done in triplicates. Diagonal lines 
indicate a two-fold change in transcript levels. 

 
Although the expression of purR, the transcriptional repressor of the purine operons, 

was constant, 7 of the 14 genes that are necessary for the biosynthesis of the riboflavin 
precursor inositol-monophosphate exhibited a fold-change of about 0.6, suggesting partial 
downregulation of the purine pathway. While five rib genes were generally at very high levels 
that may saturate the detection system, expression of four rib genes was reduced by 20-40% 
after 3.5 generations. The genes encoding for enzymes involved in biosynthesis of glycine, a 
building block of riboflavin, were equally expressed at both time points. 

Consistent with the high correlation coefficient, a screening for genes showing at least 
two-fold changes and a confidence interval of 90% (p-value less than 0.1) yielded only 22 hits 
among the 4’112 gene probed: 14 of which were up-regulated and 8 were down-regulated 
(Tab. 2). Prominently, a 3 to 5-fold increase in the transcription of the ptsGHI genes was 
detected, indicating the induction of the phosphotransferase system for glucose uptake. 
Activation of the glucose PTS system is supported by a 10.8-fold change of glcT, the 
transcriptional antiterminator that is essential for the expression of the ptsGHI operon. 
Significant induction after 3.5 generations is shown for transcripts of the DNA-binding stress 
protein MrgA (1), the sublancin 168 precursor peptide sunA (23), the cell/shape determining 
protein mreBH, the stress protein ClpE (12), and for the genes ykvZ, yfiY, ykpC, and yfhE, all 
encoding for proteins unknown function. In contrast, the transcription of flagellin (2, 20), the 
oligopeptide ABC transporter operon oppABCD (17), the putative serine-dehydratase sdaAB, 
and the gene encoding for the protein of unknown function YoeB, were expressed at higher 
level in the samples collected during high riboflavin production rates. 
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  Generations   
  0.3 3.5 

ORF Description av.a sd.b av. a sd. b 
Fold 

changec 
p-

valued 
Glycolysis       
pgi glucose-6-P isomerase 324 54 238 83 0.7 0.39 
pfk 6-phosphofructokinase 434 26 539 119 1.2 0.25 
fbp fructose-1,6-bisphosphatase 195 13 172 18 0.9 0.33 
fbaA fructose-1,6-bis-P aldolase 741 123 538 266 0.7 0.46 
iolJ fructose-1,6-bis-P aldolase 170 36 204 30 1.2 0.41 
tpi triose-P isomerase 209 34 268 32 1.3 0.10 
gapA glyceraldehyde-3-P dehydrogenase (NADH) 140 18 283 104 2.0 0.17 
gapB glyceraldehyde-3-P dehydrogenase (NADPH) 525 85 326 70 0.6 0.00 
pgk P-glycerate kinase 324 7 354 87 1.1 0.61 
pgm P-glycerate mutase 359 71 409 114 1.1 0.64 
eno enolase 252 10 353 57 1.4 0.12 
pykA pyruvate kinase 592 76 745 45 1.3 0.04 
pdhA pyruvate dehydrogenase (e1 alpha subunit) 237 22 344 72 1.5 0.07 
pdhB pyruvate dehydrogenase (e1 beta subunit) 174 13 298 82 1.7 0.10 
pdhC pyruvate dehydrogenase (e2 subunit) 239 32 329 75 1.4 0.27 
pdhD dihydrolipoamide dehydrogenase (e3 subunit ) 432 29 587 54 1.4 0.08 
pycA pyruvate carboxylase 984 323 923 362 0.9 0.88 
pckA PEP carboxykinase 312 55 320 49 1.0 0.77 
pps PEP synthase 149 57 149 27 1.0 0.99 
       
PP pathway       
zwf similar to glucose-6-P 1-dehydrogenase  404 56 287 94 0.7 0.20 
yqjI similar to 6-P-gluconate dehydrogenase  421 70 420 41 1.0 0.96 
gntZ 6-P-gluconate dehydrogenase 149 36 175 29 1.2 0.40 
yloR similar to ribulose-5-P 3-epimerase 119 19 126 5 1.1 0.57 
ywlF similar to ribose 5-P epimerase  401 22 330 39 0.8 0.14 
tkt transketolase 388 22 354 55 0.9 0.26 
ywjH similar to transaldolase  542 61 459 165 0.8 0.56 
       
TCA cycle       
citA citrate synthase I (minor) 96 41 124 33 1.3 0.52 
citZ citrate synthase II (major) 767 110 903 99 1.2 0.05 
citB aconitate hydratase 364 130 422 19 1.2 0.57 
citC isocitrate dehydrogenase 409 87 430 59 1.1 0.80 
odhA 2-oxoglutarate dehydrogenase (e1 subunit) 1419 233 1465 454 1.0 0.92 
odhB 2-oxoglutarate dehydrogenase complex  1737 355 1878 449 1.1 0.77 
sdhA succinate dehydrogenase (flavoprotein subunit) 1312 172 1215 635 0.9 0.85 
sdhB succinate dehydrogenase (iron-sulfur protein) 980 177 903 254 0.9 0.75 
sdhC succinate dehydrogenase (cytochrome b558) 420 49 403 89 1.0 0.82 
sucC succinyl-coa synthetase (beta subunit) 1013 171 1001 235 1.0 0.96 
sucD succinyl-coa synthetase (alpha subunit) 2037 225 2076 496 1.0 0.93 
citG fumarate hydratase 675 34 595 118 0.9 0.46 
citH malate dehydrogenase 898 124 852 270 0.9 0.86 
yqkJ similar to malate dehydrogenase 225 12 248 36 1.1 0.45 
malS malic enzyme 641 89 717 170 1.1 0.65 
ywkA malic enzyme 109 64 116 28 1.1 0.90 
ytsJ malic enzyme 442 51 384 70 0.9 0.48 

a average intensity and b standard deviation of 3 independent experiments; c ratio of average intensities after 3.5 
and 0.3 generations; d probability that the difference in gene expression occurred by chance, calculated from 
paired t-test 
 

Table 1 – Transcription of selected genes in B. subtilis RB50::pRF69 after 0.3 and 3.5 generations 
of glucose-limited chemostat culture. The table continues on the next pages. 
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 continued from previous page 
  Generations   
  0.3 3.5 

ORF Description av.a sd.b av. a sd. b 
Fold 

changec 
p-valued 

Purine pathway       
purR transcriptional repressor of the purine operons 233 38 244 24 1.0 0.75 
prs P-ribosyl pyro-P synthetase 64 22 85 19 1.3 0.34 
purF glutamine P-ribosylpyro-P amidotransferase 1061 227 612 121 0.6 0.12 
purD P-ribosylglycinamide synthetase 689 114 431 48 0.6 0.08 
purN P-ribosylglycinamide formyltransferase 700 98 430 140 0.6 0.19 
purQ P-ribosylformylglycinamidine synthetase I 1434 258 850 343 0.6 0.23 
purL P-ribosylformylglycinamidine synthetase II 1173 260 746 527 0.6 0.45 
purM P-ribosylaminoimidazole synthetase 1084 92 740 336 0.7 0.23 
purE P-ribosylaminoimidazole carboxylase I 276 68 280 133 1.0 0.96 
purK P-ribosylaminoimidazole carboxylase II 491 96 589 580 1.2 0.81 
purC P-ribosylaminoimidazole succinocarboxamide 

synthetase 
533 167 417 337 0.8 0.70 

purB adenylosuccinate lyase 514 95 620 605 1.2 0.81 
purH inosine-mono-P cyclohydrolase 714 114 447 88 0.6 0.15 
purA adenylosuccinate synthetase 274 24 329 210 1.2 0.68 
purT P-ribosylglycinamide formyltransferase 220 78 254 36 1.2 0.37 
guaB inositol-mono-P dehydrogenase 124 13 119 17 1.0 0.74 
guaA GMP synthetase 206 8 204 25 1.0 0.90 
yloD similar to guanylate kinase 618 74 482 38 0.8 0.17 
       
Riboflavin biosynthesis       
ribA GTP cyclohydrolase II and 3,4-dihydroxy-2-

butanone 4-P synthase 
5911 2056 4111 1967 0.7 0.44 

ribB riboflavin synthase (alpha subunit) 4022 1328 2382 871 0.6 0.23 
ribH riboflavin synthase (beta subunit) 6517 2073 5023 2487 0.8 0.54 
ribC FAD synthase 211 17 181 16 0.9 0.04 
ribG riboflavin-specific deaminase 9052 3411 7612 3746 0.8 0.69 
ribR riboflavin kinase 52 27 50 13 1.0 0.94 
ribT reductase 7852 2576 7226 4083 0.9 0.86 
       
Glycine biosynthesis       
serA P-glycerate dehydrogenase 260 56 268 68 1.0 0.91 
serC P-serine aminotransferase 177 25 171 42 1.0 0.85 
glyA serine hydroxymethyltransferase 805 134 776 429 1.0 0.94 
folD methenyltetrahydrofolate cyclohydrolase 284 43 359 118 1.3 0.27 
       
Overflow metabolism       
ackA acetate kinase 46 24 70 25 1.5 0.15 
pta P-transacetylase 100 39 149 23 1.5 0.23 
lctE L-lactate dehydrogenase 144 56 198 47 1.4 0.25 
alsD alpha-acetolactate decarboxylase 62 27 80 16 1.3 0.36 
alsS alpha-acetolactate synthase 103 49 135 62 1.3 0.63 
acoA acetoin dehydrogenase e1 component  2351 503 1705 560 0.7 0.21 
acoB acetoin dehydrogenase e1 component  1745 360 1328 476 0.8 0.07 
acoC acetoin dehydrogenase e2 component  1865 160 1496 409 0.8 0.14 
acoL acetoin dehydrogenase e3 component  2046 201 1717 460 0.8 0.25 
acoR transcriptional regulator 583 85 555 203 1.0 0.85 
acuA acetoin dehydrogenase 427 95 364 93 0.9 0.26 
acuB acetoin dehydrogenase 477 108 418 173 0.9 0.58 
acuC acetoin dehydrogenase 633 32 540 142 0.9 0.45 

a average intensity and b standard deviation of 3 independent experiments; c ratio of average intensities after 3.5 
and 0.3 generations; d probability that the difference in gene expression occurred by chance, calculated from 
paired t-test 
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continued from previous page 
  Generations   
  0.3 3.5 

ORF Description av.a sd.b av. a sd.b 
Fold 

changec 
p-valued 

Respiratory chain       
qoxA cytochrome aa3 quinol oxidase (subunit II) 497 41 478 178 1.0 0.84 
qoxB cytochrome aa3 quinol oxidase (subunit I) 238 34 218 54 0.9 0.46 
qoxC cytochrome aa3 quinol oxidase (subunit III) 227 12 212 15 0.9 0.17 
qoxD cytochrome aa3 quinol oxidase (subunit IV) 147 42 183 27 1.2 0.44 
cydA cytochrome bd ubiquinol oxidase (subunit I) 103 42 126 43 1.2 0.53 
cydB cytochrome bd ubiquinol oxidase (subunit II) 133 79 155 57 1.2 0.76 
cydC ABC membrane transporter  90 29 104 35 1.2 0.71 
cydD ABC membrane transporter  133 54 180 49 1.4 0.34 
qcrA menaquinol:cytochrome c oxidoreductase  311 22 241 14 0.8 0.07 
qcrB menaquinol:cytochrome c oxidoreductase  632 67 499 19 0.8 0.11 
qcrC menaquinol:cytochrome c oxidoreductase  621 78 498 64 0.8 0.22 
cccA cytochrome c550 460 82 392 47 0.9 0.18 
cccB cytochrome c551 309 53 314 81 1.0 0.92 
ctaA heme-containing membrane protein 110 32 97 5 0.9 0.60 
ctaB cytochrome caa3 oxydase assembly factor 291 30 229 41 0.8 0.27 
ctaC cytochrome caa3 oxidase (subunit II) 148 21 118 29 0.8 0.37 
ctaD cytochrome caa3 oxidase (subunit I) 148 17 135 44 0.9 0.73 
ctaE cytochrome caa3 oxidase (subunit III) 141 38 121 9 0.9 0.41 
ctaF cytochrome caa3 oxidase (subunit IV) 119 24 118 32 1.0 0.98 
ythA similar to cytochrome d oxidase subunit 144 49 184 57 1.3 0.51 
ythB similar to cytochrome d oxidase subunit 89 41 94 53 1.1 0.92 
       
Sugar uptake       
ptsG PTS glucose-specific enzyme IIabc component 502 43 2763 925 5.5 0.06 
ptsH PTS hpr protein 456 67 1763 144 3.9 0.00 
ptsI PTS enzyme I 814 93 2344 828 2.9 0.10 
msmX multiple sugar-binding transport  501 71 510 90 1.0 0.93 
yurJ similar to multiple sugar ABC transporter  218 37 199 39 0.9 0.54 
glcK glucose kinase 400 28 393 127 1.0 0.94 
       
Transcriptional regulators       
abrB pleiotropic regulator of transition state genes 1124 547 821 99 0.7 0.37 
ccpA carbon catabolite repression 247 39 228 22 0.9 0.20 
codY pleiotropic repressor 222 25 261 11 1.2 0.08 
cggR repressor of gapA 60 21 99 46 1.7 0.29 
tnrA global nitrogen regulation 145 52 134 29 0.9 0.79 
       
Sigma factors (σ)       
sigA RNA pol. major σ43 factor (σa) 462 75 474 24 1.0 0.72 
sigB RNA pol. general stress  1339 524 1604 604 1.2 0.31 
sigD RNA pol. flagella, motility, chemotaxis, autolysis  175 54 205 49 1.2 0.46 
sigE RNA pol. sporulation mother cell-specific  78 35 77 24 1.0 0.97 
sigF RNA pol. sporulation forespore-specific (early) 188 36 193 35 1.0 0.83 
sigG RNA pol. sporulation-specific (σg) 113 57 117 35 1.0 0.93 
sigH RNA pol. vegetative and early stationary-phase  240 14 194 19 0.8 0.14 
sigL RNA pol. σ54 factor (σl) 592 66 467 135 0.8 0.40 
sigV RNA pol. ECF-type (σv) 81 31 86 21 1.1 0.89 
sigW RNA pol. ECF-type (σw) 303 63 340 87 1.1 0.68 
sigX RNA pol. ECF-type (σx) 183 26 200 46 1.1 0.54 
sigY RNA pol. ECF-type (σy) 478 69 852 141 1.8 0.09 
sigZ RNA pol. ECF-type (σz) 91 31 98 28 1.1 0.81 

a average intensity and b standard deviation of 3 independent experiments; c ratio of average intensities after 3.5 
and 0.3 generations; d probability that the difference in gene expression occurred by chance, calculated from 
paired t-test 
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 continued from previous page 

a average intensity and b standard deviation of 3 independent experiments; c ratio of average intensities after 3.5 
and 0.3 generations; d probability that the difference in gene expression occurred by chance, calculated from 
paired t-test 

 

Table 2 – Genes showing at least a two-fold variation in the average intensity from hybridization 
experiments with cDNA prepared from B. subtilis RB50::pRF69 harvested after 0.3 and 3 
generations under glucose limitation in continuous cultures at a D of 0.05 h-1. 

