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 SUMMARY 

 

SUMMARY 

 

The acoABCL and acuABC operons of B. licheniformis DSM13 are strongly induced at 

the transcriptional level during glucose starvation conditions. Primer extension analyses of 

this study indicate that the acoABCL operon is controlled by a sigmaL-dependent promoter 

and the acuABC operon by a sigmaA-dependent promoter. By means of reporter-gene-fusions 

the temporal control of both promoters was analyzed. Transcription at the acoA promoter is 

repressed by glucose but induced by acetoin as soon as the preferred carbon source glucose is 

exhausted. The acuA promoter shows a similar induction pattern but its activity is 

independent from the presence of acetoin. It is demonstrated that the acoABCL operon is 

mainly responsible for acetoin and 2,3-butanediol degradation in B. licheniformis. The 

determination of the major extracellular metabolites under glucose-limited growth conditions 

demonstrated that half of the glucose amount in the medium is converted during the 

exponential growth phase to acetate but only small amounts to acetoin. After glucose 

exhaustion the overflow metabolite acetoin was quickly consumed in the wild type strain 

MW3 and the acuA mutant, while in the acoB mutant acetoin remained at high 

concentration until late stationary phase. The levels of other metabolites which belong to the 

TCA cycle were also analyzed. Those intermediates were produced during the exponential 

growth phase but were reused as carbon and energy sources when B. licheniformis cells 

entered into stationary phase. 

The phytase, an enzyme encoded by the phy gene of B. licheniformis DSM13, is strongly 

induced when cells are grown under phosphate limitation conditions. The regulation of the 

phy promoter expression was analyzed by means of reporter-gene-fusion. Expression of the 

phy promoter was only induced under phosphate limitation conditions and thus it was 

suggested to be regulated by the PhoPR two component systems. Phytate, which is the 

substrate of the phytase enzyme, was not an inducer for the expression of the phy gene. 

However, growth experiments revealed that phytate served as a good alternative phosphate 

source for the growth of B. licheniformis cells under these conditions. 

Furthermore, in order to study the influence of ribonucleases on the expression of a 

heterologous model gene in B. licheniformis under phosphate limitation conditions, the 

BLi03719 gene which encodes a phosphate starvation induced, putative ribonuclease was 

knocked out. The inactivation of the BLi03719 gene resulted in an increase of the total RNA 

concentration of B. licheniformis cells grown in phosphate limited BMM medium. However, 
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the mutation did not affect the expression of the AmyE reporter enzyme level and activity. It 

could be speculated that the putative ribonuclease BLi03719 plays a role in ribosomal RNA 

degradation under these conditions.  
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I  INTRODUCTION 

1. The physiology of Bacillus licheniformis 

Bacillus licheniformis is a Gram-positive and spore-forming bacterium. Its cell has a 

characteristic rod-shape and is motile. B. licheniformis is widespread distributed as a 

saprophytic organism in soil and other natural habitats. B. licheniformis is a facultative 

anaerobe that is different from most other bacilli, which are predominantly aerobic. This 

characteristic may allow it to grow in additional ecological niches (Rey et al. 2004; Veith et 

al. 2004).  

1.1. Genome information 

B. licheniformis is closely related to the well studied model organism Bacillus subtilis. 

The genome sequences of B. licheniformis (Rey et al. 2004; Veith et al. 2004) and other 

Bacillus species including Bacillus subtilis (Kunst et al. 1997), Bacillus halodurans (Takami 

et al. 2000), Bacillus anthracis (Read et al. 2003), Bacillus cereus (Ivanova et al. 2003), and 

Bacillus amyloliquefaciens (Chen et al. 2007) have been determined. The genome of B. 

licheniformis DSM13 consists of a single circular chromosome of 4,222,748 base pairs (bp) 

with an average G + C content of 46.2%. It contains 4,286 open reading frames (ORFs), 72 

transfer-RNAs genes (tRNAs), 7 ribosome-RNAs operons (rRNAs), and 20 transposase genes 

(Veith et al. 2004). B. licheniformis, B. subtilis, and B. halodurans belong to group II of the 

genus Bacillus (Veith et al. 2004). This group differs significantly from the B. cereus, B. 

thuringiensis, and B. anthracis group which have larger chromosome (approximately 1 Mbp), 

the presence of plasmids, and the lower G + C content (approximately 10%) (Rasko et al. 

2004; Veith et al. 2004). Genome comparison among these three Bacilli of group II reveals 

that they share a core genome of 2,323 orthologous proteins in common. B. licheniformis 

DSM13 has its own 902 genes and shares 872 genes with B. subtilis and only 189 with B. 

halodurans (Veith et al. 2004).  

The genome analysis indicates a high functional conservation between B. subtilis and B. 

licheniformis in the regulatory mechanisms of genes of the core genome. Both organisms 

have the high consensus motives that are recognized by the sigmaD and sigmaL factors (Veith 

et al. 2004). SigmaD is a sigma factor responsible for the recognition of a regulon including 

genes coding for late flagellar, several chemotaxis proteins and major vegetative autolysins 

(Haldenwang 1995; Helmann and Moran 2002). The recognition sequences conserved for this 
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sigma factor are identified upstream of the motA, cheV, hag, yvyC, yvyF, mcpA, mcpC and 

lytD genes (Veith et al. 2004). SigmaL, however, regulates a regulon including genes 

responsible for the catabolism of acetoin and several amino acids such as arginine, ornithine, 

leucine and valine (Ali et al. 2001; Haldenwang 1995). The conserved sequences for sigmaL 

recognition are found upstream of the acoA, levD, rocD, ptb and yveP (Veith et al. 2004).  

Furthermore, the genes involved in the central pathways of glycolysis, pentose phosphate 

cycle and the tricarboxylic acid cycle are found in both B. subtilis and B. licheniformis 

genomes. In addition, both organisms can synthesize all amino acids and vitamins when cells 

are grown in mineral medium with a defined carbon and energy source (Veith et al. 2004). 

Interestingly, B. licheniformis can metabolize C-2 substrates as sole carbon sources through 

the glyoxylate bypass. The two enzymes of this bypass are isocitrate lyase and malate 

synthase which are not encoded in the genome of B. subtilis (Veith et al. 2004). The growth 

on C-2 substrates allows B. licheniformis to better adapt by obtaining additional energy from 

incompletely oxidized products accumulated during growth under insufficient oxygen supply. 

This advantage also allows B. licheniformis to grow anaerobically on glucose (Veith et al. 

2004).  

The genomes of B. licheniformis and B. subtilis also contain genes coding for proteins 

involved in protein secretion via the Sec pathway such as secA, secDF, secE, secG, secY, ffh 

and ftsY (Veith et al. 2004). Proteins transported by the Sec pathway were synthesized as 

unfolded pre-proteins with an N-terminal signal peptide. The N-terminal signal peptide directs 

proteins specifically into the appropriate translocation pathways (Antelmann et al. 2001; 

Tjalsma et al. 2000). In addition to the Sec pathway, the genomes of B. licheniformis and B. 

subtilis encode four genes for Tat pathway components (tatAd, tatCd, tatAy, tatCy). In 

addition, B. subtilis genome contains a fifth Tat gene, tatAc, which is not identified in B. 

licheniformis (Voigt et al. 2009). Tat pathways are capable of transporting tightly folded 

proteins and even multimeric enzyme complexes (van Dijl et al. 2002). Furthermore, the 

genome of B. licheniformis contains genes for the pseudopilin translocation pathway (Voigt et 

al. 2009). Therefore, it can be suggested that both Bacillus species have conserved sequences 

for the general principles of protein secretion. 

The most striking difference between the genomes of B. licheniformis and B. subtilis is 

that polyketide synthases, which comprise almost 4% of the genome of B. subtilis are 

apparently not present in B. licheniformis genome (Veith et al. 2004). The polyketide 

synthases are multifunctional enzymes responsible for the synthesis of a number of secondary 
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metabolites with diverse structure and biological activity such as antibiotics like vancomycin 

and erythromycin or the immunosuppressive agent rapamycin (Schwarzer and Marahiel 

2001). Within the 1,091 genes unique to B. licheniformis in comparison with B. subtilis, 52% 

are hypothetical, 17% in various enzymatic reactions, 11% are involved in transport functions 

and 8% in regulation (Veith et al. 2004). The genome of B. licheniformis has 4 genes coding 

for the non-ribosomal peptide synthetase complex responsible for lichenysin biosynthesis 

(Veith et al. 2004). Lichenysins are surface-active lipopeptides with antibiotic properties 

which are produced nonribosomally (Konz et al. 1999).  

In addition, two operon structures with type I restriction modification systems (RMS) are 

identified in B. licheniformis DSM13 (Rey et al. 2004; Veith et al. 2004). Restriction 

modification systems protect bacteria from incoming foreign DNA by cutting such molecules 

with the aid of restriction endonucleases, whereas a bacterium‟s own genetic material is 

concomitantly protected by specific modifications, such as methylation of adenine or cytosine 

residues (Raleigh and Brooks 1998; Wilson 1991). There are several types of RMS, which are 

classified according to the enzyme composition and cofactor requirements as well as the 

recognition sequence symmetry and cleavage position (Wilson 1991). The type I of RMS 

comprises three subunits, R (restriction), M (modification), and S (specificity). The resulting 

complex has both the endonuclease and methyltransferase activities and the cleavage often 

occurs at a considerable distance from the specific recognition site (Wilson 1991). Therefore, 

the presence of type I RMS in the genome of B. licheniformis explains the reason why it is 

difficult to transform heterologous DNA into this organism. Recently, Waschkau et al. (2008) 

has solved this problem by deleting both loci hsdR1 and hsdR2 of type I RMS from the 

genome of B. licheniformis DSM13 resulting the easily transformable strain B. licheniformis 

MW3. 

1.2. Proteome signatures 

The availability of B. licheniformis genome sequence enables now a detailed view into the 

physiology of this industrial host by proteome analysis (Hoi et al. 2006; Voigt et al. 2004, 

2007, 2009). Voigt et al. (2004) shows a first overview of the cell physiology of B. 

licheniformis based on the two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) 

and protein identification by mass spectrometry (MS). About 300 cytoplasmic protein spots 

are identified on the gels from cell samples of B. licheniformis growing either on minimal 

medium or on complex medium Luria Broth (LB). Almost all glycolytic and TCA cycle 

enzymes, 50 enzymes involved in amino acid metabolism, 20 aminoacyl-tRNA synthetase 
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and only 10% of unknown proteins are found. In addition, flagellin (Hag), chaperones, 

translational proteins (elongation factor EF-G, EF-Tu), some ribosomal proteins, and enzymes 

of the glycolytic and TCA cycle are among the most abundant proteins. When grown in 

minimal medium, B. licheniformis cells synthesize enzymes for amino acid biosynthesis 

(IIvC, MetE, SerA), whereas cells grown in LB medium synthesize enzymes for amino acid 

degradation (RocD, RocF and other) and several other proteins involved in catabolic 

pathways like YcgN, IolS, AcoB and PurR.  

Furthermore, the study of proteomic signatures can be used to predict the physiological 

state of the cells. The protein signatures of B. licheniformis exponential growing cells in 

complex medium are compared with those in stationary phase cells (Voigt et al. 2004). The 

most obvious changes of protein synthesis in B. licheniformis cells during stationary phase are 

subjected to a severe oxidative stress, shown by the strong induction of the katalase (KatA), 

alkylhydroperoxide reductases (AhpC, F), the protease ClpC, and the chaperonin GroEL. In 

addition, many vegetative proteins produced in growing cells are no longer synthesized in 

non-growing cells. Different catabolic proteins necessary for the utilization of alternative 

nutrient sources are induced. B. licheniformis also induces the synthesis of enzymes required 

for the utilization of acetate (AcsA), arginine and ornithine (RocD and F) as well as the 

aldehyde dehydrogenase (DhaS) and the protease (Vpr) (Voigt et al. 2004). 

Besides the analysis of cytoplasmic proteome, the extracellular proteome of B. 

licheniformis cells grown in different media and under different nutrient starvation conditions 

is also studied (Voigt et al. 2006). B. licheniformis is known to produce and secrete a number 

of different proteins into the extracellular medium and this ability has been applied in the 

fermentation industry for a long time (Schallmey et al. 2004). Based on the B. licheniformis 

genome sequence, 296 proteins are predicted to have an N-terminal signal peptide for export 

from the cytoplasm. Most of these signal peptides have the motif for secretion through the Sec 

machinery, but 19 would direct the corresponding precursor proteins to the Tat pathway, and 

4 are subjected to secrete through the pseudopilin export pathway (Voigt et al. 2006). When 

growing in the complex medium, B. licheniformis cells secrete proteins at the highest level in 

the stationary phase. The secretion of many of the degradative extracellular enzymes, which 

are secreted at low levels during the exponential growth phase, is induced in the stationary 

phase (Voigt et al. 2006).  

Additionally, the analysis of extracellular proteome of B. licheniformis leads to an 

identification of 143 proteins from about 200 protein spots visible on the gels. Only 89 of the 



INTRODUCTION 

 5 

identified proteins are expected to be secreted. These extracellular proteins include 

carbohydrate degrading enzymes, several protease and peptidase, enzymes involved in nucleic 

acid degradation, phosphodiesterases and phosphatases. Enzymes involved in cell wall 

turnover, transport related proteins, flagellum and phage related proteins, proteins involved in 

sporulation and membrane bioenergetics and some of yet unknown function are also 

identified. However, 59 proteins, which have no predicted signal peptides, are also found in 

the extracellular proteome of B. licheniformis. The presence of such proteins in the 

extracellular medium is thought as a result of cell lysis (Voigt et al. 2006). 

2. The overflow metabolism of Bacillus 

Among bacteria, the Gram-positive soil bacterium B. subtilis is one of the best studied 

organisms. In its natural habitat, the upper part of the soil and the rhizosphere, the bacterium 

has access to a variety of plant remains, containing diverse energy rich molecules. B. subtilis 

features a complete genomic configuration to utilize carbohydrates as its preferred carbon and 

energy source (Saier et al. 2002). 

There are many metabolic pathways in prokaryotic organisms which catalyze the 

conversion of various metabolites to obtain a continuous synthesis of ATP, NADH and 

NADPH. These pathways, among them glycolysis, the pentose phosphate pathway (PPP), the 

tricarboxylic acid cycle (TCA) and the overflow metabolic pathway can be found in Bacillus.  

Glycolysis is the almost universal pathway that converts 1 molecule of glucose into 2 

molecules of pyruvate together with 2 NADH and 2 ATP. In addition, the glycolytic 

intermediates like Glucose-6-phosphate is important for the synthesis of many 

polysaccharides e.g. peptidoglycan which is needed for cell wall synthesis. Other 

intermediates like 3-phosphoglycerate, PEP, and pyruvate are significant as sources for the 

synthesis of all aromatic amino acids, and for the amino acids of the alanine and serine 

families (White 2007). The pentose phosphate pathway provides precursors for DNA, RNA, 

and amino acid synthesis (Tozzi et al. 2006). Furthermore, it has an important role in 

providing NADPH for anabolic reactions. Under aerobic conditions, the TCA cycle catalyzes 

the complete oxidation of pyruvate to CO2, and hydride ions are transferred to electron carrier 

molecules. One molecule of pyruvate leads to the formation of 4 NADH (or 3 NADH and 1 

NADPH) and 1 FADH. Moreover, 1 GTP molecule is formed per cycle. The energy bound in 

hydrogen atom carrier molecules (NAD
+
, FAD

+
) is used to generate ATP via the respiratory 

chain (Sonenshein 2002). Another important task of the TCA cycle is the supply of precursors 

for amino acid biosynthesis such as α-ketoglutarate, and oxaloacetate. 
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Figure 1. 1: Genes coding for enzymes of central metabolic pathways in B. subtilis 

[Adapted from (Schilling 2007) and (Xiao and Xu 2007)]. Glycolysis is indicated in green, the pentose 

phosphate pathway is indicated in blue, the citric acid cycle is indicated in yellow and the overflow 

metabolic pathways are indicated in red. 