  Generations   
  0.3 3.5 

Probe Description av.a sd.b av.a sd.b 
Fold 

changec 
p-valued 

Upregulated 
glcT transcriptional antiterminator essential for the 

expression of the PTSghi operon 
86 38 929 311 10.8 0.04 

ykvZ similar to transcriptional regulator (lacI family) 95 36 667 71 7.0 0.01 
ptsG PTS glucose-specific enzyme IIabc component 502 43 2763 925 5.5 0.06 
mrgA metalloregulation dna-binding stress protein 448 132 1807 220 4.0 0.02 
ptsH PTS (Hpr protein) 456 67 1763 144 3.9 0.00 
ptsI PTS enzyme I 814 93 2344 828 2.9 0.10 
yfiY similar to iron(III) dicitrate transport permease 114 24 281 85 2.5 0.05 
rpmF ribosomal protein l32 406 30 935 161 2.3 0.02 
ykpC unknown 256 74 561 92 2.2 0.03 
sunA sublancin 168 lantibiotic antimicrobial precursor 

peptide 
283 119 588 162 2.1 0.01 

mreBH cell-shape determining protein 190 41 386 57 2.0 0.02 
clpE ATP-dependent Clp protease 163 75 328 27 2.0 0.08 
yfhE unknown 222 19 425 85 1.9 0.04 
nadC nicotinate-nucleotide pyrophosphorylase 238 120 454 60 1.9 0.04 
        

        
Downregulated 
yoeB unknown 1190 301 379 106 0.3 0.07 
hag flagellin protein 416 70 177 46 0.4 0.01 
trnD tRNA-Serine 3139 1522 1524 758 0.5 0.07 
oppA oligopeptide ABC transporter (binding protein)  1587 351 800 146 0.5 0.04 
oppB oligopeptide ABC transporter (permease)  354 97 176 28 0.5 0.05 
oppC oligopeptide ABC transporter (permease)  235 48 126 29 0.5 0.07 
oppD oligopeptide ABC transporter (ATP-binding 

protein)  
470 118 256 25 0.5 0.06 

sdaAB similar to P-glycerate dehydrogenase 439 61 223 24 0.5 0.04 
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DISCUSSION 

Highest riboflavin production in recombinant B. subtilis was found during metabolic 
conditions that are characterized by complete absence of oxidative PP pathway fluxes upon 
initiation of a glucose-limited chemostat culture. This is unexpected because three pentoses 
are required for the biosynthesis of riboflavin. Thus, the oxidative PP pathway is apparently 
not necessary for high riboflavin production. Since the flux to pentoses is about 3-fold higher 
in steady-state (with low riboflavin production) than during the first generation, the 
availability of pentoses is unlikely to limit riboflavin production. This conclusion is consistent 
with the results from glucose and gluconate co-feeding, where a two-fold flux increase 
through the oxidative PP pathway had only marginal effects on riboflavin production (10).  

Biosynthesis of riboflavin requires 13 ATP, and improving cellular genetics by 
cofeeding with acetoin (10) or the cyd mutation improved riboflavin yields (41). Consistently, 
the cyd mutant produces more riboflavin during the peak, which provides further evidence for 
the conclusion that the supply of energy equivalents is critical for high-level riboflavin 
production. While the cyd mutant still produced more biomass in steady-state, presumably as 
a consequence  of improved energy-coupling (41), its riboflavin yield was dramatically lower 
than during the peak. Thus, we conclude that steady-state riboflavin production is not limited 
by the supply of ATP. 

Another cofactor of riboflavin biosynthesis is the reducing equivalent NADPH, whose 
rate of production and consumption is indirectly accessible from the estimated net fluxes 
through the known cofactor dependencies of enzymes. For the example of the chemostat 
culture at D 0.05 h-1 (Fig. 6), 0.6, 1.1, and 1.3 mol NADPH per mol of consumed glucose are 
produced in excess over the demand for riboflavin and biomass synthesis at 0.3, 1.2, and 2.8 
generations, respectively. Since NADPH is available in excess under all conditions, it appears 
that NAPDH availability is not relevant for the decline in riboflavin productivity. 

Although below the maximum theoretical yield of 0.17 g g-1 (27), it would be 
commercially important if the highest yield of 0.07 g g-1 achieved here could be sustained 
beyond the peak production at 1-2 generations. The comparably low yield values that are 
obtained in steady-state after about three generations were seemingly not a consequence of 
genetic degeneration, missing co-substrates, or limited availability of pentoses, ATP, or 
NADPH. This indicates that the problem of reduced production resides in the riboflavin 
biosynthesis pathway, but the present flux data do not allow to distinguish between a 
regulatory or kinetic-thermodynamic nature of the problem, perhaps at a single reaction 
within the pathway. 

The transcript analysis of the purine and riboflavin pathways corroborates this 
conclusion. More than half of the biosynthetic genes in these two pathways consistently 
showed a reduction of 30-40% in transcription after 3.5 generations in chemostat cultures, 
when compared to 0.3 generations (Tab. 1). Expression data of central metabolism genes 
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indicate that fluctuations are limited and do not occur in most genes of the same pathway. 
Hence, the consistent decrease in transcript levels of the pur and rib genes appears to be 
relevant. The main regulator of the purine operons, PurR (35), exihibited similar intensity 
signals at high and low riboflavin production rates. Furthermore, many of the genes that are 
controlled by PurR but are not directly related to purine biosynthesis such as glyA, folD, 
pbuX, yumD, and ytiP (31) were expressed at constant levels. This indicates that the decrease 
in pur gene expression is not directly caused by PurR regulation.  

For the 18 genes with known function and significant differential expression during 
riboflavin transients (Tab. 2), we are not able to draw a link to the observed phenotype. The 
strong induction of the glucose PTS system does not appear to compensate for repression of 
an alternative uptake system, but is probably a strategy of B. subtilis to adapt to the severe 
glucose limitation in the chemostat.  

The transients in metabolic fluxes do not generally correlate with differences in the 
transcript levels of the genes in the PP pathway and the upper glycolysis. Hence, routing of 
catabolic fluxes through the oxidative PP pathway is not controlled at transcriptional level. 
The first enzyme of the oxidative PP pathway, the glucose-6-P dehydrogenase encoded by 
zwf, is indeed subject to feedback inhibition by NADPH (19, 22, 34). To this respect, the 
inverted expression trends of the NADH-dependent GapA and its NADPH-isoenzyme GapB 
may be relevant. After 0.3 generations transcription of gapB is predominant and thus the 
GAP-dehydrogenase fluxes could be to a significant extent NADPH-dependent. This would 
increase the overall NADPH production from 0.6 mol per mol of consumed glucose to 
maximally 2.50 mol mol-1, as calculated from the fluxes reported in Appendix D. To date, 
specific kinetic data for the B. subtilis glucose-6-P dehydrogenase are however missing. 

The flux methods described here are an extension of frequently used 13C-labeling 
methods with proteinogenic amino acids into non-steady-state conditions (7, 14, 32, 36). 
Analytical sensitivity sets an upper limit on the rate of sampling, since about 10% of newly 
generated, 13C-labeled biomass are required for the GC-MS analysis. On the other hand, the 
rate of sampling should be as short as possible because the differentially calculated mass 
distributions in amino acids and physiology are assumed to be constant during investigated 
intervals. Hence, a trade-off between ideally long 13C-labeling times and preferably short 
linearization intervals must be used and 0.3 – 0.7 generations was found to be optimal for the 
experiments shown here. Strong evidence for the reliability of this methodology comes from 
the favorable agreement of the results obtained with local METAFoR and global net flux 
analysis, which represent independent interpretations of the same MS data set. To further 
compare the results with traditional 13C-labeling experiments in steady-state, the flux ratios 
from NMR-based METAFoR analysis (28) of a B. subtilis RB50::pRF69 culture grown under 
similar conditions at a D of 0.15 h-1 (see Chapter 6) and labeled with 20% [U-13C] glucose 4 
generations were plotted in Fig. 5. All considered NMR and MS-based flux ratios compare 
favorably within the experimental error. Similarly, net flux estimates obtained with an 
isotopomer model and NMR data (7) agree well with the net flux estimates obtained from the 
same model on the basis of GC-MS data. 
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APPENDICES 

 

 [ ] [ ]end0 AAAA  

Ala 0.478 
Asp 1.274 
Glu 0.532 
Gly 0.961 
His 1.201 
Ile 1.713 
Leu 1.274 
Lys 1.862 
Met 1.735 
Phe 2.436 
Pro 1.611 
Ser 0.866 
Thr 1.709 
Tyr 1.202 
Val 0.949 

 

Appendix A – Experimental value of [ ] [ ]end0 AAAA  (Eqs. 3 and 6) for the uptake of 13C-label 
in proteinogenic amino acids during a glucose-limited continuous culture with a D of 0.05 h-1. 

 

 

Interval 1 2 3 4 5 6 7 
Glucose -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 -1.5 
CO2 5.1 5.1 4.9 4.9 4.9 4.9 4.9 
Riboflavin 0.02 0.02 0.02 0.01 0.01 0.01 0.01 
Acetate -1.01 0.00 0.00 0.00 0.00 0.00 0.00 
Citrate 0.00 0.00 0.00 0.00 0.00 0.03 0.00 
Succinate 0.00 0.05 0.07 0.08 0.12 0.09 0.08 
Pyruvate 0.00 0.03 0.02 0.03 0.04 0.02 0.02 

 

Appendix B – Specific production (positive values) and consumption rates (negative) of carbon 
metabolites for the intervals shown in Fig. 5A. All rates are expressed in mmol gCDW-1 h-1. 
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Interval 1 2 3 4 5 6 7 
 fr. ± fr. ± fr. ± fr. ± fr. ± fr. ± fr. ± 
PEP through PPP (ub) 0.14 0.10 0.31 0.10 0.43 0.10 0.38 0.10 0.32 0.10 0.34 0.10 0.38 0.10 
PEP through TK 0.06 0.04 0.12 0.04 0.17 0.04 0.15 0.04 0.13 0.04 0.14 0.04 0.15 0.04 
OAA from PYR 0.29 0.05 0.27 0.05 0.35 0.05 0.40 0.05 0.39 0.05 0.39 0.04 0.40 0.05 
Labeled CO2 0.07 0.05 0.15 0.06 0.18 0.05 0.15 0.05 0.14 0.04 0.15 0.04 0.14 0.04 
PYR from MAL (ub) 0.24 0.05 0.06 0.05 0.10 0.06 0.13 0.06 0.04 0.06 0.10 0.06 0.07 0.07 
PYR from MAL (lb) 0.17 0.03 0.04 0.04 0.06 0.04 0.08 0.04 0.02 0.04 0.06 0.03 0.04 0.03 
PEP from OAA 0.05 0.03 0.12 0.03 0.13 0.03 0.11 0.03 0.07 0.03 0.06 0.03 0.16 0.03 
SER from GLY 0.90 0.05 0.77 0.07 0.65 0.07 0.51 0.08 0.49 0.07 0.50 0.06 0.52 0.08 
GLY from SER 0.95 0.08 0.93 0.08 0.96 0.08 0.96 0.08 0.99 0.08 0.97 0.07 0.94 0.08 
E4P through TK 0.67 0.05 0.65 0.05 0.59 0.05 0.56 0.05 0.53 0.05 0.57 0.05 0.56 0.05 
E4P from P5P 1.32 0.18 1.29 0.18 1.07 0.14 0.95 0.13 1.11 0.17 1.24 0.22 1.08 0.15 
P5P from G6P (lb) 0.12 0.07 0.17 0.07 0.09 0.07 0.06 0.07 0.31 0.07 0.33 0.07 0.26 0.07 
P5P from G3P and S7P 0.51 0.06 0.50 0.06 0.55 0.06 0.58 0.06 0.47 0.06 0.46 0.06 0.52 0.06 
P5P from E4P 0.37 0.06 0.33 0.06 0.36 0.06 0.35 0.06 0.22 0.06 0.20 0.06 0.22 0.06 

 
Appendix C – Metabolic flux ratios from Figure 5. Abbreviations: fr., fraction of total pool. 