B. subtilis cells grown in media containing glucose or amino acids secrete overflow 

metabolites such as weak organic acids like acetate and pyruvate, or the neutral compound 

acetoin (3-hydroxy 2-butanone) into the growth medium. These compounds can be reused 

during the stationary phase when other preferred energy and carbon sources have been 

depleted (Ramos et al. 2000). However, under fermentation conditions, B. subtilis produces 

lactate, acetate, 2,3-butanediol as the main overflow metabolites (Ramos et al. 2000). B. 

subtilis uses the overflow metabolic pathways under anaerobic conditions to regenerate NAD
+
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from NADH when no other electron acceptors like oxygen or nitrate are available or under 

aerobic conditions, when excess of carbon and nitrogen sources are present (Shivers et al. 

2006). Under fermentation conditions lactate is produced by the reduction of pyruvate, a 

reaction catalyzed by lactate dehydrogenase and a putative lactate permease (lctEB operon), 

with the simultaneous oxidation of one molecule of NADH per molecule of pyruvate reduced 

(Ramos et al. 2000). 

Pyruvate can be used to produce acetoin via the acetolactate synthase (alsS) and 

acetolactate decarboxylase (alsD) (Fig. 1.1). The overflow metabolite acetoin can be reversely 

converted to 2,3-butanediol by the acetoin reductase/2,3-butanediol dehydrogenase complex 

which is encoded by the bdhA gene (Nicholson 2008). Furthermore, pyruvate can also be 

converted to acetyl coenzyme A (acetyl-CoA) by the pyruvate dehydrogenase complex 

(pdhABCD) (Ramos et al. 2000). Acetyl-CoA can feed into the TCA cycle, where it is used 

for synthesis of the amino acids lysine and methionine, or is converted to acetyl phosphate 

and further to acetate via phosphotransacetylase (pta) and acetate kinase (ackA). Under 

fermentation conditions, acetyl-CoA can also be converted to acetaldehyde via acetaldehyde 

dehydrogenase (ALDH) and further to ethanol via alcohol dehydrogenase (ADH) (Romero et 

al. 2007; Shin et al. 1999).  

B. licheniformis is closely related to B. subtilis. One major difference to B. licheniformis is 

the missing of a glyoxylate cycle in B. subtilis (Veith et al. 2004). Thus, only B. licheniformis 

is able to use overflow metabolites like acetoin or 2,3-butanediol as carbon source for its 

growth. The utilization of acetoin in B. subtilis is mainly mediated by the acoABCL operon, 

which encodes the E1, E1, E2 and E3 subunits of the acetoin dehydrogenase complex (Ali 

et al. 2001; Huang et al. 1999). In B. subtilis the acuABC operon was suggested also to play a 

role in the acetoin metabolism (Grundy et al. 1994). Although it has been shown that 

inactivation of acuA, the first gene of this operon, results in diminished growth on acetoin and 

2,3-butanediol, the encoded proteins do not exhibit any similarity to the acoABCL-encoded 

enzymes. 

In B. subtilis expression of the acoABCL operon is repressed by glucose but induced by 

acetoin (Ali et al. 2001). The promoter of this operon is regulated by sigmaL and the activator 

AcoR, a protein, which is required for the acetoin-dependent expression of the acoABCL 

operon. In the presence of glucose, acoR expression is repressed by the catabolite control 

protein A (CcpA) (Ali et al. 2001; Stülke and Hillen 2000). The activity of the acoA promoter 

is modulated by the concentration of acetoin in the medium (Silbersack et al. 2006).  
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The expression of the acuABC operon of B. subtilis is regulated by sigmaA and is also 

under the control of CcpA (Grundy et al. 1994). The transcription of this operon is repressed 

in the presence of glucose but no induction after addition of acetoin was observed. Recently, it 

could be shown that enzymes encoded by the acuA and acuC genes inactivate and reactivate 

the acetyl coenzymeA (Ac-CoA) forming activity of the acetyl-coenzyme A synthetase 

(AcsA), respectively (Gardner et al. 2006). It has been suggested that the AcuA protein is an 

acetyltransferase that inactivates AcsA, and AcuC is a deacetylase that reactivates AcsA
Ac

 

(Gardner and Escalante-Semerena 2009). Clements et al. (2002) could show that acuB is 

induced under nitrate respiration and fermentation conditions. However, the clear function of 

the acuB gene, which is located between the acuA and acuC genes, is still unknown (Gardner 

and Escalante-Semerena 2008). 

3. The glucose and phosphate starvation responses of Bacillus 

Bacteria are able to use a variety of substances as nutritional sources of carbon and 

phosphate. When grown in an abundance of nutrients, they prefer to use their favoured 

nutrient sources, which allow maximal growth rates. However, in natural environments 

nutrient starvation conditions are frequent and thus the growth in limitation of nutrient 

sources is probably a common phenomenon for soil bacterium, such as B. subtilis and B. 

licheniformis. The ability to rapidly adapt to changed environmental conditions is, therefore, 

essential for cell survival. Complex regulatory networks are required to allow such 

adaptations. 

3.1. The general stress response of Bacillus 

When exposed to environmental changes such as physical stresses (e.g. heat, osmotic 

shock, salt, oxygen limitation) or nutrient starvations (e.g. glucose, phosphate, nitrogen, 

amino acids) B. subtilis induces the general stress regulon which is under the regulation of the 

sigma factor sigmaB (Hecker and Volker 2001; Petersohn et al. 2001). The sigmaB-dependent 

regulon of B. subtilis consists of more than 150 genes which are induced to unspecifically 

protect cells against oxidative damage of DNA, membranes and against toxic proteins 

(Hecker and Volker 2001; Schweder and Hecker 2004). The induction of sigmaB-dependent 

regulon is one essential strategy that ensures cells survival in non-growing state, vegetative 

state as an alternative to sporulation (Hecker and Volker 2001). The activation of sigmaB is 

regulated by seven Rsb regulatory proteins (Haldenwang 1995; Yang et al. 1996). 

Additionally, B. subtilis also induces another general stress response, a stringent response, 
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which prevents wastage of nutrients during nutrient deprivation (Eymann et al. 2002; 

Wendrich and Marahiel 1997). It is the adaptive response that coordinates the global 

transcription pattern with the prevailing growth conditions, for example, by switching off the 

synthesis of translational machinery like ribosomal RNAs (rRNAs), transfer RNAs (tRNAs), 

and ribosomal proteins (Eymann et al. 2002).  

In the genome of B. licheniformis, the sigmaB structural gene and seven rsb regulatory 

genes are also present (Brody and Price 1998). The induction of sigmaB-dependent genes in 

the cell envelope stress response of B. licheniformis has also described (Wecke et al. 2006). 

However, there is no indication for the induction of the sigmaB general stress regulon when 

B. licheniformis cells are subjected to glucose and phosphate starvation conditions (Hoi et al. 

2006; Voigt et al. 2007). The absence of the rsbQP operon which is responsible for the 

sigmaB induction under nutrient starvation conditions is probably the reason for this 

deficiency (Voigt et al. 2009). In B. subtilis, RsbQ and RsbP proteins form the energy-

signaling branch of the sigmaB regulon which is necessary for the sigmaB induction under 

nutrient starvation conditions (Brody et al. 2001; Völker et al. 1995). 

3.2. The specific-glucose starvation response of Bacillus 

In the gram-positive bacterium B. subtilis, the prefer carbon source is glucose, presumably 

because it enters the central metabolic pathway without conversion to other compounds. A 

variety of mechanisms allow B. subtilis to regulate gene expression in such a way as to limit 

synthesis of enzymes for utilization of alternative carbon sources when the preferred carbon 

source is available (Deutscher et al. 2002).  

3.2.1. Glucose starvation response of B. subtilis and B. licheniformis 

B. subtilis is able to use a variety of sugars as carbon and energy sources. These sugar 

molecules are first transported into the cell and concomitantly phosphorylated by 

phosphoenopyruvate sugar phosphotransferase systems (PTS) (Postma et al. 1993). The PTS 

comprises two general proteins enzyme I (EI) and HPr, and several sugar specific proteins. 

These membrane-bound sugar specific permeases (enzyme II or EII) not only mediate sugar 

uptake, but also modify the sugar by phosphorylation (Deutscher et al. 2002; Meadow et al. 

1990; Postma et al. 1993; Reizer et al. 1988). As the glucose concentration becomes limiting, 

beside the expression of genes of the general stress regulon, B. subtilis cells also exhibit a 

specific glucose starvation response (Bernhardt et al. 2003; Koburger et al. 2005; Yoshida et 

al. 2001). Under glucose starvation conditions the expression of genes, coding for proteins 
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which are required for glucose uptake via PTS (e.g. ptsG, ptsH, ptsI), glycolysis and the 

tricarboxylic acid cycle, is repressed. In contrast, the transcription of genes coding for PTS-

type transport systems of alternative carbohydrates or ATP-binding cassette (ABC) 

transporters are induced (Koburger et al. 2005). ABC transporters are transmembrane proteins 

that utilize the energy of adenosine triphosphate (ATP) hydrolysis to carry out the 

translocation of various substrates across the membranes such as metabolic products, lipids 

and sterols (Davidson et al. 2008; Deutscher et al. 2002). Furthermore, the expression of 

genes responsible for the utilization of acetate, propionate, and fatty acids are up-regulated 

under glucose starvation conditions (Bernhardt et al. 2003; Koburger et al. 2005).  

When B. licheniformis cells are subjected to glucose starvation most of the genes coding 

for proteins of basic metabolic pathways (e.g. amino acids biosynthesis, nucleotide or 

coenzyme metabolism, ribosomal proteins) are strongly repressed at the transcriptional and 

translational level after cells enter into stationary phase (Voigt et al. 2007). There is a 

significant repression of most glycolytic genes (eno, fbaA, gapA, pdhB-pdhD, pgk, pgm, tpiA). 

However, expression of two genes coding for enzymes involved in gluconeogenesis (gapB 

and pckA) is strongly induced. At the same time, genes of the TCA cycle (citA, citB, citG, 

citZ, sdhA) are significantly induced (Voigt et al. 2007). In addition, B. licheniformis cells 

induce genes encoded for proteins responsible for the metabolism of alternative carbon 

sources such as ackA for acetate utilization, aco and acu operons for the usage of acetoin, 

glpDFT operon involved in the glycerol metabolism and 10 genes involved in the myo-

inositol catabolism. Furthermore, expression of two enzymes belonging to the glyoxylate 

bypass (isocitrate lyase and malate synthase) is induced at high level. The significant 

induction of genes involved in the utilization of amino acids and lipids as well as genes 

coding for some proteases reveals that B. licheniformis seem to use other organic substances 

than carbohydrates as carbon sources when glucose is exhausted (Voigt et al. 2007). 

3.2.2. The global regulation of carbon catabolism in B. subtilis 

B. subtilis cells are able to use variety carbohydrates as sources of carbon and energy. The 

genes and operons responsible for the utilization of specific carbon sources are in most cases 

expressed only if (i) the carbon source is present in the growth medium and if (ii) preferred 

carbon sources, such as glucose and other glycolytically metabolizable sugars, are absent 

from the growth medium. These two processes are referred to as substrate induction and 

carbon catabolite repression, respectively. In the presence of glucose, genes that encode 

proteins need for the utilization of alternative carbon sources and enzymes of the TCA cycle 
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are repressed (Bernhardt et al. 2003; Koburger et al. 2005). In contrast, genes coding for 

glycolytic enzymes and carbon overflow pathways are induced (Grundy et al. 1993a; Henkin 

1996; Kim et al. 2002; Koburger et al. 2005; Tobisch et al. 1999). 

In B. subtilis, the major regulator of the gene expression in response to the glucose 

availability is the carbon catabolite control protein A (CcpA), a member of the LacI/GalR 

repressor family (Henkin 1996; Stülke and Hillen 2000; Turinsky et al. 2000). CcpA is a 

global regulatory protein that is active when cells are grown in the glucose-containing 

medium and is stimulated by the Serine-46-phosphorylated (Ser-46) forms of HPr or its 

regulatory paralogue Crh (Fujita et al. 1995; Galinier et al. 1997; Voskuil and Chambliss 

1996). The global regulator CcpA regulates the expression of many genes coding for proteins 

which are involved in the carbon sources utilization (Moreno et al. 2001; Yoshida et al. 2001). 

In the presence of glucose, HPr and Crh are phosphorylated at Ser-46 residue by HprK, a 

kinase whose activity is stimulated by fructose 1,6-bisphosphate, an intermediate of 

glycolysis pathway (Deutscher et al. 2002; Galinier et al. 1997; Jault et al. 2000; Lorca et al. 

2005). Replacement of Ser-46 with alanine prevents the ATP-dependent phosphorylation of 

HPr, or additional disruption of the crh gene causes the partial or complete relief from carbon 

catabolite repression of several systems (Deutscher et al. 1994; Galinier et al. 1997). This 

finding indicates that in addition to CcpA, both HPr-Ser-P and Crh-Ser-P are involved in 

carbon catabolite control. Moreover, CcpA-mediated catabolite activation or repression also 

depends on so-called conserved cre-sites (cis-acting catabolite-responsive element) located 

within, downstream or upstream from the promoter regions of their DNA target sequences 

(Kim et al. 2002; Moreno et al. 2001; Turinsky et al. 2000). The role of HPr-Ser-P (or Crh-

Ser-P) is to promote the binding of CcpA to the cre-sites and thus activates or represses the 

expression of the target promoters. However, there are several CcpA-dependent genes which 

do not possess any detectable cre target sites (Blencke et al. 2003; Moreno et al. 2001; 

Yoshida et al. 2001). This type of the gene expression regulation by CcpA is defined as class 

II regulation (Ludwig et al. 2002). 

In addition to CcpA, CodY is also a global transcriptional regulator that controls many 

genes and operons responsible for the adaptation of B. subtilis cells to the poor nutritional 

availability (Molle et al. 2003). In B. subtilis CodY regulates genes and operons coding for 

enzymes involved in the nutrient transport, nitrogen or carbon metabolism, macromolecular 

degradation, and genetic competence (Ferson et al. 1996; Fisher et al. 1996; Molle et al. 2003; 

Serror and Sonenshein 1996; Sonenshein 2005; Wray et al. 1997). The activation of CodY is 

mediated by the high intracellular levels of GTP accumulated in rapidly growing exponential 
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phase cells (Handke et al. 2008; Ratnayake-Lecamwasam et al. 2001). The decrease in the 

intracellular GTP level at the transient phase results in losing repression activity of CodY and 

thus allows for the transcription of its target genes (Ratnayake-Lecamwasam et al. 2001). 

Moreover, the binding of CodY to the promoter region of target genes is also enhanced in the 

presence of branched-chain amino acids (BCAAs). However, the decrease of BCAAs level in 

the growth medium does not completely release the CodY repression activity (Shivers and 

Sonenshein 2004). Furthermore, consensus sequences for CodY-binding sites have been 

proposed, however the adherence to this consensus is variable (den Hengst et al. 2005; 

Guedon et al. 2005). Recently, Belitsky and Sonenshein (2008) show a 15 bp consensus 

sequence that is proposed as CodY-binding sites for CodY-dependent genes in B. subtilis. 

Mutations in this sequence results in affecting the binding of CodY protein to its target 

promoters. 

 3.3. The specific-phosphate starvation response of Bacillus 

Phosphate is qualitatively and quantitatively one of the most important nutrients for all 

organisms. It plays a crucial role in the energy transfer and metabolic regulation in the form of 

biomolecules such as pyrophosphate, adenosine triphosphate (ATP), adenosine diphosphate 

(ADP) or adenosine monophosphate (AMP). However, phosphate is the nutrient which is 

frequently limited in many soils (Del Pozo et al. 1999).  

3.3.1. Phosphate starvation response of B. subtilis and B. licheniformis 

When exposed to the phosphate starvation B. subtilis induces the sigmaB-dependent 

general stress response (Antelmann et al. 2000; Eymann et al. 1996), as well as a specific 

response, the Pho regulon (Allenby et al. 2005; Hulett 2002; Pragai and Harwood 2002). 

However, a third gene class including yjbC, yfhM and yxiE, which are also induced under 

phosphate starvation conditions, is regulated independently of either PhoPR or sigmaB 

(Antelmann et al. 2000). The specific Pho regulon of B. subtilis consists of more than 30 

genes that are regulated in response to low concentrations of inorganic phosphate (Pi < 0.1 

mM) (Hulett 2002; Ogura et al. 2001). The high-affinity ABC phosphate transporter operon, 

pstSCAB1B2, encoded proteins that enable cells to transport limiting phosphate sources, is 

also induced under phosphate starvation conditions (Eymann et al. 1996; Qi et al. 1997). In 

addition, there is a strong induction of genes (e.g., phoA, phoB, phoD and glpQ) that allow the 

cell to use alternative organic phosphate sources more efficiently (Antelmann et al. 2000; 

Hulett 2002). The PhoB, PhoD, GlpQ and PstS proteins are among the most prominent 
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proteins in the secretome of B. subtilis cells grown under phosphate starvation conditions 

(Antelmann et al. 2000). Furthermore, the expression of the tuaABCDEFGH operon 

responsible for the replacement of the phosphate-containing teichoic acids in the cell wall by 

the phosphate-free teichuronic acid is also induced under such conditions (Lahooti and 

Harwood 1999; Liu and Hulett 1998). At the same time the two operons, tagAB and tagDEF, 

coding for enzymes involved in the teichoic acids biosynthesis, are repressed (Liu et al. 1998). 

When subjected to the phosphate starvation B. licheniformis cells also induce genes 

involved in the phosphate transport (pstSCAB1B2) or in the mobilization of alternative 

phosphate sources (phoB, phoD, phy) (Hoi et al. 2006). The genes pstS, phoD, phoB, yfkN and 

phy are among the most strongly induced genes at the transcriptional level during the transient 

phase. These genes could be affiliated to a potential Pho regulon of B. licheniformis based on 

the conserved PhoP binding sequence analysis. Furthermore, the strong induction and 

secretion of some nucleic acid degrading enzymes such as YfkN, YhcN, NucB, YurI and 

BLi03719 indicates that B. licheniformis cells try to mobilize phosphate groups from 

intracellular and extracellular ribonucleic and deoxyribonucleic acids (Hoi et al. 2006). In 

contrast, during phosphate starvation, B. licheniformis cells repress the expression of genes 

coding for protein involved in the amino acids biosynthesis, metabolism of nucleic and 

coenzyme as well as ribosomal proteins (Hoi et al. 2006). Additionally, B. licheniformis is 

able to efficiently secret a high number of proteins into the extracellular medium. The two 

most prominent protein spots in the secretome of phosphate-starving B. licheniformis cells are 

the phytase (Phy) and a protein similar to glycerophosphoryl diester phosphodiesterase 

(YhdW) (Hoi et al. 2006; Thanh et al. 2010; Voigt et al. 2006). 

3.3.2. Regulation of the Pho regulon of B. subtilis 

In B. subtilis, the expression of the Pho regulon is controlled by the interaction of at least 

three two-component signal-transduction systems (Hulett et al. 1994; Sun et al. 1996). The 

main regulatory system is PhoPR, which consists of the sensor kinase PhoR and the response 

regulator (RR) PhoP (Liu and Hulett 1998; Seki et al. 1988) (Fig. 1.2). PhoR is a membrane-

bound histidine kinase (HK), which is sensitive to low phosphate concentrations at both the 

outer surface of the cell membrane and within the cytoplasm. When phosphate source is 

limited, PhoR is autophosphorylated. The phosphoryl group from PhoR is then transferred to 

PhoP thereby activating PhoP to phosphorylated PhoP (PhoP~P). PhoP~P is required for the 

activation or repression of genes in the Pho regulon and for the enhancement as well as the 

transcription of the phoPR and resABCDE operons (Qi and Hulett 1998). PhoP recognizes 
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and binds to four TT(A/T)ACA-like sequences repeated at intervals of 11 bp and separated by 

approximately 5 bp in the promoter regions of Pho regulon genes (Hulett 2002; Liu et al. 

1998). The second signal-transduction system, ResD-ResE, which is involved in the 

activation of genes required for aerobic and anaerobic respiration. It is also required for the 

full induction of the Pho regulon. The phoPR operon and the resABCD operon are themselves 

member of the Pho regulon (Birkey et al. 1998). The PhoPR and the ResDE two-component 

systems regulate the Pho regulon in a positive way. The third response regulator, Spo0A~P, 

represses both of these activator pathways, thereby repressing the Pho regulon (Hulett et al. 

1994; Sun et al. 1996). The Spo0A terminates the phosphate starvation response via AbrB and 

ResD-ResE, and initiates sporulation if phosphate starvation conditions persist (Hulett 1996, 

2002). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. 2: Schematic diagram of the phosphate starvation response in B. subtilis 

[Adopted from Hoi PhD thesis (2006)]. PhoPR is the main regulator. ResD protein is required for full 

expression of Pho genes. Spo0A~P represses the transcription of the phoPR operon through inhibiting 

the expression of AbrB and ResDE.  

3.4. The expression of phytase under phosphate limitation conditions 

Phytases are myo-inositol hexakisphosphate phosphohydrolases, an enzyme responsible 

for the degradation of phytate to release inorganic phosphate (Pi) and phosphorylated myo-
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inositol derivatives (Kerovuo et al. 2000; Powar and Jagannathan 1982; Wodzinski and Ullah 

1996). Most of the microbial phytases belong to a subfamily of histidine acid phosphatases 

which have a conserved sequence in the active site (Kerovuo et al. 1998). Phytate, the salt of 

phytic acid, is the major storage form of phosphorus in most mature plant seeds (Reddy et al. 

1982). It is widespread distributed in nature such as in animals, plants, particular fungi and 

microorganisms (Dvorakova 1998; Wodzinski and Ullah 1996). 

In microorganisms, the phytase gene expression is most frequently induced in response to 

inorganic phosphate starvation conditions in order to supply an alternative phosphate source 

for the cells (Haros et al. 2005; Idriss et al. 2002; van Hartingsveldt et al. 1993; Vohra and 

Satyanarayana 2003). The phytase expression is known to be repressed by inorganic 

phosphate in most of the microorganisms producing phytases. However, repression of the 

phytase synthesis by inorganic phosphate was not observed in ruminal bacteria, since the 

levels of free phosphate are normally high in the rumen. Therefore, the regulation of phytase 

expression in these bacteria still remains obscure (Yanke et al. 1998). 

 In B. subtilis, phytase catalyze the hydrolysis of phytate to yield 3 Pi and an myo-inositol 

triphosphate (Kerovuo et al. 2000). This enzyme requires Ca
2+

 for its activity and stability and 

is found to be specific for its phytate substrate (Powar and Jagannathan 1982). However, 

phytase expression in B. subtilis is not induced under phosphate starvation condition since it 

is not regulated by PhoPR system (Voigt et al. 2009). In B. licheniformis, phytase is one of 

the most prominent proteins in extracellular proteome when cells are grown under phosphate 

limitation conditions (Hoi et al. 2006; Voigt et al. 2009). However, phytate is not an inducer 

of the phy expression under such conditions as described by Hoi PhD thesis (2006). Several 

PhoP-binding boxes have been found within the promoter region of the phy gene, but the 

dependency to PhoPR has not been verified (Voigt et al. 2009). Moreover, the regulation of 

phytase expression via PhoPR two component systems has been established in B. 

amyloliquefaciens (Makarewicz et al. 2006).  

4. Regulation of gene expression at the transcriptional level 

In the transcriptional regulation in prokaryotes, expression of a gene is controlled at the 

stage of RNA synthesis through the action of transcription factors (TFs). Transcription factor 

(TF) is a protein needed to active or repress the transcription of a gene by binding on the cis-

regulatory sequence (TF-binding site) within the promoter region of that gene (Barnard et al. 

2004; Browning and Busby 2004) (Fig. 1.3). Some TFs bind to cis-acting DNA sequences 

only, others bind to DNA as well as to other TFs (Barnard et al. 2004). Some TFs (i) that have 



INTRODUCTION 

 16 

the ability to regulate large numbers of genes belonged to different functional classes, (ii) that 

control a complex regulatory cascade by a mechanism of not only directly controlling the 

expression of specific genes, but also indirectly regulating various cellular pathways, and (iii) 

that act on the target promoters which use different sigma factors. Those TFs are called global 

transcription regulators (Martinez-Antonio and Collado-Vides 2003).  

The synthesis of RNA is under the direction of DNA by the RNA polymerase. RNA 

polymerase (RNAP) consists of the core enzyme and the sigma factor. A RNA core 

polymerase is a multi-subunit complex with a general structure of 2

 that undertakes the 

elongation of RNA (Borukhov and Nudler 2003; Helmann and Moran 2002). Sigma factor () 

is needed for the initiation of RNA transcription, and it is a major influence on the selection of 

promoters (Haldenwang 1995; Helmann and Moran 2002). The B. subtilis genome encodes at 

least 17 sigma factors (Huang and Helmann 1998). Growing cells need at least 6 different 

sigma factors: the housekeeping 
A
, and 

B
, 

C
, 

D
, 

H
 and 

L
. Furthermore, B. subtilis uses 

another 4 sigma factors including 
E
, 

F
, 

G
 and 

K
 during the endospore formation. The 

remaining 7 sigma factors are all of the extracytoplasmic function subfamily (Huang et al. 

1998). All sigma factors fall into two families, the sigma 70-type family, which recognizes – 

35, – 10 type promoters, and the sigma 54-type family, which recognizes – 24, – 12 type 

promoters (Merrick 1993; Wang and Gralla 1998). 

 

 

 

 

 

 

 

 

Figure 1. 3: Structure of a prokaryotic promoter 

[Adopted from Zhou and Yang (2006)] The +1 indicates the base pair where transcription initiates (the 

transcription start point). The core promoter consists of – 35, – 10 conserved sequences and upstream 

(UP) elements. The – 35, and – 10 elements are recognized by domains 2, 4 and 3 of the RNA 

polymerase  subunit, respectively (Murakami and Darst 2003). The UP element, located upstream of 

the – 35 element, is recognized by the C-terminal domains of the RNA polymerase  subunits (Gourse 

et al. 2000). Sometime, the TF binding site may overlap the core promoter sequence. 
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5. Biotechnological applications of Bacillus 

The importance of bacteria to mankind has been well recognized for many years. 

Primarily exploited for their ability to produce specific enzymes, bacteria have also been used 

to produce secondary metabolites of economic benefit. Recently, with the advent of genetic 

engineering organisms such as Escherichia coli and Bacillus species have been utilized for the 

expression of cloned gene products especially for the production of specific pharmaceuticals.  

The Gram-negative bacterium E. coli has been used as an effectively expression host for 

many years (Sahdev et al. 2008). However this organism accumulates proteins in the 

cytoplasm or periplasmic space, probably causing toxicity to the organism (Schallmey et al. 

2004). This frequently leads to the formation of insoluble protein inclusion bodies (IB 

consists of not-folded or misfolded proteins), incorrect protein folding or inefficient disulfide 

bond formation. The cost for the protein recovery and purification is also very high. 

Furthermore, E. coli is an organism which produces endotoxins (Elin et al. 1981; Geoff 1994). 

This brings more difficulties in the downstream processing of recombinant proteins especially 

in the case of biopharmaceuticals (Schallmey et al. 2004). 

In Gram-positive bacteria such as B. subtilis and B. licheniformis, proteins can be released 

into the surrounding medium via translocators e.g. Sec, Tat, ABC transporter. This greatly 

simplifies the purification process and the production of soluble, intact and biologically active 

protein. Moreover, B. licheniformis and B. subtilis were classified as GRAS (Generally 

Recognized As Safe) organisms by the U.S. Food and Drug Administration (Gupta et al. 

2002). B. licheniformis is an interesting candidate not only for homologous gene expression 

but also for heterologous gene expression. The ability of B. licheniformis to produce and 

secrete large quantities of proteins into the extracellular medium (20-25g/l) makes this species 

to be one of the most important hosts used in the biotechnological industry for production of 

technical enzymes like proteases, amylases or phytases and antibiotics (Rey et al. 2004; 

Schallmey et al. 2004). Some proteases from B. licheniformis are used in the detergent 

industry as well as for dehairing and bating of leather (Tang et al. 2004). Amylases have been 

used in industrial processes such as food, fermentation, textile and paper industries (Pandey et 

al. 2000). 

A few other members of the Bacillus species such as B. amyloliquefaciens (Chen et al. 

2007), B. megaterium (Malten et al. 2006; Rygus and Hillen 1991) and B. brevis (Sagiya et al. 

1994) have been used in the production of industrial enzymes or have the potential of 

becoming industrial workhorses. B. amyloliquefaciens has been used in several decades in the 
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industrial production of -amylase. Recent study on the B. amyloliquefaciens genome reveals 

an unexpected potential to produce secondary metabolites, including the polyketides 

bacillaene and difficidin. More than 8.5% of the genome is devoted to synthesizing antibiotics 

and siderophores by pathways not involving ribosomes (Chen et al. 2007). However, B. 

amyloliquefaciens is very difficult to transform via competent cells because it has very active 

restriction modification systems. Thus, B. amyloliquefaciens is not widely used for the 

production of recombinant DNA products (Ferrari and Miller 1999). B. megaterium is also an 

interesting member of the Bacillus species for gene expression. One of the advantages for this 

bacterium is that replicative plasmids appear to be stably maintained. Furthermore, B. 

megaterium appears to lack alkaline proteases and generally the level of proteases expressed 

and secreted in the medium is low (Ferrari and Miller 1999). As a production organism 

similar to B. megaterium, B. brevis also seems to be deprived of major extracellular 

proteolytic activity and therefore the product secreted in the media appears to be stable and 

not subject to degradation. In addition, B. brevis can efficiently secrete eukaryotic as well as 

prokaryotic proteins (Sagiya et al. 1994). 

In Bacillus, the production yields are sometimes lower than in the case of E. coli. For 

example, heterologous proteins are usually exposed to cell wall-associated proteases during 

the slow protein-folding process (Braun et al. 1999; Wang et al. 1988). Thus, many efforts 

have focused on the development of efficient expression systems by increasing the secretion 

of heterologous proteins as well as eliminating cell wall-associated proteases by constructions 

of specific mutant strains (Wu et al. 1991). In addition, as for a number of industrial important 

species, transformation of B. licheniformis is hardly achievable at all (Waschkau et al. 2008). 

A number of bacteria defend themselves from incoming foreign DNA by cutting such 

molecules with the aid of restriction endonucleases, whereas a bacterium‟s own genetic 

material is concomitantly protected by specific modifications, such as methylation of adenine 

or cytosine residues. Two loci of RMS have been identified in B. licheniformis (Rey et al. 

2004; Veith et al. 2004). Deletion of those two loci from the genome of B. licheniformis 

results in a strain being readily transformable with plasmids isolated from Bacilli (Waschkau 

et al. 2008).  

The availability of genome sequences of B. licheniformis (Rey et al. 2004; Veith et al. 

2004) and other Bacillus species including B. anthracis (Read et al. 2003), B. cereus (Ivanova 

et al. 2003), B. halodurans (Takami et al. 2000), B. amyloliquefaciens (Chen et al. 2007), B. 

subtilis (Kunst et al. 1997) and recently B. megaterium (Vary P.S. and her colleges in 

Northern Illinois University) has now certainly stimulate molecular genetics and physiology 
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studies. It should be possible to quickly identify genes that are turned on or off in particular 

growth conditions, which in turn will also allow researchers to develop or create production 

strains, both for enzymes as well as for chemicals, with improved performance.  