 

 
Interval 1 2 3 4 5 6 7 
1: G6P->F6P 98 82 77 77 75 70 65 
2: G6P->PEN+CO2+2NADPH 0 15 20 20 20 27 31 
3: F6P+ATP->2T3P 93 87 86 86 86 85 83 
4: Pen+E4P->F6P+T3P -3 2 4 4 4 7 8 
5: 2Pen->S7P+T3P -2 3 5 6 6 8 10 
6: S7P+T3P->E4P+F6P -2 3 5 6 6 8 10 
7: T3P->PGA+NADH+ATP 182 174 174 175 176 174 173 
8: PGA->PEP 175 166 166 167 168 166 172 
9: PEP->PYR+ATP 173 164 164 165 166 164 163 
10: Pyr->AcCoA+CO2+NADH 127 136 129 131 127 128 126 
11: OaA+AcCoA->OGA+NADPH+CO2 119 127 120 122 119 120 117 
12: OGA+0.25ATP->FUM+CO2+2NADH 116 122 115 116 114 112 112 
13: Fum->Mal 116 121 114 116 113 112 111 
14: Mal->Oaa+NADH 88 106 93 95 88 95 94 
15: Mal->PYR+CO2+NADPH 3 15 13 15 14 10 8 
16: OAA+ATP->PEP+CO2 0 1 0 0 0 0 0 
17: Pyr+CO2+ATP->Oaa 37 30 34 34 38 32 31 
18: NADPH->NADH 64 113 115 120 118 122 132 
19: O2+2NADH->2P/O x ATP 355 397 380 386 377 381 383 
20: PGA+NADPH+ATP+NH3->SER+NADH 3 3 3 3 2 3 3 
21: SER+ATP+2NADPH->GLY+C1+NADH 2 2 2 2 2 2 2 
22: C1+CO2->GLY 1 1 1 1 0 1 1 
23: GLC+ATP->G6P 100 100 100 100 100 100 100 
24: ACA->AC+1.25ATP 0 0 0 0 0 0 0 
25: AC+1.25ATP->ACA 0 0 0 0 0 0 0 
26: PREC->RIBO 2 2 1 1 1 1 1 

 
Appendix D – Net carbon fluxes in B. subtilis RB50::pRF69 during the initial 3 generations of a 
glucose-limited chemostat culture at a dilution rate of 0.05 h-1. Intervals are as shown in Fig. 5A. 
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SUMMARY 

To assess the capacity of wild-type Bacillus subtilis to cope with imbalances of the 
metabolic redox state of NADPH, we constructed a set of mutants with modified oxidative 
pentose phosphate pathway fluxes. Using 13C-tracer experiments and metabolic flux analysis 
in batch cultures, we demonstrated that B. subtilis can flexibly compensate for the catabolic 
overproduction of NADPH in phosphoglucoseisomerase mutants. Knockout of two potential 
redox cycles via GapB and YtsJ that could catalyze the transfer of electrons from NADPH to 
NAD+ affected the metabolic fluxes of phosphoglucoisomerase mutants only marginally. 
Thus it appears that redox cycles are not the predominant NADPH reoxidation mechanism in 
B. subtilis. Our data suggest instead that a pyridine nucleotide transhydrogenase fulfills this 
function, since significant NADPH-dependent reduction of NAD+ activity was detected in 
crude cell extracts. 
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INTRODUCTION 

Utilization of the multitude of carbon sources depends on specific catabolic routes that 
degrade substrates into metabolically useful fragments that are intermediates of relatively few, 
highly conserved pathways in central carbon metabolism. The primary function of about 40 
central metabolic reactions is reforming these fragments into eleven precursor molecules that 
serve as common building blocks for the biosynthesis of macromolecular cell components in 
about a thousand anabolic reactions (19, 26). Simultaneously, central metabolism fuels these 
anabolic reactions with energy and redox cofactors, hence such pathways are also referred to 
as amphibolic because they fulfill both catabolic and anabolic functions. The primary cellular 
energy cofactor ATP is primarily generated from the redox equivalent NADH during 
oxidative phosphorylation in the respiratory chain of aerobic organisms. Although chemically 
very similar, the redox equivalent NADPH serves a distinct biochemical function by driving 
anabolic reduction reactions.  

While excess NADH can be readily reoxidized by transferring the electrons to oxygen 
in the respiratory chain, NADPH metabolism is generally more rigid because its reoxidation is 
largely determined by the anabolic reduction demand. Thus, in the absence of appropriate 
reactions that reoxidize NADPH at the expense of NADH oxidation, the catabolic formation 
of NADPH via the oxidative pentose phosphate (PP) pathway and the NADPH-dependent 
isocitrate dehydrogenase in the tricarboxylic acid (TCA) cycle (Fig. 1) must be balanced with 
the anabolic requirements. Indeed, some organisms such as the yeast Saccharomyces 
cerevisiae cannot tolerate imbalances between catabolic NADPH production and anabolic 
NADPH consumption (4, 27). Three different biochemical mechanisms could bring about 
NADPH reoxidation without of anabolic demands, thus could potentially uncouple catabolic 
NADPH formation from anabolic NADPH consumption. First, the reversible 
transhydrogenase reaction 

[NADPH] + [NAD+] + [H+
in] ↔ [NADP+] + [NADH] + [H+

out] 
may be catalyzed by either a membrane-bound, proton-translocating or a soluble, energy-
independent transhydrogenase (3, 22). Such an uncoupling function was indeed demonstrated 
for the soluble transhydrogenase by heterologous expression in S. cerevisiae (16, 27). Second, 
some organisms employ redox cycles, in which combinations of reactions or isoenzymes with 
different cofactor specificities catalyze an effective transhydrogenation without affecting the 
net carbon flux. Examples of transhydrogenation cycles include simultaneous isoform 
operation of isocitrate dehydrogenases in animal mitochondria (34), of glyceraldehyde-3-P 
dehydrogenases (41), and of alcohol dehydrogenases in Kluyveromyces lactis (28). Third, 
NADPH may deliver electrons directly to the respiration chain of organisms that contain 
NADPH dehydrogenases such as mitochondria of plants and certain yeasts (6, 25, 28). 

Despite its important role in linking the fundamental processes of catabolism and 
anabolism, however, even qualitative understanding of NADPH metabolism is still missing 
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for most organisms, including the Gram-positive model bacterium Bacillus subtilis. Metabolic 
flux analyses based on isotopic tracer experiments revealed that glucose catabolism produces 
significantly more NADPH than is required for growth (9, 12, 32). While these results 
demonstrate that B. subtilis is capable of NADPH reoxidation beyond the anabolic 
requirements, it is unclear at present which of the above three mechanism is actually 
employed. There are no homologues of any of the known transhydrogenases in the B. subtilis 
genome, but some transhydrogenase activity was reported in crude cell extracts (10). 
Furthermore, at least two transhydrogenation cycles could be hypothesized that would involve 
either the NADH- and NADPH-dependent isoforms of glyceraldehyde-3-P dehydrogenases 
(17) or malic enzyme (13) (Fig. 1). Finally, also NADPH-dependent dehydrogenase activity 
was reported for B. subtilis (2, 24).  

Here, we systematically perturb NADPH metabolism of B. subtilis by constructing 
mutants with modified catabolic NADPH formation in the oxidative PP pathway and with 
knockouts of the two potential transhydrogenation cycles. Global metabolic system responses 
are monitored by metabolic flux analysis based on 13C-labeling experiments, which is at 
present the exclusive methodology for quantitative assessing of the cellular NADPH balance 
(14, 18, 32, 42). 
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Figure 1 – Bioreaction network of B. subtilis central carbon metabolism. Dashed lines represent 
putative reactions and were not included in the stoichiometric model. Inactivated genes in the 
investigated mutants are highlighted in boxes. Abbreviations: G6P, glucose-6-P; F6P, fructose-6-
P; 6PG, 6-phosphogluconate; Ru5P, ribulose-5-P; R5P, ribose-5-P; X5P, xylulose-5-P; E4P, 
erythrose-4-P; S7P, sedoheptulose-7-P; GAP, glyceraldehyde-3-P; PGA, 3-
phosphoglyceraldehyde; Ser, Serine; Gly, glycine; C1, methyl group bound to tetrahydrofolate; 
PEP, phosphoenolpyruvate; OAA, oxaloacetate OGA, 2-oxoglutarate; zwf, G6P dehydrogenase; 
gntZ and yqjI, 6PG dehydrogenase; rpe, Ru5P-3-epimerase; pgi, phosphoglucoisomerase; gapA 
and gapB, GAP dehydrogenase; ytsJ, malS, and ywkA, malic enzymes. 
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MATERIALS AND METHODS 

Bacterial strains, growth conditions, and media 

The strains used or constructed in this study are listed in Table 1. Chromosomal gene 
inactivation was obtained by partial replacement of the gene of interest with either a 
neomycin (23) or a spectinomycin resistance cassettes (20), or the pMUTIN2 vector system 
(40). For all physiological and 13C-labeling experiments, frozen stocks were used to inoculate 
5 mL Luria-Bertani (LB) broth (21), containing neomycin, spectinomycin, or erythromycin at 
final concentration of 5, 100, or 0.5 mg L-1, respectively. After 8 h shaking at 37 ºC, 250 µl of 
such cultures were used to inoculate 50 mL M9 minimal medium (21) with 10 g L-1 glucose 
in 500 mL baffled shake flasks. At the end of the exponential growth phase after about 12 h, 
250 µL were withdrawn to inoculate 50 mL M9 medium with 5 g L-1 glucose for 
physiological characterization. All cultures were incubated at 37°C on a gyratory shaker at 
250 rpm. For 13C-labeling experiments, glucose was added either entirely as the [1-13C] 
labeled isotope isomer (Cambridge Isotopes, Andover, MA) or as a mixture of 20% (w/w) [U-
13C] (Martek Biosciences Corp., Columbia, MD) and 80% (w/w) natural glucose. Tryptophan, 
leucine, and methionine were supplemented when required at a final concentration of 50 mg 
L-1. 
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Strain Relevant genotype Source 
B. subtilis   

168 wild-type trpC2 BGSC 
168 pgi trpC2 ∆pgi::spc J. Deutscher 
168 pgi* contains a suppressor mutation that permits growth 

on glucose 
This study 

168 zwf trpC2 zwf::pMUTIN2 N. Ogasawara 
168 ytsJ trpC2 ytsJ::pMUTIN2 This study 
168 gapB trpC2 gapB::pMUTIN2 This study 
168 ytsJ ∆gapB trpC2 ytsJ::pMUTIN2 ∆gapB::neo This study 
168 pgi ytsJ trpC2∆ ∆pgi::spc ytsJ::pMUTIN2 This study 
168 pgi ytsJ* contains a suppressor mutation that permits growth 

on glucose 
This study 

168 pgi gapB trpC2 ∆pgi::spc ∆gapB::neo This study 
168 pgi* gapB contains a suppressor mutation that permits growth 

on glucose 
This study 

168 ywkA trpC2 ywkA::neo This study 
168 malS trpC2 malS::spc  This study 
168 ywkA malS trpC2 ywkA::neo ∆malS::spc This study 
168 ywkA ytsJ trpC2 ywkA::neo ytsJ::pMUTIN2 This study 
168 malS ytsJ trpC2 ∆malS::spc ytsJ::pMUTIN2 This study 
168 ywkA malS ytsJ trpC2 ywkA::neo ∆malS::spc ytsJ::pMUTIN2 This study 
   
1012 wild-type leuA8 metB5 (31) 
1012 pgi leuA8 metB5 pgi::neo This study 
1012 pgi* contains a suppressor mutation that permits growth 

on glucose 
This study 

1012 rpe leuA8 metB5 rpe::neo This study 
1012 rpe* contains a suppressor mutation that permits growth 

on glucose 
This study 

1012 zwf leuA8 metB5 zwf::spc This study 
1012 gntZ leuA8 metB5 gntZ::spc This study 
1012 yqjI leuA8 metB5 yqjI::neo This study 
1012 yqjI* contains a suppressor mutation that permits growth 

on glucose 
This study 

1012 zwf gntZ leuA8 metB5 zwf::neo gntZ::spc This study 
1012 zwf yqjI leuA8 metB5 zwf::spc yqjI::neo This study 
1012 zwf yqjI* contains a suppressor mutation that permits growth 

on glucose 
This study 

E. coli   
MG1655 λ-, F-, rph-1 ECSC 
MG1655 udhA pntAB λ-, F-, rph-1, ∆udhA, ∆pntAB (7) 

 
Table 1 – Bacterial strains used in this study 

 

 

Analytical Techniques 

Cell growth was monitored by measuring the optical density with a Klett-Summerson 
colorimeter (Bel-Art, Pequannock, NJ) using a green filter (520-580 nm). Glucose and acetate 
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concentrations in the supernatant were determined enzymatically and acetoin concentrations 
were assayed by GC analysis using a Carbowax MD-10 column (Macherey-Nagel). Specific 
consumption and production rates were calculated as described previously (33), using an 
experimentally determined correlation curve for cellular dry weight (CDW) and klett units.  