Although B. licheniformis has been used for a long time as an expression host in the 

industry only little information on expression systems are available. Up to now, only some 

expression systems have been published for B. subtilis (Ferrari and Miller 1999) and B. 

megaterium (Biedendieck et al. 2007; Malten et al. 2006). The essential elements for an 

expression vector are: an (i) expression cassette containing the suitable promoter, (ii) an 

efficient terminator, (iii) suitable signal sequence for the secretion of the protein, (iv) a 

selection marker and (v) a replication function for bacterial vectors which determines the copy 

number of the vector in a given host (Nordström and Uhlin 1992). Furthermore, a suitable 

expression plasmid requires a good segregation and structural stability during fermentation 

processes (Ebersbach and Gerdes 2005; Janniere et al. 1990). 

An expression system could be controlled at high cell densities by a cell density signal 

(Bongers et al. 2005), a specific chemical inducer [e.g. IPTG (Yansura and Henner 1984), 

xylose (Biedendieck et al. 2007; Rygus and Hillen 1991)] or a thermal shift (Chan et al. 

2002). A limiting substrate (e.g., glucose or phosphate limitation) is suggested used as a 

signal for the induction of an expression system (Silbersack et al. 2006; Tunner et al. 1992). 

However, a too strong starvation of an essential substrate during the protein overproduction 

phase would also diminish the protein synthesis capacity of the production host. Thus, to 

reach optimal yields, either the promoter of the appropriate expression system has to be 

switched on before the complete exhaustion of the limiting substrate or the limited substrate 

needs to be replaced by another suitable substrate, which can be metabolized and which is in 

parallel an inducer of the system (Silbersack et al. 2006). 

6. Objectives 

B. licheniformis is one of the most important hosts for industrial enzyme production due 

to the ability to secrete large amounts of proteins into the medium. The genome sequence of 

B. licheniformis is recently determined and enables now a detailed view into the physiology 

of this industrial host under different growth conditions. Furthermore, the availability of 

transcriptome and proteome data of this strain under glucose and phosphate limitation 

conditions would help to understand the function of genes and regulators and their interaction 

with each other.  
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The aims of this study were: 

(1) To analyze in detail the regulation of operons coding for acetoin dehydrogenase and 

their role in the acetoin and 2,3-butanediol utilization under glucose starvation conditions. 

The promoter regions of those genes were determined by primer extension method. The 

regulation of identified promoters was analyzed by means of expression systems as single 

copy integrated into B. licheniformis chromosome or in multicopy plasmid. The function of 

those genes was also investigated through the analysis of the metabolites consumption under 

glucose starvation conditions. 

(2) Analysis of the regulation of the phytase gene expressed under phosphate starvation 

conditions by means of analyzing the expression of phy promoter in multicopy plasmid. B. 

licheniformis cells grown under phosphate limitation conditions are known to have low 

quality and quantity of the total RNA. This could limit the yield of heterologous protein 

production of B. licheniformis. Thus, the function of a putative ribonuclease expressed under 

phosphate starvation conditions was investigated by constructing the knock out mutant of that 

ribonuclease gene. 

(3) The study on the regulation of promoters which are strongly expressed under nutrient 

limitation conditions should be applied for the construction of potential new expression 

systems in B. licheniformis. The expression of such systems is not only induced by a specific 

inducer but also by nutrient limitation signals.  
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II  MATERIALS AND METHODS 

Strains and cultivation 

All strains used in this study are listed in Table 2.1. Belitzky Minimal Medium (BMM) 

medium (Stülke and Hillen 2000) was used for all cultivation experiments. B. licheniformis 

was cultivated at 37C under vigorous agitation in BMM medium containing 15 mM 

(NH4)2SO4, 8 mM MgSO4 x 7 H2O, 27 mM KCl, 7 mM Na-citrate x 2 H2O, 50 mM Tris-HCl 

(pH 7.5) supplemented with 0.6 mM KH2PO4, 2 mM CaCl2 x 2 H2O, 1 µM FeSO4 x 7 H2O, 

10 µM MnSO4 x 4 H2O and 11 mM glucose (Voigt et al. 2007). For the glucose and 

phosphate starvation experiments the concentration of glucose was reduced to 4.4 mM and the 

concentration of KH2PO4 was reduced to 0.15 mM only for the phosphate starvation. The 

activity of acoA and acuA promoters was also examined by adding 34 mM acetoin (1.13 M 

stock solution) to the medium. In these experiments acetoin was added at the beginning of the 

cultivation, if not indicated otherwise. 

Table 2. 1: Strains used in this study 

 
Strain Relevant genotype Reference 

E. coli DH10B F−, mrcA, Δ(mrr-hsdRMS-mrcBC), Φ80dlacZ, ΔM15, 

ΔlacX74, deoR, ecA1,endA1,araD139, Δ(ara,leu)7697,galU, 

galK, λ−, nrspL, nupG 

Gibco BRL 

B. subtilis 168 trpC2 (Kunst et al. 1997) 

B. licheniformis DSM13 Wild type DSMZ 

B. licheniformis MW3 ΔhsdR1, ΔhsdR2 (Waschkau et al. 2008) 

B. licheniformis TH ΔhsdR1, ΔhsdR2, amyE::(PacoA-amyE, ermAM) This study 

B. licheniformis acoB ΔhsdR1, ΔhsdR2, acoB Meinhardt F. 

B. licheniformis acuA ΔhsdR1, ΔhsdR2, acuA Meinhardt F. 

B. licheniformis THB ΔhsdR1, ΔhsdR2, acoB, amyE::(PacoA-amyE, ermAM)  This study 

B. licheniformis THA 

B. licheniformis TH2A 

B. licheniformis TH2B 

B. licheniformis TH3A 

ΔhsdR1, ΔhsdR2, acuA, amyE::(PacuA-amyE, ermAM) 

(ΔhsdR1, ΔhsdR2) containing pKUC1 

(ΔhsdR1, ΔhsdR2) containing pKUC2 

(hsdR1, hsdR2, acoB) containing pKUC1 

This study 

This study 

This study 

This study 

B. licheniformis TH3B (ΔhsdR1, ΔhsdR2, acuA) containing pKUC2 This study 

B. licheniformis TH4A (ΔhsdR1, ΔhsdR2, acoB) containing pKUC2 This study 

B. licheniformis TH4B (ΔhsdR1, ΔhsdR2, acuA) containing pKUC1 This study 

B. licheniformis MW3.1 (ΔhsdR1, ΔhsdR2, ΔpyrE) containing pMMcomK (Hoffmann et al. 2010) 

B. licheniformis BLi03719 ΔhsdR1, ΔhsdR2, Δ BLi03719 This study 

B. licheniformis TH5 (ΔhsdR1, ΔhsdR2) containing pKUC3 This study 
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Cloning procedures 

The electroporation protocol according to Sambrook et al. (1989) was used for the 

transformation of E. coli DH10B cells. Transformation of B. licheniformis was performed by 

electroporation (2500V/25F/200/2-mm electrode gap) with 1 g DNA and 100 l cell 

suspension. 

Table 2. 2: Sequences of primers used in this study 

 
Primer 

Number 

Sequence 5´-3´ Primer 

Number 

Sequence 5´-3´ 

1 GAGTATCTAGAGATCAAGCGAGACGG

TG 

15 CCTTTCTCGGTCTGCAATTCTTTGGCATGA 

2 ATGAAAAAACCTCCTATCTTTTTTAC 16 ACTGGAGCTCCAAGAAACAATCTCTTCTGC 

3 GAGTATCTAGAATTTGACTCAGCGTG 17 GAGTGAGCTCATAAGTAAGTTAAGGGATGC 

4 GTATCCACCGCCTTACATCTTAGTTG 18 GAGTATCTAGAATCCATCCTGCTCGGGATC 

5 GATAGGAGGTTTTTTCATATGTTTGCAA

AACGATTC 

19 GAATCGTTTTGCAAACATATATTAACCTCC 

6 GATGTAAGGCGGTGGATACATGTTTGC

AAAACGATTC 

20 GGAGGTTAATATATGTTTGCAAAACGATTC 

7 GTCAGAGGTACCCAAAAAAGAAACC

ATCATTG 

21 TGCTGGATCCCGGAAAGATTGCACAATC 

8 GATAGGAGGTTTTTTCATATGTTTGCA

AAACGATTC 

22 GATATGGTGCAAGTCAGTCACGGATAAAGT

CCTC 

9 GATGTAAGGCGGTGGATACATGTTTG

CAAAACGATTC 

23 CTATGAGTCGCTTTTGTGTCAGACCGGATC

GTC 

10 GTCAGAGGTACCCAAAAAAGAAACC

ATCATTG 

24 TGCTGAATTCATTTTCGCTGACGCCAATC 

11 GAAACAGGAGAGTGAGCAGCGATGT

CTGGC 

25 GAGGACTTTATCCGTGACTGACTTGCACCA

TATC 

12 AAGTCGCACCCTTTTGCAAT 26 GACGATCCGGTCTGACACAAAAGCGACTCA

TAG 

13 CCTGATCTTCGAAATAGCGGATTTCC

AGCA 

27 GATGAAACCTATCTGCTGGACACTGGATTC 

14 GTCACATAGCCGACAATGGT   

 

The activity of the acoA and acuA promoters was analyzed by means of single 

translational reporter-gene-fusions. For this purpose, acoA and acuA promoter regions were 

amplified with the primer pairs 1/2 and 3/4 (Table 2.2), respectively. The -amylase reporter-

gene (amyE) from B. subtilis (Manners 1962) was amplified and used to fuse with the acoA 

and acuA promoter regions with the primer pairs 5/7 and 6/7 (Table 2.2). The acoA‟-‟amyE 
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and the acuA‟-‟amyE fusions were constructed by means of the precise gene fusion 

polymerase chain reaction (PCR) strategy as described by Yon and Fried (1989) with the 

primer pairs 1/7 and 3/7, respectively. 

Table 2. 3: Plasmids used in this study 

 

Plasmid Relevant genotype Reference 

pTOPaco 

pTOPacu 

pDH3 

pCR4Blunt-TOPO, PacoA 

pCR4Blunt-TOPO, PacuA 

pUC18, amyE back, ermAM, amyE front 

This study 

This study 

Hoi PhD thesis (2006) 

pDH4 pUC18, Repts, amyE back, ermAM, amyE front This study 

pDH4A Repts, amyE back, ermAM, PacoA-amyE, amyE front This study 

pDH4B Repts, amyE back, ermAM, PacuA-amyE, amyE front This study 

pKUC Combination of pKTH290 and pUC18 at EcoRI site Truong PhD thesis (2006) 

pKUC1 pKUC bearing PacoA-amyE This study 

pKUC2 pKUC bearing PacuA-amyE This study 

pKUC3 pKUC bearing Pphy-amyE This study 

 

The single-copy reporter-gene-fusions were created by inserting the fusion fragments into 

the XbaI and KpnI sites of the plasmid pDH4 resulting in pDH4A for the acoA’-’amyE fusion 

and pDH4B for the acuA’-’amyE fusion (Figure 2.1). These plasmids were used to disrupt the 

chromosomal amyE gene in the B. licheniformis strain MW3 (Waschkau et al. 2008) and the 

mutant strains deficient in acoB and acuA by homologous recombination. In brief, pDH4 was 

constructed by inserting the temperature sensitive origin of replication (Repts) from pE194 

(Horinouchi and Weisblum 1982) into the SacI site of the pDH3 plasmid by means of the 

primer pairs 16/17 (Table 2.2). Plasmid pDH3 contains homologous regions upstream and 

downstream of the amyE coding sequence of about 500 base pairs (bp) in length. An 

erythromycin resistance gene from pAMJSE (Silbersack et al. 2006) was cloned into the 

BamHI and XbaI sites of pDH3 by Hoi (PhD thesis 2006).  

After transformation of pDH4A and pDH4B into B. licheniformis by electroporation, the 

cells were incubated in 1 mL Luria Broth (LB) at 30C, 200 round per minute (rpm) in 3 
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hours (h), spotted on LB agar containing 5 g/mL erythromycin and incubated at 30C for 48 

h. Transformants were inoculated at 42C in 20 mL LB containing 1 g/mL erythromycin 

until the cells reached an optical density OD500 nm of 0.5. Afterwards, the cells were diluted 

1:100 in new LB medium containing 1 g/mL erythromycin and spotted on LB agar 

containing 1 g/mL erythromycin. The chromosomal DNA of the obtained clones were 

isolated and used as the template for screening the integrated acoA‟-‟amyE and the acuA‟-

‟amyE fusion fragments by the primer pairs 8/11 and 9/11, respectively. In this study, the 

acoA‟-‟amyE fragment was inserted into the amyE locus of the B. licheniformis control strain 

MW3 and the acoB and acuA mutants resulting in the B. licheniformis strains TH, THB 

and THA respectively (Table 2.1).  

The high copy number plasmid pKUC was constructed by combining the plasmids 

pKTH290 and pUC18 at their uncial EcoRI site as described in detail by Truong (PhD thesis 

2006). This plasmid was used for constructing the multi-copy reporter-gene-fusions by 

cloning the fusion fragments into the XbaI and KpnI sites resulting in pKUC1 and pKUC2 

(Table 2.3). These plasmids were transformed into B. licheniformis strain MW3 and acoB, 

acuA mutants resulting in B. licheniformis strains TH2A, TH2B, TH3A, TH3B, TH4A, 

TH4B (Table 2.1). The two B. licheniformis strains TH2A and TH2B were used to 

overexpress the amylase. The remaining bacterial strains were used for the analysis the 

expression of acoA and acuA promoters in acoB and acuA-deficient strains. 

Another multicopy plasmid was also constructed to analyze the regulation of phytase in B. 

licheniformis under phosphate starvation conditions as described by Hoi (PhD thesis 2006). 

The 300 bp sequence from phytase promoter region (Pphy) was amplified using the primer 

pairs 18/19. The entire amyE gene including the signal sequence was amplified using the 

primer pairs 20/9. The Pphy-amyE fusion was constructed by the precise gene fusion-PCR 

procedure as described above. This fusion fragment was then inserted into the XbaI and KpnI 

sites of the multicopy plasmid pKUC resulting in plasmid pKUC3 (Table 2.3). The 

recombinant plasmid pKUC3 was used to transform B. licheniformis MW3 resulting B. 

licheniformis TH5 (Table 2.1) to investigate the expression of phytase promoter under 

phosphate limitation conditions. 
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Figure 2.1: Schematic presentation of the cloning procedure 

The construction of the translational Paco-amyE, Pacu-amyE fusion plasmids were used for the insertion of the fusion into the amyE locus of B. licheniformis. 

pDH4A/B 
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Inactivation of a putative ribonuclease gene (BLi03719) 

The PCR products (each 700 bp in length) of homologous regions upstream (FA) and 

downstream (FB) of the putative ribonuclease gene (BLi03719) were amplified by primer 

pairs 21/22 and 23/24 respectively. The 900-bp coding sequence of the erythromycin gene 

(erm) from pAX01 (Hartl et al. 2001) was amplified with the primer pairs 25/26. This 

antibiotic gene was used to fuse with the FA and FB fragments by the precise gene fusion 

PCR as described above resulting in the fusion fragment FA-erm-FB. This PCR product was 

then transformed into B. licheniformis MW3.1 (Table 2.1). The B. licheniformis MW3.1 strain 

derived from B. licheniformis MW3 strain after deleting the pyrE and inactivating the comP. 

The B. licheniformis MW3.1 strain also contains the plasmid pMMcomK (Hoffmann et al. 

2010). This plasmid induces the competent ability of B. licheniformis cells and it is removed 

from the host strain if the antibiotic tetracycline is not present in the growth medium.  

The transformation procedure is described in detail by Hoffmann et al. (2010). In order to 

transform DNA into B. lichenifomis MW3.1, a single colony of B. licheniformis MW3.1 was 

inoculated in 10 mL LB (12.5 g/mL tetracycline) of the starter culture at 37C under 

vigorous agitation at 170 rpm overnight. A 50 mL LB (12.5 g/mL tetracycline) of the main 

culture was inoculated with 500 L of the starter culture at 37C and 155 rpm until an OD540 

nm of 0.5 was reached. The main culture was then divided into two 20 mL cultures and 

transferred into two 100 mL Erlenmeyer flasks A and B. In culture A, comK expression was 

induced with 0.1% Xylose, whereas culture B was left uninduced as a negative control. Both 

cultures were cultivated for 2 h. Afterwards, 0.5 mL cells of culture A and B were each 

transferred to 1.5 mL eppendorf tubes containing 5 g DNA for transformation. 

Transformation mixtures were incubated at 37C, 700 rpm for 30 - 60 minutes. The mixtures 

were then centrifuged at 10000 rpm for 1 minute. Cell pellets were washed with 0.5 mL of 

BMM to stop the comK expression. Cells from culture A and B were each sported on LB agar 

plate (2 g/mL erythromycin) and incubated at 37C for 1-2 days. The chromosomal DNA of 

the obtained colonies were isolated and used as the template for screening the mutant of the 

ribonuclease gene by primer pair 21/27. To verify the sequence, the PCR product was then 

sent to a sequencing service company (Agowa, Berlin, Germany). The B. licheniformis strain 

with the succeeded deletion was named as B. licheniformis BLi03719 (Table 2.1).  
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RNA isolation 

For the RNA isolation cell samples were harvested in half of the sample volume ice-cold 

killing buffer (20 mM NaN3; 20 mM Tris-HCl, pH 7.5; 5 mM MgCl2), centrifuged for 5 

minutes and 13000 rpm at 4C. The supernatant was discarded and the pellet was stored at -

70C until further analysis. For isolation of the total RNA, cell pellets were resuspended in 

400 mL Lysis buffer II (3 mM EDTA; 200 mM NaCl) and transferred to the micro tubes 

filled with 500 g glass beads and 400 L acid phenol [Aqua-phenol : chloroform : 

isoamylalcohol (50:48:2)] as described in detail by Jürgen et al. (2005). The tubes were 

cooled down to 4C.  The beads collide with the sample in the tube during run time and 

therefore pulverize the cells. Cell disruption was mechanically performed with the 

RiboLyser
TM

 (Thermo Electron Corporation GmbH, Dreieich, Germany) in 45 seconds at 6.5 

m/s. The tubes were then centrifuged for 5 minutes and 13000 rpm at RT to separate cell 

debris and DNA from RNA.  

The upper phase containing RNA was transferred into a new Eppendorf tube and used for 

isolation and purification of total RNA with the KingFisher mL
TM

 (Thermo Electron 

Corporation GmbH, Dreieich, Germany). Magnetic particles, buffers and chemical reagents 

were used from the MagNA Pure LC RNA isolation Kit I (Roche Diagnostics, Prenzberg, 

Germany). The pipetting scheme of the tube strip for the KingFisher mL
TM

 was as follows: 

(1) vessel: max. 700 L of the sample, 200 l magnetic particles, 300 L lysis binding buffer 

II; (2) vessel: 300 L lysis binding buffer, 225 L isopropanol; (3) vessel: 850 L wash 

buffer I; (4) vessel: 850 L wash buffer II; (5) vessel: 100-200 L elution buffer. The 

solutions after pipetting were then precooled in the refrigerator down to 4C for 30 minutes. 

The purification was performed by using modified KingFisher mL
TM

 software version 1.0 as 

described in detail by Jürgen et al. (2005). 

In principle, the purification protocol contains the mixing, lysing, collecting and washing 

steps. The first step in vessel 1 promotes the binding of RNA to the magnetic particles by 

mixing the sample with the magnetic beads. Afterwards, the beads were collected with the 

magnetic tips and transferred into the second vessel containing lysis binding buffer and 

isopropanol. This step stabilizes the binding of RNA to the magnetic particles but not for 

protein residues. Again, the beads were collected and transformed into the third vessel for 

washing step with wash buffer I. After washing with wash buffer I, the beads were collected 

and transferred into the fourth vessel for washing with wash buffer II. Subsequently, the 
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magnetic particles were gathered by magnetic tips and transferred into the last vessel, which 

contained the elution buffer. The RNA was eluted from the magnetic particles by heating in a 

water bath at 65C for 10 minutes. The next step was to remove the beads from the last vessel 

in order to leave the isolated RNA in the elution buffer. Finally, the isolated total RNA was 

transferred into a new 1.5 mL Eppendorf tube and kept at -70C. The quality and quantity of 

the isolated total RNA was tested with Bioanalyzer 2100 from Agilent (Böblingen, Germany) 

or with RNA formaldehyde agarose gels.  

Northern Blot analysis 

For the analysis of the B. subtilis amyE expression at the transcriptional level B. 

licheniformis strains carrying the translational fusion of Pphy-amyE were cultivated under 

phosphate starvation conditions. Cell samples were taken during the logarithmic growth 

phase; at an OD500 nm of 1.0 and 1, 2 and 3 hours after an OD500 nm of 1.0. Total RNA was 

isolated using the RiboLyser for the cell disruption and the KingFisher for the purification as 

described above. The parameters of Northern Blot include separating RNA by gel 

electrophoresis, blotting RNA to the nylon membrane, hybridizing RNA with labeled probe, 

washing and detecting steps. All the Northern Blot solutions and buffers are shown in 

addendum (Table S. 1). Northern Blot analysis was performed as described in detail by 

Wetzstein et al. (1992) 

In the first step, RNA samples were denatured and separated by running on RNA 

formaldehyde agarose gel for 4-5 h. After electrophoresis, the gel was put on top of the nylon 

membrane which is placed on the vacuum device for blotting step. The RNA will be slowly 

transferred from the gel to the nylon membrane by adding on top of the gel 50 mM NaOH for 

5 minutes, then 0.1 M Tris pH 7.5 for 5 minutes and finally 20 x SSC for 5 h with the vacuum 

power 60-70 mBar. After blotting, the membrane was dried at RT and RNA molecules were 

immobilized through the covalent linkage to the membrane by exposing under the UV light 

for 10 seconds. Before probe hybridization, the membrane was required for prehybridization 

to prevent the probe from coating the membrane. For this purpose, the membrane was 

incubated with Prehybridization solution in a glass tube at 68C, rotation for 1h. Meanwhile, 

the hybridization solution was prepared by mixing 10-15 L of DIG-labeled DNA probe, the 

sequence which is complement with one part of the target transcript, to 5 mL Prehybridization 

solution and denatured at 65C in a water bath for 15 minutes and subsequently on ice for 15 
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minutes. After discarding the Prehybridization solution, the membrane was hybridized with 

denatured probe at 68C, rotation overnight.  

On the next day, to remove the hybridization solution and unhybridized probe, the 

membrane was washed twice (each time 5 minutes) with Wash solution I at RT and triple 

(each time 15 minutes) with pre-warmed Wash solution II at 68C. The membrane was then 

transferred to a plastic box and washed with Wash buffer at RT, 100 rpm for 5 minutes and 

subsequently with Buffer 2, 50 rpm for 30 minutes. After washing, the membrane was 

incubated with Antibody solution (Roche Diagnostics GmbH, Mannheim, Germany) at RT, 

50 rpm for 30 minutes. To remove Antibody solution, the membrane was washed with Wash 

buffer for 1 hour and again by this buffer for 30 minutes. Finally, the membrane was washed 

with Buffer 3 for 5 minutes. For detection, the membrane was equilibrated with Detection 

buffer and kept in dark for 5 minutes before exposing to the Imaging instruments (Intas 

Science GmbH, Germany). 

Primer extension 

The transcriptional starting points of the acoABCL and acuABC operons were determined 

by the primer extension method (Shin et al. 1999). The two DNA fragments containing the 

whole promoter region and the first part of either the acoA or the acuA gene were amplified 

with the primer pairs 1/12 or 3/14, respectively (Table 2.2). These fragments were ligated 

with the Zero Blunt TOPO vector (Invitrogen GmbH, Karlsruhe, Germany) resulting in the 

pTOPaco and pTOPacu plasmids. These plasmids were used as templates for sequencing the 

acoA and acuA promoter fragments as described by Sanger et al. (1977).  

The primers 13 and 15 (Table 2.2) were designed at the position 150 bp downstream from 

the putative start codon of the acoA and acuA open reading frames, respectively. These 

primers were then end-labeled with 
32

P_ATP (Amersham, Braunschweig, Germany) and used 

for mapping of the 5´ end of acoA and acuA transcriptions. The label reaction was performed 

by mixing 1 L DNA primer (100 ng/L) with 15.5 l H2O, 2.5 L Kinase buffer (10 x), 1L 

T4-polynucleotide kinase (10 U) and 5 L (50 Ci) ATP (5000 Ci/mM) in a 1.5 mL 

Eppendorf tube. Afterwards, the mixture was incubated at 37C for 30 minutes and the label 

reaction was subsequently stopped by denaturing at 65C for 5 minutes. The tube content was 

then precipitated with the solution containing 25 L Ammoniumacetate (4 M) and 250 L 

ethanol (96%) and stored at -70C for 30 minutes or overnight at -20C. After precipitating, 
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the tube was centrifuged at 13000 rpm at RT for 15 minutes. The supernatant was carefully 

taken out and the pellet was washed twice with 500 L ethanol (70%). The tube was 

centrifuged each time after washing at 13000 rpm for 15 minutes. Finally, the pellet 

containing labeled primer was resuspended in 20 L Ammoniumacetate (0.3 M). The 

radioactivity of the labeled primer was measured by Tri-Carb 2900TR Liquid Scintillation 

Analyzer (Parkard Bioscience, USA). 

Total RNA samples were isolated from B. licheniformis DSM13 cells grown in a glucose-

limited medium with 34 mM acetoin and used as template for primer extension reaction. The 

hybridization tube was prepared by mixing 10 g RNA sample with 1.5 L hybridization 

buffer (10 x), 3 L labeled primer and H2O in a total volume of 15 L. The primer was 

hybridized with RNA by incubating the mixture at 55C for 1 hour. Meanwhile, the primer 

extension master mix was prepared by adding 10 mM Tris-HCl pH 8.7, 10 mM MgCl2, 5 M 

DTT, 0.4 mM dNTPs (10 mM), 2.5 L RNasin (40 U/L), 2 L Superscript reverse 

transcriptase II (200 U/L) and H2O up to 100 L. For primer extension reaction, 37.5 L of 

the mixture was added to the hybridization tube. The tube content was mixed and incubated at 

37C for 30 minutes. After the incubating time, the reactants were precipitated with 200 L 

ethanol (96%) and stored at -70C for 30 minutes. The tube was then centrifuged at 13000 

rpm at RT for 15 minutes. The pellet was resuspended in 10 L Stop buffer and store at -

20C.  

For sequencing reaction, 4 PCR tubes were prepared, each tube containing 2 l of one of 

the four different ddNTPs (ddATP, ddCTP, ddGTP, ddTTP). The sequencing master mix was 

prepared by mixing 5 L DNA plasmids (pTOPaco or pTOPacu), 3 L labeled primer, 2 L 

Thermo sequenase reaction buffer, 5 L H2O and 2 L sequenase (USB Corporation, 

Cleveland, USA). After mixing, 4 L of master mix was added to each ddNTPs tube. The 

PCR programme was set for 35 cycles: 95C for 30 seconds, 50C for 30 seconds and 72C 

for 60 seconds. To stop the reaction, 4 L of the Stop solution was added to each tube. 

Finally, primer extension products together with sequencing products were run on the high 

resolution polyacrylamide gel for 3 hours. After electrophoresis, the gel was transferred to a 

paper membrane for drying by heat and vacuum. Subsequently, the dried gel was exposed to a 

radioactive film for one day and then scanned with a Typhoon 9400 scanner (GE Healthcare).  
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Enzyme assay 

Activity of the Amylase AmyE was determined with the kit “Ceralpha (-Amylase) 

Assay” according to the manufacturers instructions (Megazyme International Ireland Ltd, 

Bray, Ireland). The Ceralpha procedure (employing Amylase HR reagent) for the assay of -

amylase, employs as substrate, the defined oligosaccharide „„non-reducing-end blocked -

nitrophenyl maltoheptaoside‟‟ in the presence of excess levels of a thermostable -

glucosidase (which has no action on the native substrate due to the presence of the „„blocking 

group‟‟). On hydrolysis of the oligosaccharide by endo-acting -amylase, the excess 

quantities of -glucosidase present in the mixture give instantaneous and quantitative 

hydrolysis of the -nitrophenyl maltosaccharide fragment to glucose and free -nitrophenol. 

The reaction is terminated (and colour developed) by the addition of a weak alkaline solution. 

In brief, the growth supernatant containing AmyE was diluted in buffer B (11.6 g/L Maleic 

acid, 5.8 g/L Sodium chloride, 0.3 g/L Calcium chloride dihydrate, 0.1 g/L Sodium azide). 

Afterwards, the HR reagent and buffered supernatant were incubated at 40C for 5 minutes. 

After incubating, 100 L of buffered supernatant was mixed with 100 L of HR reagent and 

incubated at 40C for exactly 10 minutes. Finally, the reaction was stopped by adding 1.5 mL 

of stopping reagent (1% trisodium phosphate, pH11). The absorption of the reaction solution 

was measured at 400 nm and the amylase activity was calculated in „„International Units‟‟ 

(IU). One „„International Unit‟‟ of activity is defined as the amount of enzyme required to 

release one micromole of glucose reducing-sugar equivalents per minute under defined 

conditions of temperature and pH (40C, pH 6.5). 

One-dimensional (1D-) SDS-PAGE 

For protein analysis and identification, proteins from growth medium supernatants were 

separated by one-dimensional (1D-) SDS-PAGE. 20 L samples were mixed with 5 L SDS 

sample buffer (50 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol, 0.1% bromphenol blue) 

and denatured at 50C for 10 minutes. The separation according to protein mass was 

conducted using a Protean II Cell system (BIO-RAD). Electrophoresis was run at 150 V for 

one hour (separating gel: 10% „„Acrylamide-Solution (30%)-Mix 37.5:1‟‟ (AppliChem), 0.4 

M Tris (pH 8.8), 0.1% SDS, 0.1% APS, 0.04% TEMED; stacking gel: 4% Acrylamide-

Solution, 0.125 M Tris (pH 6.8), 0.1% SDS, 0.05% APS, 0.1% TEMED). Protein bands were 

visualized by Coomassie Brilliant Blue (CBB) or by Sypro Ruby staining. For the staining 
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with CBB, gels were transferred to the staining solution (8% ammonium sulphate, 1% 

phosphoric acid, 0.08% CBB G250, 20% ethanol), incubated on a shaker over night at room 

temperature and repeatedly washed in A. dest. For the Sypro Ruby staining, gels were treated 

with fixing solution (7% acetic acid, 50% methanol) for one hour, incubated in Sypro Ruby
TM

 

(Molecular Probes) over night and finally washed in A. dest.  

Protein identification by MALDI-TOF-MS 

Protein bands were excised from stained gels and were transferred into microtiter plates. 

In-gel trypsin digestion and peptides extraction were automatically performed in the Ettan 

Spot Handling Workstation (Amersham Biosciences). Peptide masses were measured by 

MALDI-TOF-MS in the 4700 Proteomics Analyzer (Applied Biosystems). The standard 

methods and parameters used to create the „„peak list‟‟ from raw data were performed 

according to Voigt et al. (2006). The specific B. licheniformis and B. subtilis sequence were 

used as database for peptide mass fingerprint searching with the GPS Explorer
TM

 software 

version 3.5 (Applied Biosystems) using the integrated MASCOT Search Engine version 2.0 

(Matrix Science Ltd, London, UK). Subsequent MS/MS analysis of the strongest peaks was 

usually performed as a confirmation. 

Quantification of extracellular metabolites by 
1
H-NMR 

Extracellular metabolome samples were collected by sterile filtration (pore size 0.22 µm, 

Sarstedt, Nümbrecht, Germany) of cell suspensions and stored at -20C until measurement. 