To prepare crude cell extracts for the transhydrogenase activity assay, 50 mL of M9 
cultures with 200 Klett units (corresponding to an OD600 of 1.5-2) were centrifuged at 3’500 g 
for 10 min, washed with 0.9% (w/v) NaCl and 10 mM MgSO4, and resuspended in the assay 
buffer, containing 50 mM Tris⋅HCl pH 7.6, 2 mM MgCl2, 4 mM phenylmethanesulfonyl 
fluoride, and 1 mM dithiothreitol (29). Cells were disrupted by passage through a French 
press (SLM Aminco, SLM Instruments), and centrifuged at 20’000 g and 4°C for 30 min. 
Supernatants were used within 1 h to assay in vitro transhydrogenase activity. For this 
purpose, the cell extract was diluted 1:10 in the same assay buffer. Background reactions were 
monitored spectrophotometrically at 375 nm, before and after addition of NADPH at a final 
concentration of 0.5 mM. The reaction was started by addition of the NAD+-analogue 3-
acetylpyridine adenine dinucleotide (extinction coefficient ε 9.02 mM-1 cm-1) to final 1 mM. 
The protein concentration in the samples was determined colorimetrically (Beckman). 

 

Sample Preparation and GC-MS measurement 

Culture aliquots were harvested at about 200 Klett units (OD600 between 1.5 and 2.0) 
by centrifugation at 3’500 g for 10 min, washed at least twice with ddH2O, and hydrolyzed in 
1.5 mL 6 M HCl at 105°C for 24 h in sealed microtubes. The hydrolyzate was dried at 60°C 
and derivatized for 1 h at 85°C in 50 µL dimethylformamide and 50 µL N-(tert-
butyldimethylsilyl)-N-methyl-trifluoroacetamide (18). Derivatized amino acids were 
measured on a series 8000 GC, combined with an MD 800 mass spectrometer (Fisons 
Instruments, Beverly, MA) as described previously (18).  
 

Determination of metabolic flux ratios and net carbon fluxes 

The GC-MS-derived amino acid mass distributions were corrected for naturally 
occurring isotopes and then used for metabolic flux ratio (METAFoR) analysis (18, 33, 38). 
In METAFoR analysis, the relative contributions of converging fluxes to a metabolite pool 
were estimated using a set of probabilistic equations and the mass distributions of selected 
fragments (18). For the quantification of net carbon fluxes in central metabolism in B. subtilis, 
we considered a biochemical network that includes the reactions of glycolysis, the PP 
pathway, and the TCA cycle (Fig. 1), yielding a system of linear equations with 20 reactions 
of unknown fluxes and 17 metabolite balances (without CO2). To this under-determined 
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system, five linearly independent constraints derived from the METAFoR data were added to 
the stoichiometric model as described in Chapter 3, yielding a system of 22 constraints and 20 
unknown fluxes. Using the precursors requirements of B. subtilis described by Dauner et al. 
(10), net fluxes were estimated minimizing the sum of the weighed square residuals of the 
constrains from both metabolite balances and flux ratios using the MATLAB (The Mathworks 
Inc., Natick, MI) function fmincon.  

The residuals were weighed by division with the experimental error. For flux ratios 
implemented as upper and lower bounds, only residuals from positive or negative deviations 
from the experimental value, respectively, were considered. An experimental error of 10% 
was assumed for all measured rates, e.g. glucose uptake, acetate production, and growth. The 
stoichiometric model included a reversible transhydrogenase reaction and aerobic respiration. 
These reactions allow balancing of redox cofactors, hence do not constrain the solution space. 
For this purpose and based on the expression analysis and biochemical properties of the 
known isoenzymes, the malic enzyme activity was assumed to be entirely NADPH-dependent 
(13). Notably, all mutants investigated here were analyzed with the complete model, so that 
no assumptions were made concerning the effect of the mutation. 



Chapter 5 

96 

RESULTS 

PP pathway knockouts 

To elucidate the flexibility of B. subtilis metabolism towards imbalances of the 
NADPH redox state, we constructed a set of mutants in the background of wild-type 1012 that 
alter the carbon flux through the PP pathway, which is the main NADPH-producing pathway 
(Fig. 1). While most deletion mutants are expected to reduce the flux and thus NADPH 
formation through the PP pathway, deletion of the pgi gene forces the entire catabolic flux to 
proceed through the PP pathway. The 1012 pgi, 1012 rpe, and 1012 yqjI mutants exhibited 
unusually long lag phases of at least 24 h upon first cultivation in M9 medium with glucose. 
Once they grew, however, growth was rapid and no further lag phases were observed in 
subsequent cultivations. This strongly indicates an inheritable adaptation or a suppressor 
mutation and thus these mutants are highlighted with an asterisk to indicate this fact. The 
1012 tkt mutant did not grow on glucose, not even when supplemented with all aromatic 
amino acids and histidine. All other mutants grew at least at half the maximum growth rate of 
wild-type 1012 (Tab. 2).  

The metabolic impact of the introduced mutations was then detected with metabolic 
flux ratio analysis by GC-MS (18) of batch cultures grown either on 100% [1-13C]glucose or a 
mixture of 20% (w/w) [U-13C]glucose and 80% natural glucose (Tab. 3). The fraction of 
serine molecules derived through the PP pathway affords an estimate of the glycolysis-to-PP 
pathway split ratio, which is additionally influenced by the withdrawal of erythrose-4-P and 
pentose-5-P for anabolism and the reversibility of transketolases. Based on this value, glucose 
catabolism in the 1012 pgi* mutant proceeded exclusively through the PP pathway, while in 
the 1012 rpe* mutant glycolysis was exclusively used. Thus, the potential suppressor 
mutation in these mutants does not reverse the primary metabolic effect of the knockout. All 
other mutants, however, had less distinct flux phenotypes.  
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 Strain 

maximum specific 
growth rate  

[1/h] 

specific glucose 
uptake rate 

[mmol/gCDW/h] 

specific acetate 
 production rate  
[mmol/gCDW/h]] 

1012 wild-type 0.62 9.5 0.9 
1012 pgi <0.05 - - 
1012 pgi* 0.42 5.7 0.0 
1012 zwf 0.38 6.8 0.2 
1012 gntZ 0.62 7.3 5.2 
1012 rpe  <0.05 - - 
1012 rpe* 0.35 5.7 1.2 
1012 yqjI <0.05 - - 
1012 zwf yqjI <0.05 - - 
1012 zwf gntZ 0.46 - - 
    
168 wild-type 0.43 9.0 2.1 
168 pgi* 0.45 6.1 0.0 
168 ywkA 0.42 - - 
168 malS 0.40 - - 
168 ytsJ 0.39 - - 
168 ytsJ ywkA 0.47 - - 
168 ytsJ malS 0.27 - - 
168 ywkA malS 0.47 - - 
168 malS ywkA ytsJ 0.29 - - 
168 gapB 0.28 - - 
168 ytsJ gapB 0.46 9.0 2.8 
168 pgi* gapB 0.48 8.2 0.4 
168 pgi ytsJ* 0.40 5.6 0.0 

 
Table 2 – Physiological data of the B. subtilis mutants used here. 

 
The oxidative PP pathway flux was only reduced (from 0.33 serine through the PP 

pathway in the parent to 0.09) in the 1012 zwf mutant (Tab. 3). Since no isoenzyme is known 
to exist for the zwf-encoded glucose-6-P dehydrogenase (1) and no significant homologues 
were found by sequence analysis, this residual flux may be catalyzed by the NAD(P)H-
dependent glucose dehydrogenase (encoded by gdh) and the gluconate kinase (gntK) in a 
bypass that routes glucose directly to 6-phosphogluconate (Fig. 1) (36). Based on sequence 
homologies, two putative isoenzymes encoded by gntZ and yqjI could catalyze the 6-
phosphogluconate dehydrogenase reaction (Fig. 1) (39). Growth of the 1012 yqjI mutant was 
severely impaired on glucose while the 1012 gntZ mutant had not detectable phenotype (Tab. 
2). This indicates that YqjI is the predominant isoenzyme during exponential growth on 
glucose. Although gntZ is part of the gluconate operon, it is not essential for gluconate 
catabolism (36) and so its function remains unclear. Notably, in both the gntZ and the yqjI* 
mutants a significant high fraction of serine was derived through the PP pathway.  
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1012 0.33 0.21 0.39 0.04 0.09  0.01 0.48 0.03 
1012 pgi* 1.05  0.92  0.44  0.15  0.33  0.02 0.38  0.00 
1012 rpe* 0.02  -0.02  0.46  0.11  0.26  0.05 0.04  0.01 
1012 zwf 0.09 0.13 0.51 0.16 0.32 0.00 0.00 0.14 
1012 gntZ 0.29  0.22  0.39  0.03  0.09  0.01 0.51  -0.02 
1012 yqjI* 0.40 0.25 0.59 0.06 0.09 0.02 0.59 0.01 
1012 zwf gntZ 0.02 0.01 0.41 0.05 0.12 0.04 0.00 0.00 
1012 zwf yqjI* 0.00 0.04 0.43 0.05 0.09 0.04 0.09 0.00 

 
Table 3 – Origin of central metabolic intermediates of B. subtilis wild-type 1012 and several PP 
pathway mutants during exponential growth on glucose. Flux ratios obtained from 100% [1-13C] 
glucose are labeled with an asterisk. All other values were obtained from a mixture of 20% (w/w) 
[U-13C] and 80% natural glucose. The average confidence intervals for the values listed from the 
left to the right were ± 0.02, 0.06, 0.04, 0.02, 0.05, 0.02, 0.06, and 0.04, respectively. For 
abbreviations see legend to Fig. 1. 

 
In B. subtilis only one of the genes encoding for the enzymes of the Entner-Doudoroff 

pathway was identified, the 2-keto-3-deoxygluconate-6-P aldolase encoded by kdgA (30) . 
The second enzyme 6-P-gluconate dehydratase, however, was not found. Our 13C-labeling 
experiments with PP pathway mutants confirm this. Specifically, catabolism of [1-13C]glucose 
through the ED-pathway would generate [1-13C]pyruvate, which was never observed in our 
experiments. Moreover, during growth of the 1012 pgi* mutant on [1-13C]glucose, the 
complete 13C-label was lost in the 6-P-gluconate dehydrogenase of the oxidative PP pathway, 
indicating that the 6-P- gluconate is entirely routed to the pool of pentoses. 

 

NADPH balance in mutants with modified glycolysis-to-PP pathway ratios 

While the above determined independent flux ratios afford a comprehensive overview 
of carbon metabolism, they do not allow to conclude directly on absolute intracellular fluxes, 
and thus the production rates of NADPH in PP pathway, isocitrate dehydrogenase, and 
potential redox cycles. For this purpose, absolute fluxes were estimated for wild-type 1012 
and the 1012 pgi* and 1012 rpe* mutants from the extracellular fluxes (Tab. 2), the detailed 
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precursor requirements for biomass composition (9), and the flux ratios of Tab. 3. Consistent 
with the METAFoR results, this metabolic flux analysis revealed slightly increased fluxes 
through the anaplerotic pyruvate carboxylase and malic enzyme in both mutants when 
compared to the parent (Fig. 2).  

 

 
 

Figure 2 – Metabolic flux distributions of B. subtilis wild-type 1012 (top values), 1012 pgi* 
(middle values), and 1012 rpe* (bottom values) during exponential growth on glucose. Flux 
values are relative to the specific glucose uptake rates that were 9.5, 5.7, and 5.7 mmol gCDW-1 h-

1 at growth rates of 0.62, 0.42, and 0.35 h-1 for 1012, 1012 pgi*, and 1012 rpe*, respectively. Gray 
arrows indicate precursor withdrawal for biomass biosynthesis. Confidence intervals were 
determined from the sensitivity towards measurement errors (Chapter 3). For abbreviations see 
legend to Fig. 1. 

 
The production rate of NADPH was indirectly assessed from the known cofactor 

specificity of NADPH-dependent enzymes and the consumption rate was directly obtained 
from the known NADPH requirement for biomass formation (9). In contrast to carbon-limited 
chemostat cultures (11, 12, 32),  NADPH production and consumption rates were balanced 
within the confidence intervals in the wild-type strain and the 1012 rpe* mutant. Decreased 
production of NADPH in the PP pathway of the 1012 rpe* mutant was compensated by 
higher fluxes through isocitrate dehydrogenase and malic enzyme. The 1012 pgi* mutant, 
however, exhibited a significant overproduction of 1.7 mol NADPH per mol of consumed 
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glucose. Thus, exclusive glucose catabolism through the PP pathway created a significant 
metabolic imbalance between catabolic NADPH formation and anabolic NADPH demand 
that must be relieved by efficient reoxidation of excess NADPH.  
 