1
H-NMR analysis of the extracellular metabolite concentrations was carried out as described 

previously (Liebeke et al. 2009). Briefly, samples were mixed with a standardized phosphate 

buffer pH 7.0 and 1.0 mM trimethylsilyl-[2,3,3,3-D4]-1-propionic acid (TSP) as internal 

quantification standard. One dimensional 
1
H-spectra were acquired at 310 K and 600.27 MHz 

with 64 scans in a Bruker®Avance-II spectrometer (Bruker®Biospin, Karlsruhe, Germany). 

Metabolite identification and quantification was performed with AMIX® Version 3.8.2 

(Bruker®Biospin, Karlsruhe, Germany). 

Compound identification was done by matching the obtained spectra with a 
1
H-NMR spectra 

database (SBASE, Bruker Biospin) using AMIX® software (Vers. 3.8.2 Bruker Biospin) and 

comparing with spectra of standard compounds. Quantification was done by integration of 

designated peaks (metabolite/ chemical shift/ multiplicity/ number of protons: α-glucose/ 

5.25 ppm/ doublett/ 1; ß-glucose/ 4.65 ppm/ doublett/ 1; acetoine/ 2.23 ppm/ singulett/ 3; 2,3-
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butanediol/ 1.14 ppm/ doublet/ 6; acetic acid/ 1.93 ppm/ singulett/ 3; citric acid/ 2.53 ppm/ 

doublet/ 1; 2-oxo-glutarate/ 2.44 ppm/ triplett/ 2; succinic acid/ 2.41 ppm/ singulett/ 4; 

fumarate/ 6.51 ppm/ singulett/ 2; 2-acetolactate/ 2.1 ppm/ singulett/ 3; pyruvate/ 2.34 ppm/ 

singulett/ 3). Obtained areas were set in a ratio for the integration area of added standard TSP. 

With the knowledge of protons responsible for the signal a calculation of a molar 

concentration was possible. 
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III  RESULTS 

 

B. licheniformis is able to use a variety of substances as nutritional sources of carbon and 

phosphate. When grown in a medium with a surplus of nutrients, this bacterium prefers to use 

its favoured nutrient sources, which allow maximal growth rates. However, in natural 

environments nutrient starvation conditions are common. The ability to rapidly adapt to 

changed environmental conditions is essential for cell survival. The key purpose of this study 

was therefore to identify and design potential alternative expression systems as well as to 

analyze the regulation of the promoters. The regulation of acetoin and 2,3-butanediol 

utilization under glucose limitation conditions (1) was analyzed both at transcriptional (1.1) 

and translational (1.2) levels. The analysis of extracellular metabolites (1.3) was also 

performed under glucose starvation conditions. Furthermore, the regulation of phytase 

expression under phosphate starvation conditions as well as the inactivation of a ribonuclease 

gene expressed in these conditions was also investigated (2). The results are presented below.   

1. Regulation of acetoin and 2,3-butanediol utilization in Bacillus licheniformis 

1.1. Analysis of the promoter regions 

For the primer extension experiments, total RNA samples were isolated from B. 

licheniformis cells grown in a glucose-limited medium with 34 mM acetoin. The RNA 

samples, taken during the exponential growth phase, the transient phase and 30 minutes and 

60 minutes after onset of the stationary phase showed, in both cases, only one distinct 

transcript, the expression of which was clearly induced after exhaustion of glucose (Fig. 3.1). 

Sequence analyses downstream of the identified 5´-end of the detected transcripts indicated a 

– 12 and – 24 promoter region of typical SigmaL-dependent genes (Choi and Saier 2005) for 

the potential acoA promoter (Fig. 3.1a). The deduced – 10 and – 35 regions of the acuABC 

operon can be affiliated to typical SigmaA-dependent promoter sequences (Fig. 3.1b). An 

alignment of the deduced promoter regions of the acoA and acuA genes from B. licheniformis 

and B. subtilis are shown in Fig. 3.2. Both promoter regions from B. licheniformis are almost 

identical to those described for B. subtilis. A typical cre-site of CcpA could be observed 

within the promoter regions of the acuA gene. 
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Figure 3. 1: Reverse transcriptase mapping of the transcriptional start sites  

The transcriptional start sites for the acoABCL (a) and for the acuABC (b) operons of B. licheniformis. 

RNA samples used as templates for reverse transcriptase mapping reaction were collected from B. 

licheniformis DSM13 grown in BMM with 34 mM acetoin at the exponential growth phase (1), the 

transient phase (2), and 30 minutes (3) and 60 minutes after onset of the stationary phase (4). The 

position of the cDNA-extended fragment was compared to that of fragments obtained by sequencing 

of pTOPaco and pTOPacu, with the same labeled primers. The transcriptional start site is indicated by 

an arrow. 

 

                                                        -24                              -12                                        +1   

 SigmaL(L):  AAAAGAC TGGCA CACTT CTTGCATT TATAATGGTGAACCC              PacoA from B. subtilis 

                        GGAGAGC TGGCA CGATT TTTGCATC ATAACGTGTGAGTAA              PacoA from B. licheniformis 

                                             -35                                                           -10                              +1 

 SigmaA(A):  ATGT TGAAA ACGCTTTATAATTT GGTATTCTT AAAGAAGGCA          PacuA from B. subtilis  

                        CCTA TGAAA ACGCTTAATATTTT GGTATGTTA TGTATAAAAGA        PacuA from B. licheniformis 

                                        cre site 

 

 

Figure 3. 2: Comparison of the nucleotide sequences of the promoter regions 

The comparision is between the acoABCL and acuABC operons from B. subtilis and B. licheniformis. 

The transcriptional start sites are indicated by arrows. The boxes indicate conserved DNA sequences 

around positions – 12 and – 24 for the acoA promoter and – 10 and – 35 for the acuA promoter. The 

underline indicates the cre site. The sequences of the acoA and acuA promoters from B. subtilis were 

published by Ali et al. (2001) and Grundy et al. (1994). 
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1.2. Expression analyses under glucose limited growth conditions 

The activity of the translational acoA‟-‟amyE and acuA‟-‟amyE fusions, which were 

integrated into the amyE locus of the B. licheniformis chromosome was tested in growth 

experiments without and with addition of 34 mM acetoin. Under all conditions, both promoter 

fusions started to express the amylase gene during the transient phase about 5 h after 

inoculation. Without acetoin addition, the acoA‟-‟amyE fusion control strain TH reached a 

maximal amylase activity of about 0.1 IU/mL. The acoB-deficient acoA‟-‟amyE fusion strain 

THB showed a maximal activity of 0.2 IU/mL. In contrast, the acoB-deficient, acuA‟-‟amyE 

fusion strain THA revealed very low IU levels throughout the cultivation (Fig. 3.3a). 

 

                                                                                          

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 3: Expression of integrated fusions under glucose starvation conditions 

Expression of the acoA‟-‟amyE and acuA‟-‟amyE reporter gene fusions integrated into the amyE locus 

of B. licheniformis (B. licheniformis TH, THB, THA) in a glucose-limited BMM without (a) and with 

(b) addition of 34 mM acetoin (standard deviation based on n=3, independent cultivations). Lines 

indicate cell growth, while columns indicate amylase activity. Opened symbols without addition of 

acetoin; Filled symbols with addition of acetoin; growth: triangles TH, squares THB, circles THA; 

amylase activity: white bars TH, black bars THB, and grey bars THA. 
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In this study, acetoin was added to the medium at the beginning of the cultivation in 

order to verify whether acetoin is an inducer of the aco and acu operons. When acetoin was 

added to the growth medium, the acoA‟-‟amyE fusion strains TH and THB reached a higher 

final amylase activity of about 0.5 IU/mL, while the acuA‟-‟amyE fusion strain THA showed 

similar low amylase activity levels like under condition without addition of acetoin (Fig. 

3.3b). Furthermore, the addition of acetoin into the growth medium caused a small but 

significant increase of the final maximal OD500 nm of the strains TH and THA. Such a growth-

stimulating effect could not be observed for the acoB-deficient strain THB (Fig. 3.3b). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 4: Expression of multicopy plasmid fusions under glucose starvation conditions 

Expression of the acoA‟-‟amyE and acuA‟-‟amyE reporter gene fusions in multicopy plasmids in B. 

licheniformis (B. licheniformis TH3A, TH3B, TH4A and TH4B) in a glucose-limited BMM without 

(a) and with (b) addition of 34 mM acetoin (standard deviation based on n=3, independent 

cultivations). Lines indicate cell growth, while columns indicate amylase activity. Opened symbols 

without addition of acetoin; Filled symbols with addition of acetoin; growth: squares TH3A, triangles 

TH3B, diamond TH4A, circles TH4B; amylase activity: dot bars TH3A, wave bars TH3B, light 

upward diagonal TH4A, outlined diamond TH4B. 
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In B. subtilis, acetoin is secreted during the exponential growth phase as overflow 

metabolite into the medium and serves as a carbon storage compound which can be reused 

when other preferred carbon sources have been exhausted. Growth experiments in BMM 

medium containing 4.4 mM glucose and 34 mM acetoin revealed that the B. licheniformis 

MW3 wild type strain and the acuA mutant strain could reach the highest OD500 nm of 3.5 

after 24 hours while the acoB mutant strain only reach a maximal OD500 nm of 2.0 (Fig. 

3.3b). No differences in the growth rate of the MW3 wild type and the acuA mutant strain 

could be observed under these growth conditions. 

The acoA and acuA promoter activity was also investigated by means of translational 

fusions in high copy number plasmid. The plasmid pKUC1 and pKUC2 (Table 2.3) were 

transformed and expressed in the wild type strain MW3, as well in the mutant strains acoB, 

acuA under glucose limitation condition without and with addition of 34 mM acetoin. It was 

revealed that in the condition without addition of acetoin, the acoA’-’amyE and acuA’-’amyE 

fusion in all four strains showed a maximal amylase activity of about 3 IU/mL (Fig. 3.4a). 

However, when acetoin was added to the growth medium the amylase activities were 

increased up to 6 IU/mL for acoA’-’amyE fusion strains TH3A and TH4B, and up to 4 IU/mL 

for acuA’-’amyE fusion strains TH3B and TH4A (Fig. 3.4b). The artificial addition of acetoin 

to the growth medium also caused an increase of the final maximal OD500 nm of the strains 

TH3B and TH4B (Fig. 3.4b). 

 

 

 

 

 

 

Figure 3. 5: Extracellular proteins produced under glucose starvation conditions  

Extracellular proteins in the culture medium were separated by one-dimentional polyacrylamid gel 

electrophoresis. B. licheniformis strain TH2A (a) and TH2B (b) containing multicopy plasmid fusions 

were grown in glucose limited BMM supplemented with 34 mM acetoin. Growth medium was 

collected at exponential growth phase (OD500 nm of 0.4) (1) at an OD500 nm of 1.0 (2), and 2, 4, 8, 18 

hours after an OD500 nm of 1.0 (3, 4, 5, 6). 20 l of the culture medium/supernatant after removing the 

cells by centrifugation was used. 
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In order to analyze the production of amylase, B. licheniformis strains TH2A and TH2B 

were grown in glucose limited BMM medium with addition of 34 mM acetoin. Growth 

medium supernatant were collected after centrifugation at different time points. One-

dimentional polyacrylamide gel electrophoresis separation of the extracellular proteins 

secreted into the growth medium of these strains showed the high accumulation of AmyE 

when the cells reached into stationary phase (Fig. 3.5). In both strains, AmyE represented the 

most abundant protein in the extracellular medium. Moreover, the flagellin protein Hag was 

also observed in the growth medium with the high concentration under glucose starvation 

condition (Fig. 3.5). The same level of AmyE accumulation was also observed in B. 

licheniformis strains TH3A, TH3B, TH4A, TH4B (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 6: Growth experiments of B. licheniformis cells in different carbon sources 

Growth of B. licheniformis MW3 wild type, the ∆acoB and the ∆acuA mutant on minimal medium 

containing acetate (a), acetoin (b) or 2,3-butanediol (c) as sole carbon source. Legend, strains MW3 

wild type (squares), ∆acoB (circles) and ∆acuA (triangles). 
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Due to the presence of the glyoxylic acid shunt B. licheniformis represents a good model 

system for the investigation of acetoin and 2,3-butanediol degradation in Bacilli. As the 

experiments in BMM medium contained glucose and citrate as carbon sources beside acetoin, 

we further investigated the consequences of the ∆acoB and ∆acuA mutation for the utilization 

of acetoin and 2,3-butanediol as sole carbon sources. Neither the ∆acoB nor the ∆acuA 

mutation had a visible effect as compared to the wild type cultivated in medium with acetate 

(Fig. 3.6a). In contrast the ∆acoB mutation was clearly inhibiting growth on acetoin (Fig. 

3.6b) and on 2,3-butanediol (Fig. 3.6c). This indicated that the corresponding substrates could 

not be utilized in the respective mutants. 

1.3. Analyses of extracellular metabolites 

The analysis of extracellular metabolites in the supernatant of the investigated B. 

licheniformis cultures showed that about half of the amount of glucose in the medium was 

converted during the exponential growth phase to acetate (about 2 mM) (see Fig. 3.7) but only 

small amounts to acetoin (0.02-0.03 mM) (see Fig. 3.8c).  

 

 

 

 

 

 

 

 

 

 

Figure 3. 7: NMR analysis of glucose and acetate  

Glucose and acetate levels were analyzed throughout the growth of the B. licheniformis MW3 wild 

type, the ∆acoB and ∆acuA mutant strains. Metabolite concentrations from three independent 

cultivations were determined by 
1
H-NMR. Dotted line indicates growth: Filled squares wild type, 

filled circle ∆acoB, filled triangle ∆acuA; Closed lines and empty symbols show glucose 

concentrations and closed line and filled symbols show acetate concentration: squares wild type, 

circles ∆acoB, triangles ∆acuA. 
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After glucose exhaustion the overflow metabolite acetoin was quickly consumed in the 

wild type strain MW3 and the acuA mutant, while in the acoB mutant acetoin remained at 

high concentration until late stationary phase (Fig. 3.8c). In the late exponential growth phase, 

slightly more pyruvate was produced in the acuA mutant strain than in the wild type and the 

acoB mutant strain (Fig. 3.8a). The overflow metabolite 2,3-butanediol was also produced at 

higher concentration in the acoB mutant strain (Fig. 3.8d). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 8: NMR analysis of pyruvate, 2-acetolactate, acetoin, and 2,3-butanediol 

Acetoin synthesis and degradation pathway with extracellular metabolite concentrations of B. 

licheniformis MW3 wild type and the mutant strains ∆acoB and ∆acuA determined by 
1
H-NMR (n=3, 

independent cultivations). a: Pyruvate; b: 2-acetolactate; c: acetoin; d: 2,3-butanediol.  Legend, 

strains: filled squares wild type; filled circles ∆acoB; filled triangles ∆acuA 

 

It was also shown that citrate which was supplemented to the BMM growth medium was 

consumed mainly in the exponential growth phase (Fig. 3.9a). Under these conditions B. 

licheniformis cells also secreted 2-oxoglutarate, succinate and fumarate during the exponential 

growth phase into the medium. The acoB strain seems to produce more 2-oxoglutarate, 

succinate and fumarate than the MW3 wild type and acuA strain (Fig. 3.9b-d). 
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Figure 3. 9: NMR analysis of citrate, 2-oxoglutarate, succinate, and fumarate  

Extracellular tricarboxylic acid cycle intermediates concentrations of B. licheniformis MW3 wild type, 

acoB and acuA mutants determined by 
1
H-NMR (n=3, independent cultivations). a: citrate; b: 2-

oxoglutarate; c: succinate; d: fumarate.  Legend, strains: Filled squares wild type, filled circles acoB, 

filled triangles acuA 

 

2. Regulation of phytase gene expression in Bacillus licheniformis 

Under phosphate starvation condition, phytase is one of the most prominent proteins in the 

extracellular medium of B. licheniformis cells (Hoi et al. 2006). In response to low 

concentrations of inorganic phosphate, B. licheniformis cells induce as well yurI, rph and 

BLi03719 genes coding for enzymes that have functions in mobilizing phosphate groups from 

intracellular and extracellular ribonucleic acids (Hoi et al. 2006; Voigt et al. 2006). 