Metabolic flux responses to malic enzyme knockouts  

The relevance of malic enzyme activity for B. subtilis metabolism is not yet 
understood. Since at least three isoenzymes with different cofactor specificities exist in B. 
subtilis, we investigated here their possible role in NADPH metabolism. For this purpose, the 
three known malic enzymes of B. subtilis malS, ywkA, and ytsJ were deleted in wild-type 168 
by insertion of an antibiotic resistance cassette. The mutants where grown in batch cultures 
with either 100% [1-13C]glucose or a mixture of 20% (w/w) [U-13C]glucose and 80% 
naturally labeled glucose to monitor their metabolic responses with METAFoR analysis by 
GC-MS (18) (Tab. 4). 
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168 0.28 0.21 0.50 0.06 0.11 0.03 
168 ytsJ 0.36 0.36 0.47 0.01 0.02 0.03 
168 ywkA 0.36 0.45 0.50 0.06 0.11 0.03 
168 malS 0.39 0.40 0.44 0.04 0.08 0.05 
168 ytsJ ywkA 0.33 0.32 0.50 0.02 0.03 0.05 
168 ytsJ malS 0.38 0.37 0.45 0.02 0.03 0.05 
168 ywkA malS - 0.36 0.46 0.01 0.03 0.04 
168 ytsJ ywkA malS 0.32 0.33 0.67 0.02 0.03 0.05 

 
Table 4 – Origin of central metabolic intermediates in B. subtilis wild-type 168 and malic enzyme 
mutants during exponential growth on glucose. Flux ratios obtained from 100% [1-13C] glucose 
are labeled with an asterisk. All other values were obtained from a mixture of 20% (w/w) [U-13C] 
and 80% natural glucose. The average confidence intervals for the values listed from the left to the 
right were ± 0.02, 0.06, 0.04, 0.02, 0.05, and 0.02, respectively. 
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All tested combinations of malic enzyme knockouts showed normal or only slightly 
reduced growth rate (Tab. 2), indicating that neither of the three is essential for growth on 
glucose. In B. subtilis wild-type 168 and the 168 ywkA and 168 malS mutants a small but 
significant fraction of pyruvate originated from malate, which is indicative of in vivo malic 
enzyme activity. In all strains that contain the ytsJ mutation, however, the fraction of pyruvate 
originating from malate was at the detection limit (Tab. 4). This provide evidence for the 
exclusive role of YtsJ in catalyzing the reaction from malate to pyruvate during growth on 
glucose. Doan and Aymerich showed that YtsJ is NADPH-dependent, whereas MalS and 
YwkA prefer NADH (13). Thus, under our conditions, the malic enzyme reaction is 
stoichiometrically coupled to the formation of NADPH. Overall, the flux profiles remained 
almost unaffected in the malic enzyme mutants with the high value of OAA derived through 
the TCA cycle in the triple malic enzyme mutant as the sole exception, which was confirmed 
in duplicate experiments.  

 

Contribution of redox cycles to the reoxidation of NADPH 

Previously published chemostat results (9, 12, 32) and our batch results with the 1012 
pgi* mutant (Fig. 2), demonstrate the presence of a NADPH reoxidation reaction in B. 
subtilis. This may be achieved in redox cycles of enzymes with different cofactor specificities. 
Two such cycles for NADPH oxidation can be hypothesized in central carbon metabolism of 
B. subtilis that depend on (i) the NADPH-dependent malic enzyme encoded by ytsJ, and (ii) 
the glyceraldehyde-3-P dehydrogenase (gapB). In the former case, flux from pyruvate to 
malate catalyzed in a NADPH-consuming reaction by YtsJ in concomitance with NADH-
dependent reaction from malate to pyruvate via MalS or YwkA would result in a net NADPH 
oxidation. Since only the exchange flux can produce electron exchange between NADPH and 
NAD+, the METAFoR-derived fraction of pyruvate originating from malate (Tab. 4) sets an 
upper bound for the transhydrogenation. Similarly, the reversible conversion of 
glyceraldehyde-3-P to 1,3-di-P-glycerate and vice-versa by action of the NADPH-dependent 
GapB and its NADH-dependent isoenzyme GapA would provide transhydrogenase-activity 
(17).  

To investigate the potential contribution of both hypothetical redox cycles to NADPH 
regeneration, gapB and ytsJ knockouts were introduced into B. subtilis wild-type 168 and the 
NADPH-overproducing 168 pgi* mutant and subjected to 13C-labeling experiments. Like the 
1012 wild-type strain (Fig. 2), B. subtilis 168 exhibits a balanced NADPH metabolism (Fig. 
3A). Thus, it is not surprising that the 168 gapB ytsJ double mutant exhibited a similarly 
balanced NADPH-metabolism (Fig 3B). Similar to the situation in the 1012 background, the 
168 pgi, 168 pgi gapB, and 168 pgi ytsJ mutants grew only when a suppressor phenotype was 
selected for. Knockout of either hypothetical substrate cycle in the 168 pgi* gapB, and 168 
pgi ytsJ* mutants, had no significant impact on the growth rates on glucose when compared 
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with the 168 pgi* mutant (Tab. 2). As a consequence of the high oxidative PP pathway flux, 
in all three mutants, more than 1 mol of NADPH per mol of consumed glucose was produced 
in excess of the anabolic demand but this overproduction was less pronounced in the 168 pgi* 
gapB and the 168 pgi ytsJ* mutants (Figs. 3C to 3E). Notably, in the 168 pgi* gapB mutant it 
is possible to estimate the maximum contribution of redox cycling through the malic 
enzymes. The obtained value of 0.11 mol per mol of consumed glucose (Fig. 3D) is only a 
minor fraction of the activity that is required to balance NADPH, suggesting that in the 168 
pgi* background GapB and YtsJ do not play a major role in transhydrogenation. The 
presented data, however, do not allow to conclude whether this applies also to the wild-type 
strain 168 because of the suppressor mutations in 168 pgi*. 

 

 
 
Figure 3 – Metabolic flux distributions in B. subtilis wild-type 168 (A), 168 gapB ytsJ (B), 168 
pgi* (C), 168 pgi* gapB (D), and 168 pgi ytsJ* (E). Flux values are relative to the specific glucose 
uptake rates that were 9.0, 9.0, 6.1, 8.2, and 5.6 mmol gCDW-1 h-1 at growth rates of 0.43, 0.46, 
0.45, 0.48, and 0.40 h-1 for 168, 168 gapB ytsJ, 168 pgi*, 168 pgi gapB* and 168 pgi ytsJ*, 
respectively. The complete distribution of fluxes and confidence intervals are listed in Appendix 
B. 
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Transhydrogenase activity 

In some (5, 14) but not all microbes (15, 27), transhydrogenases allow for reoxidation 
of NADPH by reducing  NAD+ under environmental conditions that promote an imbalance 
between catabolic NADPH formation and anabolic NADPH demand. While B. subtilis can 
tolerate extensive imbalances in NADPH metabolism (9, 12, 32), there is only side note 
information on transhydrogenase activity in this organism (10). Hence, we determined in vitro 
transhydrogenase activity in crude cell extracts of several B. subtilis strains during batch 
growth on glucose by the NADPH-dependent reduction of the NAD+-analogue (NAD*). Prior 
to NAD* addition, the background oxidation of NADPH was similar in all experiments and 
no background reduction was detected in the absence of NADPH. In a positive control 
experiment with E. coli MG1655 we observed a rapid initial increase in absorbance that 
leveled off because of spectrophotometer saturation (Fig. 4A). The negative control E. coli 
MG1655 udhA pntAB that is devoid of all known transhydrogenases, exhibited a continuous 
and linear decrease that was similar to the NADPH-background oxidation (Fig. 4B). 
Qualitatively, all examined B. subtilis cell extracts belong to the E. coli wild-type class (data 
partly shown in Figs. 4C and 4D). Specific in vitro activities were extrapolated from linear 
fits to the absorbance increase in the initial 60 s upon NAD* addition.  

 

 
 
Figure 4 – Transhydrogenase activity determination in crude cell extracts of E. coli MG1655 (A), 
E. coli MG1655 udhA pntAB (B), B. subtilis 168 (C), and B. subtilis 168 ytsJ gapB (D). NADPH 
and NAD* (3-acetylpyridine adenine dinucleotide) were added to the mixture as indicated in A.  
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The results depicted in Fig. 5 demonstrate that B. subtilis possesses a 
transhydrogenase activity, whose in vitro activity is comparable to that of E. coli wild-type. 
Strains containing the pgi* mutation(s) exhibit similar activities, which indicates that the 
suppressor mutation is not directly related to increased NADPH oxidation via this enzyme. 
The significant activity in the B. subtilis 168 ytsJ gapB double mutant shows that the GAP-
PGA and malate-pyruvate substrate cycles with a potential transhydrogenase-like activity are 
not responsible for the determined in vitro reoxidation of NADPH, at least not primarily.  

 

 

 
Figure 5 – Transhydrogenase activity in crude cell extracts of E. coli (white bars) and B. subtilis 
(black bars) mutants. The average values from multiple experiments are shown. Error bars refer to 
standard deviations. 
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DISCUSSION 

In contrast to previously reported glucose-limited chemostat cultures  (8, 12, 32), we 
show here that NADPH metabolism is well balanced during exponential batch growth of B. 
subtilis on glucose. Forcing carbon flow exclusively through the PP pathway in pgi* mutants, 
however, generates a major imbalance with a significantly higher rate of catabolic NADPH 
formation than anabolic NADPH consumption. Like in chemostat cultures, B. subtilis is 
apparently capable of efficient reoxidation of NADPH in such pgi* mutants. Principally, three 
generally known biochemical reactions could bring this reoxidation of NADPH about: (i) 
redox cycles, (ii) a NADPH dehydrogenase in respiration, and (iii) a transhydrogenase 
reversibly transferring hydrogen to NAD+.  

Two potential redox cycles may be present between glyceraldehyde-3-P and 1,3-di-P-
glycerate and between malate and pyruvate in central metabolism of B. subtilis. Blocking 
potential cycling in gapB mutants never affected growth or flux ratios in wild-type 168 or 168 
pgi* backgrounds (Tab. 2). This is not surprising because gapA mutants of B. subtilis can not 
grow on glucose and the transcription of gapB was demonstrated to be strongly repressed 
(17), suggesting that GapB is probably not active during batch growth and hence not 
participating to NADPH-oxidation. In contrast, deletion of malic enzymes obviously affected 
flux partitioning in the lower part of central metabolism. Among the malic enzymes, YtsJ is 
the only isoform that prefers NADPH and plays a predominant role on glucose (13). The 
malic enzyme flux was absent not only in the 168 ytsJ mutant, but also in double knockout of 
the other two known NADH-dependent isoenzymes. Hence, malic enzyme flux was 
detectable only in the presence of both the NADPH and at least one NADH-dependent 
isoenzyme. This obligate co-existence of two isoforms with different cofactor specificity 
would support the view that the malic enzymes are involved in NADPH-balancing. However, 
the putative contribution of YtsJ to NADPH reoxidation was at best marginal in the B. subtilis 
168 pgi* gapB. Stelling and coworkers suggested recently a redox cycle that involves the 
NADPH-dependent glutamate-dehydrogenase (gdhA) in E. coli (37). Since B. subtilis lacks an 
anabolic NADPH-dependent glutamate dehydrogenase (35), a similar redox cycle could only 
operate via the NADPH-dependent glutamate synthase (GOGAT), encoded by gltAB. 
However, 1 ATP is required to close the cycle with this glutamine synthase (35), rendering 
the cost NADPH regeneration to high. Furthermore, the transhydrogenase activity we 
determined in cell extracts of B. subtilis was independent of ATP, excluding a significant 
contribution of GOGAT to NADPH regeneration in B. subtilis. Thus, we can at present not 
exclude some contribution of redox cycles to NADPH metabolism of B. subtilis, but their role 
appears to be minor. 

The existence of a specific NADPH-dehydrogenase in the respiratory chain of B. 
subtilis was firstly suggested by Bergsma and coworkers (2). More recently, ywcG was 
demonstrated to encode for a NADPH oxidase containing FMN (24). Both studies were based 
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on in vitro experiments, and since the physiological role of the electron acceptors used is 
questionable, it is not possible to conclude whether transfer in vivo of electrons from NADPH 
to components of the respiratory chain occurs or not. In our in vitro assay, however, NADPH-
reduction was strictly coupled to NAD+-oxidation, indicating the measured activity was due to 
a transhydrogenase and not a NADPH-dehydrogenase. 

Excluding an important role of redox cycles and demonstrating strong in vitro 
transhydrogenase activity, the presented data strongly suggest a predominant role of a yet 
unidentified transhydrogenase to NADPH metabolism 

 

 



Chapter 5 

107 

REFERENCES 

1. 2003. Kyoto Encyclopedia of Genes and Genomes. http://www.genome.ad.jp/kegg/kegg2.html. 
2. Bergsma, J., M. B. Van Dongen, and W. N. Konings. 1982. Purification and characterization of NADH 

dehydrogenase from Bacillus subtilis. Eur. J. Biochem. 128:151-157. 
3. Bizouarn, T., M. Althage, A. Pedersen, A. Tigerstrom, J. Karlsson, C. Johansson, and J. Rydstrom. 

2002. The organization of the membrane domain and its interaction with the NADP(H)-binding site in 
proton-translocating transhydrogenase from Escherichia. coli. Biochim. Biophys. Acta 1555:122-127. 

4. Boles, E., W. Lehnert, and F. K. Zimmermann. 1993. The role of the NAD-dependent glutamate 
dehydrogenase in restoring growth on glucose of a Saccharomyces cerevisiae phosphoglucose isomerase 
mutant. Eur. J. Biochem. 217:469-77. 

5. Boonstra, B., C. E. French, I. Wainwright, and N. C. Bruce. 1999. The udhA gene of Escherichia coli 
encodes a soluble pyridine nucleotide transhydrogenase. J. Bacteriol. 181:1030-1034. 

6. Bruinenberg, P. M., J. P. van Dijken, J. G. Kuenen, and W. A. Scheffers. 1985. Oxidation of NADH 
and NADPH by mitochondria from the yeast Candida utilis. J. Gen. Microbiol. 131:1043-1051. 

7. Canonaco, F. 2003. The relevance of transhydrogenases and heterologous phosphagen kinases for 
microbial cofactor metabolism. Ph. D. Thesis. ETH Zürich. 

8. Dauner, M. 2000. Intracellular Carbon Flux Analysis by 13C-Tracer Experiments. Ph D Thesis. ETH 
Zürich. 

9. Dauner, M., J. E. Bailey, and U. Sauer. 2001. Metabolic flux analysis with a comprehensive isotopomer 
model in Bacillus subtilis. Biotechnol. Bioeng. 76:144-156. 

10. Dauner, M., and U. Sauer. 2001. Stoichiometric growth model for riboflavin-producing Bacillus 
subtilis. Biotechnol. Bioeng. 76:132-143. 

11. Dauner, M., M. Sonderegger, M. Hochuli, T. Szyperski, K. Wüthrich, H.-P. Hohmann, U. Sauer, 
and J. E. Bailey. 2002. Intracellular carbon fluxes in riboflavin-producing Bacillus subtilis during growth 
on two-carbon substrate mixtures. Appl. Environ. Microbiol. 68:1760-1771. 

12. Dauner, M., T. Storni, and U. Sauer. 2001. Bacillus subtilis metabolism and energetics in carbon-
limited and excess-carbon chemostat culture. J. Bacteriol. 183:7308-7317. 

13. Doan, T., and S. Aymerich. Manuscript in preparation. 
14. Emmerling, M., M. Dauner, A. Ponti, J. Fiaux, M. Hochuli, T. Szyperski, K. Wüthrich, J. E. Bailey, 

and U. Sauer. 2002. Metabolic flux responses to pyruvate kinase knockout in Escherichia coli. J. 
Bacteriol. 184:152-164. 

15. Fiaux, J., Z. P. Cakar, M. Sonderegger, K. Wüthrich, T. Szyperski, and U. Sauer. 2003. Metabolic-
Flux Profiling of the Yeasts Saccharomyces cerevisiae and Pichia stipitis. Eukaryot. Cell. 2:170-180. 

16. Fiaux, J., Cakar, P., Sonderegger, M., Wüthrich, K, Szyperski, T., and Sauer U. 2003. Metabolic-
flux profiling of the yeasts Saccharomyces cerevisiae and Pichia stipitis. Eukaryotic Cell 2:170-180. 

17. Fillinger, S., S. Boschi-Muller, S. Azza, E. Dervyn, G. Branlant, and S. Aymerich. 2000. Two 
glyceraldehyde-3-phosphate dehydrogenases with opposite physiological roles in a nonphotosynthetic 
bacterium. J. Biol. Chem. 275:14031-14037. 

18. Fischer, E., and U. Sauer. 2003. Metabolic flux profiling of Escherichia coli mutants in central carbon 
metabolism using GC-MS. Eur. J. Biochem. 270:880-891. 

19. Gottschalk, G. 1986. Bacterial metabolism. Springer-Verlag, New York, NY. 
20. Guérout-Fleury, A. M., K. Shazand, N. Frandsen, and P. Stragier. 1995. Antibiotic-resistance 

casettes for Bacillus subtilis. Gene 167:335-336. 
21. Harwood, C. R., and S. M. Cutting. 1990. Molecular biological methods for Bacillus. John Wiley & 

Sons Ltd, Chichester, England. 
22. Hoek, J. B., and J. Rydström. 1988. Physiological roles of nicotinamide nucleotide transhydrogenase. 

Biochem. J. 254:1-10. 
23. Itaya, M., K. Kondo, and T. Tanaka. 1989. A neomycin resistance gene cassette selectable in a single 

copy state in the Bacillus subtilis chromosome. Nucleic Acids Res. 17:4410. 
24. Moch, C., O. Schrogel, and R. Allmansberger. 1998. The σD-dependent transcription of the ywcG gene 

from Bacillus subtilis is dependent on an excess of glucose and glutamate. Mol. Microbiol. 27:889-898. 
25. Møller, I. M., and W. Lin. 1986. Membrane-bound NAD(P)H dehzdrogenases in higher plant cells. 

Ann. Rev. Plant. Physiol. 37:309-334. 



Chapter 5 

108 

26. Neidhardt, F. C., Ingraham, J.L., Schaechter, M. 1990. Physiology of the bacterial cell: A molecular 
approach. Sinauer Associates, Inc., Sunderland, MA. 

27. Nissen, T. L., M. Anderlund, J. Nielsen, J. Villadsen, and M. C. Kielland-Brandt. 2001. Expression 
of a cytoplasmic transhydrogenase in Saccharomyces cerevisiae results in formation of 2-oxoglutarate 
due to depletion of the NADPH pool. Yeast 18:19-32. 

28. Overkamp, K. M., B. M. Bakker, H. Y. Steensma, J. P. van Dijken, and J. T. Pronk. 2002. Two 
mechanisms for oxidation of cytosolic NADPH by Kluyveromyces lactis mitochondria. Yeast 19:813-
824. 

29. Park, S. M., A. J. Sinskey, and G. Stephanopoulos. 1997. Metabolic and physiological studies of 
Corynebacterium glutamicum mutants. Biotechnol. Bioeng. 55:864-879. 

30. Pujic, P., R. Dervyn, A. Sorokin, and S. D. Ehrlich. 1998. The kdgRKAT operon of Bacillus subtilis: 
detection of the transcript and regulation by the kdgR and ccpA genes. Microbiology 144 ( Pt 11):3111-
3118. 

31. Saito, H., T. Shibata, and T. Ando. 1979. Mapping of genes determining nonpermissiveness and host-
specific restriction to bacteriophages in Bacillus subtilis Marburg. Mol. Gen. Genet. 170:117-122. 

32. Sauer, U., V. Hatzimanikatis, J. E. Bailey, M. Hochuli, T. Szyperski, and K. Wüthrich. 1997. 
Metabolic fluxes in riboflavin-producing Bacillus subtilis. Nature Biotechnol. 15:448-452. 

33. Sauer, U., D. R. Lasko, J. Fiaux, M. Hochuli, R. Glaser, T. Szyperski, K. Wüthrich, and J. E. 
Bailey. 1999. Metabolic flux ratio analysis of genetic and environmental modulations of Escherichia coli 
central carbon metabolism. J. Bacteriol. 181:6679-6688. 

34. Sazanov, L. A., and J. B. Jackson. 1994. Proton-translocating transhydrogenase and NAD- and NADP-
linked isocitrate dehydrogenases operate in a substrate cycle which contributes to fine regulation of the 
tricarboxylic acid cycle activity in mitochondria. FEBS Lett. 344:109-116. 

35. Sonenshein, A. L., J. A. Hoch, and R. Losick (ed.). 2002. Bacillus subtilis and Its closest relatives. 
ASM Press, Washington, D.C. 

36. Sonenshein, A. L., J. A. Hoch, and R. Losick (ed.). 1993. Bacillus subtilis and other Gram-positive 
bacteria, 2nd. ed. ASM Press, Washington, D.C. 

37. Stelling, J., S. Klamt, K. Bettenbrock, S. Schuster, and E. D. Gilles. 2002. Metabolic network 
structure determines key aspects of functionality and regulation. Nature 420:190-193. 

38. Szyperski, T. 1995. Biosynthetically directed fractional 13C-labeling of proteinogenic amino acids. An 
efficient analytical tool to investigate intermediary metabolism. Eur. J. Biochem. 232:433-448. 

39. Tetaud, E., S. Hanau, J. M. Wells, R. W. Le Page, M. J. Adams, S. Arkison, and M. P. Barrett. 
1999. 6-Phosphogluconate dehydrogenase from Lactococcus lactis: a role for arginine residues in binding 
substrate and coenzyme. Biochem J 338 ( Pt 1):55-60. 

40. Vagner, V., E. Dervyn, and S. D. Ehrlich. 1998. A vector for systematic gene inactivation in Bacillus 
subtilis. Microbiology 144:3097-3104. 

41. Verho, R., P. Richard, P. H. Jonson, L. Sundqvist, J. Londesborough, and M. Penttilä. 2002. 
Identification of the fist fungal NADP-GAPDH from Kluveromyces lactis. Biochemistry 41:13833-
13838. 

42. Wiechert, W. 2001. 13C metabolic flux analysis. Metab. Eng. 3:195-206. 
 
 



Chapter 5 

109 

APPENDICES 

 

 Fraction of total pool 

Strain Se
r t

hr
ou

gh
  

PP
 p

at
hw

ay
* 

PE
P 

th
ro

ug
h 

PP
 p

at
hw

ay
 

(u
pp

er
 b

ou
nd

) 

O
A

A
 th

ro
ug

h 
 

TC
A

 c
yc

le
 

Py
ru

va
te

 fr
om

 m
al

at
e 

(lo
w

er
 b

ou
nd

) 
Py

ru
va

te
 fr

om
 m

al
at

e 
(u

pp
er

 b
ou

nd
) 

PE
P 

fr
om

 O
A

A
 

Se
r f

ro
m

 G
ly

 

G
ly

 fr
om

 C
1 

168 0.28 0.21 0.50 0.06 0.11 0.03   
168 gapB 0.32 0.26 0.57 0.04 0.08 0.04   
168 ytsJ gapB  0.31 0.52 0.00 0.00 0.03 0.00 0.04 
168 pgi* 0.99 0.94 0.61 0.14 0.23 0.02 0.03 0.01 
168 pgi* gapB 1.05 0.74 0.41 0.07 0.18 0.04 0.01 0.04 
168 pgi ytsJ* 1.04 0.89 0.58 0.00 0.00 0.03 0.05 0.03 

 

Appendix A – Origin of central metabolic intermediates in B. subtilis wild-type 168 and several 
mutants during exponential growth on glucose. Flux ratios obtained from 100% [1-13C]glucose are 
labeled with an asterisk. All other values were obtained from e mixture of 20% (w/w) [U-
13C]glucose and 80% natural glucose. 
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 B. subtilis 168 
Reaction wild-type gapB ytsJ pgi* pgi* gapB pgi ytsJ* 
GLC + ATP→ G6P 100 ± 6 100 ± 6 100 ± 13 100 ± 11 100 ± 8 
G6P → Ru5P + CO2 + 2NADPH 37 ± 3 40 ± 5 98 ± 13 97 ± 11 97 ± 8 
G6P → F6P 60 ± 3 57 ± 5 0 ± 1 0 ± 1 0 ± 1 
Ru5P → X5P 16 ± 1 17 ± 3 57 ± 9 55 ± 8 54 ± 5 
Ru5P → R5P 21 ± 2 23 ± 2 40 ± 4 42 ± 4 43 ± 3 
F6P + ATP → 2T3P 76 ± 4 74 ± 4 57 ± 9 55 ± 8 54 ± 5 
X5P + R5P → S7P + T3P 9 ± 1 10 ± 1 30 ± 4 29 ± 4 29 ± 3 
X5P + E4P → F6P + T3P 6 ± 0 7 ± 1 27 ± 4 26 ± 4 26 ± 3 
S7P + T3P → E4P + F6P 9 ± 1 10 ± 1 30 ± 4 29 ± 4 29 ± 3 
T3P → PGA + ATP + NADH 157 ± 8 154 ± 8 141 ± 22 134 ± 20 132 ± 13 
PGA → PEP 143 ± 7 140 ± 8 129 ± 23 119 ± 20 117 ± 14 
PEP → PYR + ATP 141 ± 7 138 ± 8 127 ± 24 117 ± 21 114 ± 14 
PYR → AcCoA + CO2 + NADH 94 ± 6 88 ± 6 88 ± 24 65 ± 22 62 ± 16 
OAA + AcCoA → OGA + CO2 + NADPH 55 ± 6 43 ± 5 80 ± 24 50 ± 23 50 ± 16 
OGA → MAL + CO2 + 0.5*ATP + 2NADH 47 ± 6 34 ± 6 73 ± 25 41 ± 23 41 ± 17 
MAL → OAA + NADH 38 ± 3 33 ± 3 57 ± 18 30 ± 9 41 ± 9 
MAL → PYR + CO2 + NADPH 9 ± 5 1 ± 4 16 ± 7 11 ± 15 0 ± 8 
OAA + ATP → PEP + CO2  4 ± 1 4 ± 1 3 ± 2 5 ± 1 3 ± 1 
PYR  + CO2 → OAA 38 ± 4 30 ± 3 40 ± 8 42 ± 14 30 ± 7 
AcCoA → Acetate + ATP 29 ± 3 36 ± 4 0 ± 1 5 ± 1 0 ± 2 
NADPH → NADH 23 ± 18 3 ± 19 190 ± 61 128 ± 65 110 ± 45 
0.5*O2 + NADH → P/O x ATP 228 ± 18 200 ± 18 332 ± 85 247 ± 80 242 ± 55 
Biomass 6 ± 1 6 ± 1 5 ± 0 7 ± 1 7 ± 1 

 
Appendix B – Metabolic flux distributions in B. subtilis wild-type 168, gapB ytsJ, pgi*, pgi* 
gapB, pgi ytsJ* during exponential growth in glucose. 
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SUMMARY 

Quantitative physiological characterization and isotopic tracer experiments revealed 
that pyruvate kinase mutants of Bacillus subtilis produce significantly more CO2 from glucose 
in the tricarboxylic acid cycle than is explained by the remaining conversion of 
phosphoenolpyruvate (PEP) to pyruvate catalyzed by the phosphotransferase system. We 
show here that this additional catabolic flux into the tricarboxylic acid cycle was catalyzed by 
the PEP carboxykinase. In contrast to its normal role in gluconeogenesis, PEP carboxykinase 
operates in the reverse direction from PEP to oxaloacetate in the pyruvate kinase knockout 
background. Furthermore, we demonstrate the new capacity of PEP carboxykinase to function 
as a substitute anaplerotic reaction when the normal pyruvate carboxylase is inactivated in at 
least some B. subtilis strains. Presumably as a consequence of the unfavorable kinetics of an 
ATP-synthesizing anaplerotic PEP carboxykinase reaction, pyruvate carboxylase mutants of 
B. subtilis grow slowly. 
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INTRODUCTION 

The capacity of metabolic networks to compensate for mutations is referred to as 
genetic robustness (13, 47) and is thought to be an important reason for barely detectable or 
silent phenotypes upon deletion of many metabolic genes (15, 49). Such network resilience to 
modifications hampers also rational engineering of central metabolism in applied contexts (2) 
and two distinct mechanisms are primarily responsible for robustness (22, 32, 47). First, 
redundancy is ensured by gene duplication, so that knockout of one gene is readily 
compensated for by one or more isoenzymes. Second, alternative pathways or genes with 
unrelated function become active and compensate for the loss-of-function. 