Inactivation of those genes from the B. licheniformis genome may increase the protein 

production capacity of heterologous genes expressed under phosphate starvation conditions. 

In this study, we have inactivated the putative ribonuclease gene (BLi03719) in parallel with 

the studies on the regulation of phytase gene in B. licheniformis under phosphate starvation 

conditions. The results are presented below. 
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2.1. Inactivation of a putative ribonuclease gene (BLi03719) 

Due to the low concentration of the mRNA of the heterologous gene amyE expressed in B. 

licheniformis cells under phosphate limited-BMM medium, we performed the experiment of 

inactivation of a putative ribonuclease gene which is expressed under this condition. In this 

study, the putative ribonuclease gene (BLi03719) was inactivated from the genome of B. 

licheniformis MW3 by the procedure described in materials and methods. Total RNA of B. 

licheniformis MW3 wildtype strain and the BLi03719 mutant strain grown under phosphate 

limitation conditions were taken at different growth phases. As expected, the total RNA 

concentration in the mutant strain was higher approximately 2 times than in the control strain 

after cells entered into stationary phase (see Fig. 3.10). The total RNA in the control strain 

was slightly more degraded than in the mutant strain (data not shown). No difference in the 

growth of those strains could be observed under these conditions. 

 

  

 

 

 

 

 

 

 

 

 

 

Figure 3. 10: Total RNA concentrations of B. licheniformis wild type and mutant strains   

Total RNA concentrations of the B. licheniformis MW3 wild type and the mutant BLi03719 grown 

under phosphate starvation condition (n=3, independent cultivations). RNA samples were isolated 

from exponentially growing cells (OD500 nm of 0.4) (1), at the transient phase (2) at an OD500 nm of 1.0 

(3) and 1, 2 and 3 hours after an OD500 nm of 1.0 (4, 5, 6). Lines indicate cell growth, while columns 

indicate total RNA concentration. Growth: triangles wild type; cross BLi03719. Total RNA 

concentration: white bars wild type; grey bars BLi03719 
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2.2. Expression of phytase under phosphate limitation conditions 

In order to investigate the regulation of phytase as well as the influence of the 

ribonucelase deficiency on the expression of the foreign DNA, the multicopy plasmid pKUC3 

was transformed into the B. licheniformis MW3 wild type strain and the BLi03719 strain. 

Both strains were cultivated under phosphate limitation conditions. Cell pellets and 

supernatant growth medium were taken throughout the different growth phases as indicated 

by numbers in the figure 3.10 for Northern blot and extracellular proteins analysis. 

Due to the observed differences in the amount of total RNA between the wild type and the 

BLi03719 strain, we performed the Northern blot analysis to investigate the influence of the 

ribonuclease mutant on the expression of amyE at the mRNA level. Northern hybridization 

analyses using the amyE-specific mRNA probe
 
showed very strong induction of the 2.3-kb 

amyE-specific transcript in the stationary phase in both strains under phosphate starvation 

conditions (Fig 3.11). No difference in mRNA level of amyE gene fusion between two strains 

could be observed under these conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. 11: Northern blot analysis of B. licheniformis wild type and mutant strains 

Northern blot analysis of the amyE transcription from B. licheniformis BLi03719 (a) and MW3 (b) 

cells containing the multicopy plasmid pKUC3 grown under phosphate starvation conditions. RNA 

samples were isolated from exponentially growing cells (OD500 nm of 0.4) (1), at transient phase (2), at 

an OD500 nm of 1.0 (3) and 1, 2 and 3 hours after an OD500 nm of 1.0 (4, 5, 6). 10 g of total RNA was 

used. 
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Besides the analysis of the amyE expression by Northern blot experiments, the activity of 

the translational phy‟-‟amyE fusion in the multi-copy plasmid pKUC3 was tested in growth 

experiments under phosphate starvation conditions. The phy promoter fusion started to 

express the amylase gene during the transient phase about 5 h after inoculation. The phy‟-

‟amyE fusion in both wild type and BLi03719 deficient strains reached a maximum amylase 

activity of about 2 IU (Fig. 3.12). 

 

 

 

 

 

 

 

 

 

 

Figure 3. 12: Expression of phy promoter in B. licheniformis wild type and mutant strains 

Expression of the phy‟-‟amyE reporter gene fusion in B. licheniformis TH5 and B. licheniformis 

BLi03719 in phosphate-limited BMM medium (standard deviation based on n=3, independent 

cultivations). Lines indicate cell growth, while columns indicate amylase activity. Growth: circles TH5 

and triangles BLi03719; amylase activity: white bars TH5 and grey bars BLi03719. 

 

The expression of phy-promoter was also tested at the protein secretion level. 

Interestingly, both strains showed relatively high accumulation of AmyE in the growth 

medium. The AmyE protein appeared as the most abundant extracellular protein. The three 

other prominent proteins secreted by B. licheniformis cells grown in phosphate starvation 

conditions were Phy (phytase), Hag (flagellin) and YhdW (similar to glycerophosphodieste 

phosphodiesterase) (Fig. 3.13). No difference in the level of AmyE in the wild type and the 

mutant strain deficient in the ribonuclease could be observed. 
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Figure 3. 13: Extracellular proteins produced under phosphate starvation conditions 

20 l of culture supernatant after removal of cells by centrifugation was separated by one-dimentional 

polyacrylamide gel electrophoresis. B. licheniformis BLi03719 (a) and MW3 (b) containing 

multicopy plasmid fusions were grown under phosphate limitation conditions. Samples were taken 

from the transient phase (1), at an OD500 nm of 1.0 (2) and 1, 2 and 3 hours after an OD500 nm of 1.0 (3, 

4, 5). Protein, identified by MS are indicated and labeled by arrows. 

  

 

 

 

 

 

 

 

 

 

Figure 3. 14: Expression of phy promoter in the presence or absence of phytate 

Expression of the phy‟-‟amyE reporter gene fusion in B. licheniformis TH5 grown in phosphate-

limited BMM medium with and without addition of 4.5 mM phytate (standard deviation based on n = 

3, independent cultivations). Lines indicate cell growth, while columns indicate amylase activity. 

Growth: squares without addition of phytate and circles with addition of phytate; amylase activity: 

white bars without addition of phytate and grey bars with addition of phytate. 
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In order to elucidate whether phytate is an inducer of the phy-promoter, we analyzed the 

amylase activity in the growth medium samples of B. licheniformis TH5 (Table 2.1) cells 

grown under conditions of phosphate limitation with phytate as an additional phosphate 

source (Fig. 3.14). When 4.5 mM phytate was added to the growth medium, the phy‟-‟amyE 

fusion showed very low amylase activity levels (about 0.1 IU), while in the experiment 

without the addition of phytate it reached a highest final amylase activity of about 2.0 IU. 

Furthermore, the addition of phytate into the growth medium caused a significant increase of 

the final maximal OD500 nm up to 2.0 after 10 hours of cultivation.  
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IV  DISCUSSION 

 

In the course of this study, regulation of genes coding for the enzymes responsible for the 

utilization of acetoin and 2,3-butanediol as well as the gene coding for the phytase of B. 

licheniformis were analyzed at the transcriptional and translational levels. Extracellular 

metabolites of specific mutant strains grown under glucose starvation conditions were 

analyzed. Furthermore, the function of a putative ribonuclease, which is induced under 

phosphate starvation conditions, was also investigated. 

1. Regulation of acetoin and 2,3-butanediol utilization 

1.1. The promoter regions of the acoABCL and acuABC operons 

In this study, the primer extension experiments revealed only one clear transcript for the 

acoABCL and acuABC operons. This indicated that only one promoter controls their 

expression in B. licheniformis. A comparison of the deduced promoter sequences suggests 

that both operons of B. licheniformis are similarly regulated as described for B. subtilis. In B. 

subtilis, genes of the acoABCL operon are suggested to be controlled by sigmaL 

transcriptional factor (Ali et al. 2001). The sigmaL factor, which belongs to the sigma54 

family is also necessary for the transcription of genes for the catabolism of several amino 

acids, such as arginine, ornithine (Calogero et al. 1994; Gardan et al. 1995), leucine, and 

valine (Debarbouille et al. 1999). The DNA sequence of the acoA promoter revealed the 

sequences TGGCAC and TTGCA at position „„– 24, – 12‟‟ identical with those found in most 

sigma54 controlled promoters (Barrios et al. 1999; Debarbouille et al. 1991; Martinverstraete 

et al. 1992). In case of the acuABC operon, the deduced – 35 and – 10 regions of the acuA 

promoter can be affiliated to typical sigmaA promoter sequences (Grundy et al. 1994). The 

sigmaA factor, which belongs to the sigma70 family is needed for the transcriptional initiation 

of most of the B. subtilis genes expressed during growth in rich medium (Haldenwang 1995). 

SigmaA is also required for the heat shock response (Chang et al. 1994; Li and Wong 1992) 

or plays a role in the expression of early sporulation genes (Price and Doi 1985). 

Typical cre-sites of CcpA could be observed within the coding region of the acoA gene 

but also in the acoR regulator gene which is located downstream from the acoABCL operon of 

B. licheniformis (Voigt et al. 2007). We also found one cre-site overlapping the promoter 
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region of the acuA gene (Thanh et al. 2010). The binding of CcpA/P-Ser-HPr complex to the 

cre-sites overlapping the promoter regions such as in the acuA promoter results in interfering 

the binding of the transcription machinery. Beside acuA, genes which have the cre-site 

overlapping the promoter region include amyE, bglP, cccA, dctP, glpF and phoP [as reviewed 

by Fujita (2009)]. However, the binding of protein complex to a cre-site located well 

downstream of the transcription starting point like in the acoA gene is thought to block the 

transcriptional elongation or so called transcription roadblock (He and Zalkin 1992) (Fig. 4.1). 

This type of cre-sites could also be found in many genes such as acsA, xylA, citS, sigL (Fujita 

2009; Miwa et al. 2000).  

 

 

 

 

 

 

Figure 4. 1: The acoABCL and acuABC operons of B. subtilis 

Schematic organization for the regulator‟s binding sites of acoABCL and acuABC operons of B. 

subtilis. The sigma factor binding site is shown in yellow, CcpA binding site in red and AcoR binding 

site in green (Adopted from http://dbtbs.hgc.jp/). 

1.2. Regulation of the acoABCL and acuABC operons expression 

Data of this study demonstrate that the acoABCL operon is the main system involved in 

the utilization of acetoin in B. licheniformis. The expression of this operon is only induced 

when glucose in the medium is limited. Our results suggest that acetoin is an inducer for the 

expression of the aco operon but not for the acu operon. The reason why acetoin is an inducer 

for the expression of the aco operon has not been studied, but it could be speculated that 

acetoin promotes the binding of AcoR activator to the AcoR binding site (Ali et al. 2001; 

Silbersack et al. 2006) and subsequently to the transcription machinery as shown in Figure 

4.2.  
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In addition, the growth experiments indicate that the acoABCL expression of B. 

licheniformis is controlled in accordance to the system in B. subtilis. In the presence of 

glucose, the phosphate group in the fructose 1,6-bisphosphate (FBP) intermediate is used to 

phosphorylate the HPr protein at Ser-46, which is catalyzed by HPrK (Galinier et al. 1998; 

Jault et al. 2000; Ramstrom et al. 2003; Reizer et al. 1998). The phosphorylated HPr-Ser-P 

promotes the binding of CcpA to the cre-site in the promoter region of the activator gene 

acoR (Ali et al. 2001) and to another cre-site located within the coding sequence of the acoA 

gene. This binding represses the transcription of the acoR gene and also represses the 

transcription of the acoABCL operon (Fig. 4.2A). However, when glucose is absence in the 

growth medium the intermediate FBP is not produced. Thereby, the CcpA protein now could 

not bind to the cre-sites and thus the acoR is transcribed and subsequently the AcoR protein 

activates the transcription of the acoABCL operon (Fig. 4.2B).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 2: Regulation of acoABCL operon in B. subtilis 

Schematic diagrams of the acoABCL operon regulation in the presence (A) and absence (B) of glucose 

in B. subtilis. UAS is upstream activating sequence.  
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For B. subtilis it was shown that addition of acetoin leads to an increase in the expression 

of the aco operon in dependence of acetoin concentration, whereas addition of acetoin with 

glucose prevents this increase (Ali et al. 2001; Silbersack et al. 2006). However, due to a lack 

of the glyoxylate cycle (Fig. 4.3) in B. subtilis no growth on acetoin is possible. In contrast, B. 

licheniformis which possesses a functional glyoxylate cycle is able to grow on this overflow 

metabolite. In this study, only the acoB-deficient strain THB did not show an increase of the 

optical density under these conditions. The defect in the acetoin utilization and thus the 

accumulation of acetoin after exhaustion of glucose could be the reason why the acoA’-’amyE 

fusion revealed in the acoB-deficient strain THB a higher final amylase activity than in the 

control strain TH. 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3: Schematic presentation of the Glyoxylate cycle 

(Adopted from http://en.wikipedia.org/wiki/Glyoxylate_cycle) 

The growth experiments in this study also indicate that the expression of the acuABC 

operon in B. licheniformis is controlled by glucose in a CcpA dependent manner. The 

presence of the cre-site within the – 35 and – 10 promoter sequence of the acuA gene directly 

repressed the transcription of the acuABC operon in the presence of glucose as described by 
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Grundy et al. (1994). However, when glucose becomes limited in the growth medium, CcpA 

could not bind to the promoter region of acuA and thereby triggers the binding of RNA 

polymerase to the promoter for initiating the transcription. The repression of the acoABCL 

and acuABC operons by glucose in a CcpA dependent manner was underlined by the 

induction of both operons only in the glucose starvation conditions (Voigt et al. 2007). 

1.3. Utilization of acetoin and 2,3-butanediol 

In this study, analyses of extracellular metabolites demonstrated that the deficiency of the 

acuA gene has a relative small effect on the metabolism of pyruvate. Acetyl-CoA can be 

produced from pyruvate, which is catalyzed by the pyruvate dehydrogenase or from acetate, 

which is catalyzed by the acetyl-CoA synthetase (AcsA) (Starai and Escalante-Semerena 

2004; White 2007). As suggested by Gardner and Escalante-Semerena (2009) the AcuA 

protein is an acetyltransferase that modifies and thus inactivates the AcsA enzyme. However, 

the acuA mutant strain of B. licheniformis does not produce the AcsA regulator, AcuA 

protein. Thereby, the AcsA enzyme in this strain would be maintained active, which could 

lead to higher production of acetyl-CoA from acetate than from pyruvate. It could be 

speculated that this is a reason why the pyruvate concentration in the acuA mutant strain is 

slightly higher than in the MW3 wild type or in the acoB mutant strain in the late 

exponential growth phase. 

The growth defect of the ∆acoB mutant both on acetoin and 2,3-butanediol clearly 

demonstrates that this gene is involved in acetoin and 2,3-butanediol degradation. This 

suggests a degradation pathway of 2,3-butanediol via acetoin as intermediate. This is 

underlined by the higher accumulation of 2,3-butanediol at the beginning of the stationary 

phase in the acoB mutant strain, indicating a conversion of the secreted acetoin to 2,3-

butanediol. In B. subtilis the reaction converting acetoin to 2,3-butanediol is reversible. The 

responsible enzyme for this reaction is the acetoin reductase/2,3-butanediol dehydrogenase, 

which is encoded by bdhA (Nicholson 2008). While a 2,3-butanediol dehydrogenase has been 

recently described in B. subtilis (Nicholson 2008) and has been purified from B. polymyxa 

(Höhn-Bentz and Radler 1978), no orthologous gene has yet been identified in B. 

licheniformis. The quick decrease of 2,3-butanediol concentrations during the early stationary 

phase and the relative constant acetoin level in the ∆acoB mutant could suggest the existence 

of a second minor acetoin converting system in B. licheniformis. The data of this study clearly 

reveal that the acuA gene is not directly involved in 2,3-butanediol or acetoin degradation. 