Recently, isotopic tracer experiments for flux analysis were developed that allow 
metabolism-wide monitoring of network responses to perturbations, and thus to address 
questions of robustness experimentally (6, 15, 39, 46, 48, 50). Such 13C-labeling methods for 
metabolic flux analysis revealed that knockouts of central metabolic enzymes were at least 
partially compensated when isoenzymes were present (15). However, compensating 
alternative pathways were also demonstrated (52), in particular when the lesion involved 
components of the initial catabolic routes of glucose (5, 15-17, 26, 30). A particularly well-
studied case of flux rerouting involves pyruvate kinase mutants in Escherichia coli. While 
individual knockout of either of two isoenzymes is compensated at least in part by the other 
one (15, 37), knockout of both isoenzymes is by-passed by a local flux rerouting through 
phosphoenolpyruvate (PEP) carboxylase and malic enzyme (1, 14, 41). This local flux 
rerouting was apparently so efficient that the rates of glycolytic carbon flow and growth were 
very similar in pyruvate kinase-deficient mutant and parent.  

An important metabolic subsystem are the reactions at the interface between the lower 
part of glycolysis and the tricarboxylic acid (TCA) cycle (Fig. 1). These reactions have to 
fulfill three major functions (21). First, they fuel the TCA cycle with acetyl-CoA for complete 
oxidation to CO2 and concomitant energy generation. Second, they enable gluconeogenesis 
during growth on substrates that feed into the TCA cycle. Third, they must replenish TCA 
cycle intermediates that were withdrawn for biosynthesis, a function that is referred to as 
anaplerosis. In contrast to E. coli where the anaplerotic reaction is catalyzed by PEP 
carboxylase (7), the Gram-positive bacterium Bacillus subtilis relies on the ATP-dependent 
pyruvate carboxylase (12, 44). Because of this different anaplerotic configuration, pyruvate 
kinase mutants of B. subtilis cannot rely on the same local flux rerouting as E. coli (14). Using 
metabolic flux ratio (METAFoR) analysis by GC-MS (15), we elucidate here metabolic 
network responses to pyruvate kinase knockout in a riboflavin-producing B. subtilis strain, 
with a particular focus on the reactions at the interface of glycolysis and TCA cycle. 
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MATERIALS AND METHODS 

Bacterial strains and growth conditions 

All mutations investigated here were introduced by bacteriophage PBS1 transduction 
(23) into the recombinant riboflavin-producing strain B. subtilis RB50::pRF69 (Tab. 1), which 
is a B. subtilis 1012-derivative (38) with deregulated purine and riboflavin biosynthesis (34). 
The B. subtilis 1012 ∆pckA::spc and 1012 pykA::neo mutants were provided by N. Mouncey 
(Roche Vitamins AG, Basel, Switzerland), the B. subtilis 168 pykA’::pMUTIN4 mutant by K. 
Kobayashi (Graduate School of Information Science, Nara Institute of Science and 
Technology, Nara, Japan). The B. subtilis 168 pycA’::pMUTIN4 mutant was constructed by 
M.F. Hullo (Institut Pasteur, CNRS, Paris, France) and provided by S. Aymerich (INRA-
CNRS, Thiverval-Grignon, France). 

 
Strain Relevant genotype Source or reference 
RB50::pRF69 1012 (purA60, Azr-11, Dcr-15, 

MSr-46, RoFr-50, spo0A) 
(33) 

RB50::pRF69 pykA pykA::neo This study 
RB50::pRF69 pykA pckA pykA::neo ∆pckA::spc This study 
RB50::pRF69 pycA pycA::erm This study 
RB50::pRF69 pycA pckA pycA::erm ∆pckA::spc This study 
168 pykA pykA’::pMUTIN4 K. Kobayashi 
168 pycA pycA’::pMUTIN4 S. Aymerich 
 
Table 1 – B. subtilis strains used in this study 

 
Seed cultures in Luria Bertani (LB) broth, containing 10 g L-1 tryptone, 5 g L-1 yeast 

extract, and 10 g L-1 NaCl, were inoculated from frozen stocks. Chloramphenicol, neomycin, 
erythromycin, and spectinomycin were added when required only to LB cultures to final 
concentrations of 20, 5, 0.5, and 100 mg/L, respectively. After 8 h incubation at 37 °C, 250 µl 
LB culture were used to inoculate 50 mL M9 minimal medium (23) with 10 g L-1 glucose as 
the sole carbon source in 500 mL baffled shake flasks. After 12 h incubation, the culture was 
used either entirely to initiate bioreactor batch cultures or a 150 µl aliquot was used to 
inoculate a 30 ml culture for a 13C-labeling experiment. In the latter case, 500 mL baffled with 
30 mL M9 medium were supplemented with either 5 g/L [1-13C]glucose (Euriso-top, Gif-sur-
Yvette, France) or a mixture of 1 g/L [U-13C]glucose (Martek Biosciences Corp., Columbia, 
MD) and 4 g/L natural glucose.  

Glucose-limited chemostat cultures were initiated from the bioreactor batch using a 
minimal medium with 3.6 g/L glucose (40) in a 1.5 L bioreactor (Bioengineering, Wald, 
Switzerland) at 37°C and pH 6.8. For 13C-labeling experiments in physiological steady-state 
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after at least five volume changes, the feed medium was switched to one with the same 
composition but containing a mixture of 30% (w/w) [U-13C], 30% [1-13C], and 40% natural 
glucose. Fully aerobic conditions with dissolved oxygen levels above 40% were ensured by a 
constant air flow of 1 L/min and an agitation speed of at least 1,000 rpm.  

 

Analytical techniques and determination of physiological parameters  

Concentrations of CO2 and O2 in the reactor feed and effluent gas were determined 
with a mass spectrometer (Prima 600, Fisons Instruments). Concentrations of cellular dry 
weight (CDW) were determined from at least eight parallel 10-ml cell suspensions that were 
harvested by centrifugation, washed with distilled water, and dried at 110°C for 24 h to a 
constant weight. Glucose, organic acids, and acetoin in the culture supernatant were 
determined as by enzymatic assays or GC (10, 40).  

Consumption and production rates of substrates (S) and products (P) in chemostat 
culture were determined in steady state from their concentration difference in the feed 
medium (or air) and the effluent broth (or gas). Specific consumption or production rates (qS 
or qP) were obtained from the relationship qS (or qP) = ∆S (or P) (D/X), where X is the steady 
state biomass concentration. 

 Cell extracts for in vitro enzyme activity assays were prepared by resuspending the 
cells in the assay buffer containing 4 mM phenylmethanesulfonyl fluoride and 1 mM. Cells 
were disrupted by passage through a French press (SLM Aminco, SLM Instruments), and 
centrifuged at 20’000 g and 4°C for 30 min. Supernatants were used within 1 h to assay in 
vitro activities kinetically following standard protocols (3). 

 

Stoichiometric model and determination of metabolic flux ratios 

Culture aliquots from 13C-labeling experiments were harvested by centrifugation, 
washed twice with ddH2O, and hydrolyzed in 1.5 mL 6 M HCl at 105°C for 24 h in sealed 
microtubes. The hydrolyzate was dried at 60°C and derivatized for 1 h at 85°C in 50 µL 
dimethylformamide and 50 µL N-(tert-butyldimethylsilyl)-N-methyl-trifluoroacetamide. 
Derivatized amino acids were separated on a series 8000 GC and analyzed with a MD 800 
mass spectrometer (Fisons Instruments, Beverly, MA) as described previously (15).  

The GC-MS-derived amino acid mass distributions were corrected for naturally 
occurring isotopes as described previously (15). These corrected mass distributions were then 
used for metabolic flux ratio (METAFoR) analysis, which quantifies the relative contribution 
of two or more reactions or pathways to common intracellular products (15, 41, 46). In this 
approach, 13C-labeling patterns of proteinogenic amino acids are used to infer the 13C-labeling 
pattern of their precursors in central carbon metabolism, which are in turn interpreted 
analytically to identify biosynthetic pathways and to quantify several flux partitioning ratios. 
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A set of probabilistic equations relates the MS data to the relative contribution of converging 
fluxes to a given metabolite pool in central metabolism (15), yielding independent flux ratios. 
Notably, METAFoR analysis does not require physiological data and can tolerate incomplete 
knowledge of the biochemical reaction network, because only the reactions leading to a given 
metabolite are required.  

For the estimation of molar carbon fluxes, the bioreaction network in Figure 1 was 
reduced to a simplified stoichiometric model that includes 9 reactions and 6 intracellular 
metabolites. A fully determined system of linear equations is obtained by adding the 
measured rates of glucose uptake, CO2 production, and growth as additional mass balances. In 
the model, the total fraction of pyruvate required for biosynthesis was derived from the values 
for the precursors pyruvate, acetyl-coenzymeA, oxaloacetate, and 2-oxoglutarate, which are 
3.0, 2.0, 1.8, and 1.2 mmol g-1 for the precursors, respectively (8). Additionally, a fraction of 
2.8 mmol CO2 g-1 is required for biomass formation and must be subtracted from the 
experimentally determined total CO2 production (8).  
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RESULTS 

Pyruvate kinase and PEP carboxykinase knockouts in B. subtilis 

Knockout of pyruvate kinase is not detrimental for growth of B. subtilis on glucose 
(11, 19) and survival is assumed to depend on the remaining PEP to pyruvate conversion via 
the glucose phosphotransferase system (PTS) (Fig. 1). In contrast to E. coli, B. subtilis 
employs pyruvate carboxylase and not PEP carboxylase for anaplerosis, hence cannot bypass 
the pyruvate kinase mutation by the local flux rerouting through PEP carboxylase and malic 
enzyme that was described for E. coli (14, 41). Consequently, the 50% of glucose carbon that 
are not converted to pyruvate via PTS-catalyzed glucose uptake are expected to remain in the 
upper part of metabolism. To test this hypothesis of strict stoichiometric coupling of the PEP 
to pyruvate flux with glucose uptake, we constructed a pyruvate kinase knockout by phage 
transduction of the pykA::neo disruption into the riboflavin-producing B. subtilis strain 
RB50::pRF69 (34). Knockout of the pyruvate kinase was confirmed by the absence of 
residual in vitro enzyme activity in the mutant (data not shown).  
 

 

Figure 1 – Bioreaction network of B. subtilis central carbon metabolism. Arrows indicate the 
physiological reaction directionality. Enzymes are indicated in ellipses: PTS, phosphotransferase 
system; PykA, pyruvate kinase; PckA, PEP carboxykinase; PycA, pyruvate carboxylase. 
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The phosphofructokinase (Pfk) is a key glycolytic enzyme that is co-transcribed with 
the pykA gene (29, 31). In crude cell extracts prepared from LB cultures of RB50::pRF69, the 
Pfk activity was 8-fold higher than the 0.005 IU/mg in its pykA mutant, indicating that the 
pykA mutation has a downstream effect on the expression of pfk. Consistent with literature 
data (19), the pykA mutant grew about 60% slower than its parent on glucose, but we cannot 
exclude that this reduced maximum growth rate results from the polar effect on pfk.  

Figure 2 – Growth parameters of B. subtilis RB50::pRF69 (black bars), RB50::pRF69 pykA (gray 
bars), and RB50::pRF69 pykA pckA (white bars) in glucose-limited chemostat cultures at a 
dilution rate of 0.15 h-1. 

 
Under glucose limitation in chemostat cultures with a dilution rate of 0.15 h-1, 

however, the pyruvate kinase mutant and its parent were indistinguishable (Fig. 2). Using a 
simplified stoichiometric model of the expected pykA mutant metabolism, we estimated the 
intracellular carbon flow from physiological data. If the above hypothesis of strict 
stoichiometric coupling is correct, pyruvate formation in the pykA mutant is directly coupled 
to glucose uptake, hence can be maximally 2.7 mmol pyruvate g-1 h-1 (corresponding to 8.1 
mmol C g-1 h-1 in Fig. 3). The remaining pyruvate constitutes an upper bound for the CO2 that 
may originate from the TCA cycle in the pykA mutant, which amounts to 4.1 mmol C g-1 h-1. 
From the experimentally determined CO2 production rate of 8.4 mmol g-1 h-1 (Fig. 2), it thus 
follows that 4.7 mmol CO2 g-1 h-1 must originate from the oxidative PP pathway, as was also 
seen with a pyk mutant of B. subtilis wild-type 168 (19). Consequently, one would expect 
multiple cycling of glucose-6-P through the PP pathway.  

 
 



Chapter 6 

119 

 
 
Figure 3 – Molar carbon fluxes in B. subtilis RB50::pRF69 pykA during glucose-limited 
chemostat culture at a D of 0.15 h-1. The fluxes are expressed in mmol carbon gCDW-1 h-1 and are 
calculated with a simplified stoichiometric model from the data in Fig. 2 and the 

 
The occurrence of multiple cycling was tested by growing the cultures on minimal 

medium containing 3.6 g L-1 glucose as a mixture of 30% (w/w) [U-13C], 30% [1-13C], and 
40% natural glucose. Proteinogenic amino acids of these cultures were harvested and 
subjected to METAFoR analysis by GC-MS (15). Overall, the mass distributions of 
intracellular metabolites and the determined flux ratios were very similar in the pykA mutant 
and its parent (Fig. 4), and the same result was obtained  in an independent cultivation that 
was labeled with 10% [U-13C]glucose and analyzed by 2D NMR (46) (data not shown). 
Although slightly increased, the upper bound of PEP originating from pentoses via the PP 
pathway was 51% in the mutant, which is clearly less than the 100% that would result if 
multiple cycling occurred. Thus, the PP pathway produces significantly less than the 4.7 
mmol CO2 g-1 h-1. Since some of this CO2 must then be produced from reactions below 
pyruvate, the hypothesis of a strict stoichiometric coupling is apparently incorrect and a 
bypass for the pyruvate kinase mutation must exist.  

The only remaining reaction for this bypass is the gluconeogenic PEP carboxykinase 
that is encoded by the pckA gene (Fig. 1). Hence, we constructed a B. subtilis RB50::pRF69 
pykA pckA double knockout by phage transduction of the pckA::spc deletion into the pykA 
mutant background. Absence of PckA activity was confirmed by the inability of the double 
mutant to grow on malate or glutamate as the sole carbon source (data not shown) (12, 44). 
Indeed, the pykA pckA double mutant produced significantly less CO2 than the pykA mutant in 
glucose-limited chemostat culture (Fig. 2). These physiological data provide strong evidence 
for a flux from PEP to oxaloacetate in the pykA mutant that is catalyzed by PEP 
carboxykinase.  
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Figure 4 – METAFoR analysis by GC-MS of B. subtilis RB50::pRF69 and RB50::pRF69 pykA in 
glucose-limited chemostat culture at a D of 0.15 h-1. Analogous results were obtained in a 
duplicate experiments using NMR-based METAFoR analysis (not shown). 

 
This conclusion was further confirmed by growth experiments on minimal medium 

agar plates. Albeit slowly, the RB50 pykA mutant was able to grow on the non-PTS sugars 
ribose or gluconate, while in the case of the double mutant pykA pckA no growth was 
observed on the same substrates (data not shown). An independently constructed pyruvate 
kinase mutant of the B. subtilis wild-type strain 168 exhibited a similar growth phenotype: 
slow grow on ribose or gluconate, although virtually no pyruvate kinase activity could be 
detected in crude cell extracts (data not shown). These findings are surprising because PEP 
carboxykinase is generally considered to be an exclusive gluconeogenic reaction (12, 21) that 
catalyzed the physiologically irreversible decarboxylation from oxaloacetate to PEP with a 
∆G of at least – 12.4 kJ M-1 (20, 39). 

 

Contribution of PEP carboxykinase to anaplerosis 

In principle, the above PEP carboxykinase-catalyzed bypass of the pykA mutation 
could also result from the pyruvate kinase-like side activity of PEP carboxykinase (24). The 
putative PEP carboxykinase-catalyzed flux from PEP to oxaloacetate in a pykA mutant leads 
to the general question whether PEP carboxykinase could function as a second anaplerotic 
reaction, in addition to the well-established pyruvate carboxylase in B. subtilis that is encoded 



Chapter 6 

121 

by the pycA gene (12, 27). To address both questions, we constructed a pycA single mutant in 
the RB50::pRF69 background, and introduced then a pckA mutation to generate the 
RB50::pRF69 pycA pckA double mutant. Absence of both activities was confirmed by the 
inabilities of the pycA mutant and the pycA pckA mutant to grow on lactate or malate, 
respectively (Tab. 2 and Fig. 5) (12, 44).  

 
Carbon source (w/v) RB50::pRF69 pycA pycA pckA 
0.5% glucose + +a -b 
0.5% glucose, 0.1% malate + + + 
0.5% lactate + - - 
0.5% glutamate + + - 
0.5% malate + + - 
0.5% lactate, 0.5% malate + + + 

Table 2 – Growth of B. subtilis RB50::pRF69 mutants after 24 h. 
a, slow formation of normal sized colonies; b, no growth was observed after 72 h. 

 
Notably, the RB50::pRF69 pycA mutant was able to grow on glucose as the sole 

carbon source. Introducing the pckA mutation in the RB50::pRF69 pycA mutant abolished 
growth of the double mutant on glucose (Fig. 5). These results provide strong evidence for the 
hypothesis that PEP carboxykinase can function as a second anaplerotic reaction in B. subtilis 
RB50::pRF69. Furthermore, this excludes a potential role of malic enzymes in the 
carboxylation of C3 acids. To proof that anaplerotic formation of oxaloacetate in the 
RB50::pRF69 pycA strain occurs indeed through carboxylation of C3 acids, we grew the 
mutant and its parent on  minimal medium with 5 g/L glucose with either 100% (w/w) [1-
13C]glucose or a mixture 20% [U-13C]glucose and 80% natural glucose. The maximum 
specific growth rate of the parent strain was about 0.45 h-1 but the pycA mutant grew 
significantly slower at a maximum rate below 0.1 h-1. GC-MS-based METAFoR analysis of 
these cultures revealed about 55% of the oxaloacetate in these strains originated from either 
PEP or pyruvate (Fig. 6), which confirms that the alternative anaplerotic reaction in the pycA 
mutant carboxylates a C3 acid.  

In contrast, a B. subtilis 168 pycA gene was not able to grow on glucose (data not 
shown), which is consistent with previous results (12). No spontaneous suppressor mutants 
were observed after 3 days of incubation, and constitutive expression of PckA in the 168 pycA 
background did not suppress the growth defect (S. Aymerich, personal communication), 
indicating that the apparent discrepancy between the two B. subtilis strains does not depend 
on the expression levels of PckA. The specific phosphofructokinase activity in the 168 pykA 
mutant was reduced by 30% when compared to its parent and hence, less affected than in the 
RB50::pRF69 construct. 
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Figure 5 – Growth phenotype B. subtilis RB50::pRF69 and its pycA and pycA pckA mutants on 
M9 agar plate with selected carbon sources. The pictures were taken after 24 h incubation at 37 
°C. 
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Figure 6 – Fraction (in %) of oxaloacetate originating from C3 acids (white cells) and the TCA 
cycle (gray cells) in B. subtilis RB50::pRF69 and its isogenic pycA mutant during exponential 
growth on a mixture of 20% (w/w) [U-13C]glucose and 80% natural glucose. The values were 
calculated using the mass distribution of PEP for the pycA mutant and of pyruvate for the parent 
strain.  

 

.  
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DISCUSSION 

We demonstrate here that the gluconeogenic PEP carboxykinase of B. subtilis (12, 18) 
is a bi-functional enzyme that catalyzes also the reverse reaction from PEP to oxaloacetate. 
This reverse flux can either be used for catabolism or anaplerosis, depending on the 
environmental conditions and the genetic modifications. In the background of a pyruvate 
kinase mutant, PEP carboxykinase contributes significantly to glucose catabolism in glucose-
limited chemostat culture by routing PEP into the TCA cycle. In the background of a pyruvate 
carboxylase mutant that lacks the primary anaplerotic enzyme, PEP carboxykinase ensures 
growth of B. subtilis RB50::pRF69 as the sole anaplerotic reaction. The relatively slow 
growth of this pyruvate carboxylase mutant is probably not a consequence of limited PEP 
carboxykinase expression on glucose (45, 51), since we were unable to isolate more rapidly 
growing pyruvate carboxylase mutants after several sub-cultivations. Notably, the ATP-
dependent PEP carboxykinase generates one ATP per synthesized oxaloacetate. Since 
anaplerosis in B. subtilis and other organisms is typically achieved through reactions that do 
not synthesize ATP from PEP or through ATP-driven C3 carboxylation (7, 21, 35, 36), it can 
reasonably be concluded that the kinetics of simultaneous PEP carboxylation and ATP 
generation do not support high rates of catabolism and growth. 

Based on the unfavorable kinetics of an ATP-generating anaplerotic reaction and the 
lethal phenotype of a B. subtilis 168 pyruvate carboxylase mutant on glucose (12), it appears 
that PEP carboxykinase does not contribute significantly to anaplerosis during normal growth 
on glucose. Whether or not the reaction proceeds to a significant extent in the anaplerotic 
direction depends probably on the intracellular concentration of PEP, which could shift the 
thermodynamic equilibrium towards C3 carboxylation at sufficiently high concentrations. 
Circumstantial evidence for this hypothesis comes from the significant increase in 
intracellular PEP levels from 0.02 mM in B. subtilis wild-type 168 to 1.3 mM in a pyruvate 
kinase mutant (19). Consistent with our observations, this 168-based mutant catabolized more 
than 60% of the substrate glucose to CO2 (19), which is considerably more than the 52% 
observed here and strongly suggests reverse PEP carboxykinase fluxes also in this mutant. 
The apparent strain-specific capacity to compensate for loss of the anaplerotic pyruvate 
carboxylase in B. subtilis RB50::pRF69 does not depend on the particular mutation because 
transduction of the pycA::erm mutation used did not generate 168 mutants that could grow on 
glucose. Furthermore, since the growth defect on glucose of a 168 pycA mutant was not 
suppressed upon constitutive expression of PckA, the difference in the compensation for loss 
of pyruvate carboxylase appears to depend on the intracellular PEP concentration.  

With a calculated ∆G of –12.4 kJ M-1 (39), the gluconeogenic direction of PEP 
carboxykinase is strongly preferred under aerobic conditions, and this view is consistent with 
the known regulation of the enzyme in many heterotrophic aerobes  (12, 25, 41). Under 
anaerobic conditions with higher CO2 concentrations, however, the anaplerotic, energy-
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conserving PEP carboxylation by PEP carboxykinase was shown to be important in succinate-
producing anaerobic bacteria (21, 28, 43). The here proposed dual gluconeogenic and 
anaplerotic role of PEP carboxykinase under aerobic conditions was described previously for 
one other case - the facultative autotroph Ralstonia eutropha that contains a rare GTP or ITP-
dependent PEP carboxykinase (4, 42). The finding that also the more abundant ATP-
dependent PEP carboxykinase is bi-functional, at least under certain conditions, suggest that 
unexpected effects of network robustness must be taken into account for metabolic 
engineering, since the known wild-type biochemistry may not hold true for highly engineered 
strains under extreme process conditions. At least for B. subtilis, but possibly for other 
bacteria, the primarily gluconeogenic PEP carboxykinase ensures robustness to mutations 
around the PEP and pyruvate nodes by catalyzing also catabolic and anaplerotic carbon flow. 
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This thesis investigates general metabolic properties of the B. subtilis cell factory and 

their implications for high-level riboflavin production. In particular, we show that the supply 
of carbon precursors through the pentose phosphate pathway was not limiting under all 
conditions tested and can be achieved through either the oxidative or the non-oxidative 
branch. Moreover B. subtilis redox metabolism was rather flexible and apparently not limiting 
for riboflavin production. Cellular energetics, in contrast, are clearly a critical factor for high-
level production. By increasing the coupling efficiency within the respiratory chain, we 
improved both the riboflavin and the biomass yield in B. subtilis under industrially relevant 
conditions in fed-batch cultures. Moreover, even the highest riboflavin yield observed here 
during a transient phase in glucose-limited continuous culture could be further improved by 
the same metabolic engineering strategy. Additionally, however, another major bottleneck 
seems to reside in the specific biosynthetic pathway for riboflavin, because production 
decreases while all supply factors are unchanged. Our transcriptome data revealed a moderate 
repression of the purine pathway under these conditions, which provides circumstantial 
evidence that repression of the biosynthetic genes be the problem, but we cannot exclude a 
kinetic-thermodynamic problem in this pathway. 

Beyond the confines of riboflavin production, the presented data provide new insights 
into B. subtilis metabolism. Flexible decoupling of catabolic NADPH production and anabolic 
NADPH consumption was demonstrated and we accumulated evidence suggesting that a 
transhydrogenase is responsible for this decoupling. Furthermore, we provided in vivo 
evidence for the physiological role of the different cytochromes in the branched respiratory 
chain of B. subtilis. We showed here that in batch cultures the coupling efficiency within the 
respiratory chain is not critical for the biomass yield and the growth rate, although the 
respiration rate affected carbon fluxes. Moreover, we describe for the first time the ability of 
the PEP carboxykinase to function as a second anaplerotic reaction. Along with the putative 
bypass of a glucose-6-P dehydrogenase knockout via gluconate, these results demonstrate the 
genetic robustness of B. subtilis central metabolism. 

The development of rational strategies intended to improve cell factories in the context 
of metabolic engineering, is often exclusively based on stoichiometric models. When trying to 
reprogram the activity of an organism to approach the theoretical yield maximum, enzymatic 
activity often become problematic. Insufficient activity may be caused by insufficient gene 
expression, allosteric regulation, or by unfavorable thermodynamic conditions. As shown here 
for the quinol oxidases, pyruvate kinase, or pyruvate carboxylase mutants, metabolic flux 
analysis based on 13C-labeling experiments is quintessential to detect such problems in vivo. 
Different from other global systems analyses, such as those for the transcriptome or the 
proteome, metabolic flux analysis monitors the reaction rates that ultimately determine the 
cellular phenotype. Such methods of metabolic flux analysis were further advanced in this 
thesis by extending it into the analysis of transient states and by providing software that 
enables high-throughput applications. 
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