DISCUSSION 

 53 

However, the deficiency of the acuA gene in the acuA mutant strain diminished slightly but 

reproducibly the utilization of acetoin. Therefore, the acuABC operon could nevertheless play 

an indirect regulatory role in the acetoin utilization of B. licheniformis. 

2. Catabolism of other metabolites in B. licheniformis 

B. subtilis cells grown with high concentrations of glucose produce acetate, lactate, 

acetoin, 2,3-butanediol as products of overflow metabolism (Nakano et al. 1997). The 

expression of genes involved in this overflow metabolism, such as ackA, pta, and alsS, 

encoding acetate kinase, phosphotransacetylase, and acetolactase synthase, is also activated 

by high glucose concentrations in a CcpA-dependent manner (Grundy et al. 1993a; Henkin 

1996; Tobisch et al. 1999). Those genes also contain the cre-sites located upstream from their 

promoter regions (Henkin 1996; Shin et al. 1999; Turinsky et al. 2000).  

The metabolites analyses in this study indicate that B. licheniformis cells produced the 

overflow products such as acetoin, acetate, 2,3-butanediol and intermediates of the TCA cycle 

like succinate, 2-oxoglutarate, and fumarate when glucose is present in the growth medium. 

However, when glucose is exhausted this bacterium reused the overflow metabolites as well 

as some intermediates of TCA cycle as carbon and energy sources. The temporal control of 

metabolites level observed in this study with the known regulatory circuits are discussed 

below. 

 Acetoin 

Acetoin is a major extracellular metabolite of B. subtilis cells grown aerobically in the 

glucose containing media (Ali et al. 2001; Renna et al. 1993). As the neutral compound, this 

metabolite allows the bacteria to degrade large amounts of glucose without substantial 

acidification of the growth medium (Ali et al. 2001). Acetoin can be reused during the 

stationary phase when other preferred energy and carbon sources have been depleted (Ramos 

et al. 2000). The pathway of producing acetoin from pyruvate in B. subtilis has been well 

established and results from the conversion of two molecules of pyruvate to form one 

molecule of -acetolatate by the enzyme -acetolatate synthase, encoded by the alsS gene. 

The -acetolatate product is not stable and can be converted to acetoin by the activity of alsD-

encoded -acetolatate decarboxylase (Renna et al. 1993) or to diacetyl as a minor by-product 

by nonenzymatic oxidative decarboxylation (Xiao and Xu 2007). In B. subtilis, the alsR gene 

located upstream from the alsSD operon is transcribed divergently from the alsSD operon. 
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The alsR gene coding for the activator AlsR, a protein homologous to the LysR-type family of 

bacterial transcriptional activators is needed for the activation of the alsSD operon (Ramos et 

al. 2000; Renna et al. 1993). 

When grown in the glucose limited BMM medium, B. licheniformis produced a small 

amount of acetoin during the exponential growth phase. After glucose exhaustion, the 

concentration of overflow metabolite acetoin was quickly reduced. In B. subtilis, there are two 

pathways responsible for the utilization of acetoin. First, acetoin is utilized via acetoin 

dehydrogenase encoded by the acoABCL operon as discussed above. Second, acetoin can be 

reversely converted to 2,3-butanediol by the acetoin reductase (AR)/2,3-butanediol 

dehydrogenase (BDH) complex which is encoded by bdhA (ydjL) gene (Nicholson 2008). 

Deletion of the bdhA abolishes both in vivo and in vitro BDH activity and AR activity. At the 

same time, the deletion of bdhA leads to an accumulation of elevated amounts of acetoin in 

culture supernatants of the mutant strain (Nicholson 2008). 

 Acetate 

The analysis of extracellular metabolites of B. licheniformis cells grown in glucose limited 

BMM medium showed that about half of glucose amount in the medium was converted to 

acetate. In B. subtilis, pyruvate which is a product of glycolysis pathway can be converted to 

acetyl-CoA by the pyruvate dehydrogenase complex (pdhABCD) (Ramos et al. 2000). Acetyl-

CoA can feed into the TCA cycle or can be used for fatty acid biosynthesis. Furthermore, this 

intermediate can also be converted to acetyl phosphate and further to acetate via 

phosphotransacetylase (pta) and acetate kinase (ackA), respectively (Dauner et al. 2001; 

Sonenshein 2002; Stülke and Hillen 2000). The regulation of the pta and ackA expression is 

activated by CcpA when B. subtilis cells grown in the medium of excess glucose (Grundy et 

al. 1993a; Presecan-Siedel et al. 1999; Shin et al. 1999). In addition, the expression of the 

ackA gene is also activated by the second global regulator protein, CodY. Transcription of the 

ackA gene is reduced in a codY mutant.  CcpA and CodY bind to neighbouring sites in the 

promoter region of the ackA gene. The activation of CodY needs the co-activator BCAAs than 

GTP (Shivers et al. 2006). 

When glucose in the medium becomes limited, the excreted acetate is imported and 

utilized via the activity of acetyl-CoA synthetase encoded by the acsA gene. The acsA gene 

located downstream from the acuABC operon is transcribed in a divergent direction with the 

acuABC operon. Inactivation of the acsA gene resulted in loss of the ability to utilize acetate 
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as a carbon source for the growth and sporulation (Grundy et al. 1993b). Due to the lack of 

glyoxylate shunt, B. subtilis can not use acetate as a sole carbon source (Sonenshein 2002; 

Veith et al. 2004). In contrast, B. licheniformis genome contains genes coding for enzymes of 

glyoxylate bypass that allows cells grow on acetate as a sole carbon source (Veith et al. 2004). 

The growth experiments on acetate in this study revealed that acetate is a good alternative 

carbon source for the growth of B. licheniformis cells. In B. subtilis, the expression of the 

acsA gene is repressed by CcpA when cells are grown in the presence of excess glucose 

(Grundy et al. 1993b). In addition, the CodY-binding site is found within the promoter region 

of the acsA gene (Belitsky and Sonenshein 2008). This finding shows that the expression of 

the acsA gene appears to be repressed by both CcpA and CodY global regulators (Molle et al. 

2003).  

 Citrate 

The beginning reaction of the TCA cycle is the formation of citrate from acetyl-CoA and 

oxaloacetate which is catalyzed by the citrate synthase (Sonenshein 2002). The B. subtilis 

genome has two distinct, homologous genes, citA and citZ, coding for the citrate synthase (Jin 

and Sonenshein 1994a). The citZ gene is responsible for the majority of the citrate synthase 

activity of B. subtilis (Jin and Sonenshein 1996). The expression of citZ is severely repressed 

by glucose via CcpA-dependent manner, while the expression of citA is constitutively 

expressed (Blencke et al. 2003). Moreover, the repression of citZ expression is stronger when 

glucose and glutamate are present in the growth medium (Jin and Sonenshein 1994b). The 

citZ expression is also repressed by the directly binding to the promoter region of the 

catabolite control protein C (CcpC), a transcriptional repressor of the LysR family. However, 

the binding of CcpC to the promoter region of citZ is reduced if citrate is present in the 

growth medium (Jourlin-Castelli et al. 2000).  

When glucose becomes limited in the growth medium, genes of the TCA cycle are 

induced (Blencke et al. 2003; Sonenshein 2002). Citrate produced from the initial reaction of 

the cycle is converted to isocitrate via aconitase, an enzyme encoded by the citB gene 

(Blencke et al. 2006; Sonenshein 2002). When B. subtilis cells are growing in a defined 

minimal medium containing glucose and glutamine as the sole carbon and nitrogen sources, 

the expression of citB is repressed by CcpC (Jourlin-Castelli et al. 2000; Kim et al. 2003). The 

binding of CcpC to the citB promoter region is enhanced by the presence of arginine (Blencke 

et al. 2006). However, the affinity of this binding is decreased in the presence of citrate and 
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thus CcpC is not able to repress the citB expression (Jourlin-Castelli et al. 2000; Kim et al. 

2002). No repression of citB observed in the ccpC mutant strain reveals that CcpC is a main 

repressor of the citB expression (Kim et al. 2003; Kim et al. 2002). Moreover, the citB 

promoter region contains the consensus sequence for CodY (Belitsky and Sonenshein 2008). 

However, mutations of codY has no effect on the expression of citB when cells are grown in a 

defined minimal medium (Kim et al. 2003). In addition, expression of citB is also regulated 

by AbrB, a regulator protein of early stationary phase genes. In a defined medium, AbrB 

plays as an activator for the transcription of the citB gene by binding to the region overlapping 

to the binding sites of the CcpC and CodY repressors (Kim et al. 2003).  

In this study, the glucose limited BMM medium contains sodium citrate as an additional 

carbon source. The analysis of extracellular metabolites of B. licheniformis cells grown in this 

medium showed that the citrate concentration was reduced slowly in the exponential growth 

phase but reduced quickly in the early stationary phase when glucose in the growth medium 

becomes limited. The utilization of citrate took place even in the presence of glucose revealed 

that the expression of citB is induced by its substrate, citrate, as shown for B. subtilis. The 

induction of citB expression in B. licheniformis cells grown in glucose starvation conditions is 

also supported by transcriptome analysis data (Voigt et al. 2007). Furthermore, due to the 

presence of glyoxylate shunt, B. licheniformis cells can use citrate as a sole or alternative 

carbon source to remain growth during glucose starvation conditions. 

 2-oxoglutarate (-ketoglutarate) 

2-oxoglutarate (OG) is one of the most important intermediates of the TCA cycle. This 

metabolite sits at the junction of carbon and nitrogen metabolism (Sonenshein 2002). In B. 

subtilis, OG is produced from the NADP
+
-dependent oxidative decarboxylation of isocitrate 

via isocitrate dehydrogenase, a product of the citC gene which belongs to the citZCH operon 

(Jin et al. 1996; Jin and Sonenshein 1994a). The citH gene encodes for the malate 

dehydrogenase which catalyzes the formation of oxaloacetate from malate (Jin et al. 1996). 

The citC gene is transcribed both from its own promoter and from the promoter of the citZCH 

operon (Jin and Sonenshein 1994b). Jin et al. (1997) shows that mutations on the citC gene 

cause a specific block in the spore formation at the state I of B. subtilis cells. In addition, OG 

is also a product of the conversion of glutamate via glutamate dehydrogenase (GlutDH). The 

B. subtilis genome has two genes coding for GlutDH, the rocG and gudB genes. The rocG 

gene encodes the major GlutDH protein, while the gudB gene product is an intrinsically 



DISCUSSION 

 57 

inactive GlutDH (Belitsky and Sonenshein 1998). The expression of rocG is controlled by the 

SigmaL and is repressed by glucose in CcpA-dependent manner (Belitsky et al. 2004). 

When OG accumulates in the extracellular medium during the exponential growth phase, 

it can be utilized to produce succinyl-CoA via 2-oxoglutarate dehydrogenase (OGDH), the 

fourth enzyme of the TCA cycle, or can be converted to glutamate via glutamate synthase 

after cells enter into the stationary phase. In B. subtilis, OGDH complex consists of two 

subunits, the 2-oxoglutarate dehydrogenase component and the dihydrolipoyl transsuccinylase 

component encoded by odhA and odhB, respectively (Carlsson and Hederstedt 1989). The 

expression of odhAB operon is controlled by SigmaA factor and is repressed by glucose 

(Resnekov et al. 1992). In B. subtilis, the gltA and gltB genes which are organized as an 

operon encode for the two subunits of the glutamate synthase (Deshpande and Kane 1980). 

Expression of the gltAB operon is positively regulated by GltC, a transcription regulator 

protein of the LysR family (Schell 1993). However, GltC requires OG to fully activate the 

gltA transcription in vitro and its activity is inhibited by glutamate (Picossi et al. 2007).  The 

gltC gene is located upstream and transcribed divergently from the gltAB operon (Belitsky et 

al. 1995).  In addition, when B. subtilis cells are grown in the glucose-glutamate containing 

medium the expression of the gltAB operon is shown to be negatively regulated by TnrA, a 

regulator of other genes responsible for the nitrogen metabolism (Belitsky et al. 2000).  

Furthermore, expression of gltAB operon is induced by glucose and other glycolytically 

catabolized carbon sources, but the induction cannot occur in a ccpA mutant (Wacker et al. 

2003). Regulation of the gltAB operon in a CcpA-dependent manner is thought like the 

expression regulation of the gapA operon, encodes for enzymes of the triose phosphate 

interconversion part of the glycolysis pathway (Wacker et al. 2003). Indeed, the deficiency of 

CcpA results in a strong increase of HPr-Ser-P which prevents the participation of HPr in the 

sugar transport and phosphorylation via the PTS system (Ludwig et al. 2002). Thus, the 

internal inducer derived from the transport and metabolism of PTS sugars cannot accumulate, 

resulting in the lack of the gltAB operon induction (Wacker et al. 2003). Mutation of the 

pstH1 gene coding for HPr kinase, an enzyme responsible for the phosphorylation of HPr, 

simultaneously restores the glucose induction of the gltAB operon (Wacker et al. 2003). 

However, which internal inducer involved in this induction has not been studied yet. This 

mode of regulation of gene expression by CcpA is defined as class II regulation (Ludwig et al. 

2002). The regulation of gltAB operon thus provides a major regulator link between carbon 

and amino acid metabolism (Wacker et al. 2003). 
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In this study, when growing in the BMM medium supplemented with citrate, B. 

licheniformis cells used carbon sources in the medium to produce intermediates of the TCA 

cycle during the exponential growth phase (within the first 5 hours of cultivation). During this 

period, about 2 mM of citrate was utilized, however, only 0.15 mM OG and subsequently 

0.04 mM succinate or fumarate was produced. The differences in the amount of such 

metabolites could be explained by the conversion of OG immediately after being produced to 

glutamate via the activity of glutamate synthase. Glutamate was then used for the amino acid 

synthesis and thus provides building blocks for growing cells. This was the evidence for the 

connection between the carbon and amino acid metabolism. 

 Succinate 

Succinate, an intermediate of the TCA cycle can be produced from succinyl-CoA via 

succinyl-CoA synthetase, which is encoded by the sucCD operon. When B. subtilis cells are 

grown in the medium containing glucose, the expression of sucCD is repressed in a CcpA-

dependent manner. The cre-site is found within the promoter region of the sucC gene 

(Moreno et al. 2001). In a ccpA mutant strain of B. subtilis glucose has no effect on the 

expression of sucCD (Tobisch et al. 1999). In B. licheniformis, due to the presence of the 

glyoxylate bypass succinate can be produced from the conversion of isocitrate via isocitrate 

lyase. The second reaction of glyoxylate bypass is the condensation of glyoxylate with acetyl-

coA to produce malate, an intermediate of TCA cycle (Sonenshein 2002). When subjected to 

the glucose starvation, B. licheniformis cells induce the production of isocitrate lyase 

(BLi04207) and malate synthase (BLi04208) at high level (Voigt et al. 2007). Those two 

enzymes of the glyoxylate bypass, a metabolic pathway that is absent from the B. subtilis 

genome but is found in some other low-G + C gram positive bacteria. This pathway allows B. 

licheniformis to use C-2 substrates as carbon sources (Sonenshein 2002; Veith et al. 2004). 

However, the regulation of the expression of those enzymes in B. licheniformis and other 

closed related bacteria, which possess the glyoxylate bypass, has not been studied. In contrast, 

functions and the regulation of the expression of enzymes of glyoxylate bypass have been 

well established in E. coli and Corynebacterium glutamicum, a gram positive bacterium (Kim 

et al. 2004). The transcriptional regulation of the glyoxylate bypass enzymes in those 

organisms is mediated by the cyclic AMP (cAMP) receptor protein, cAMP-complex (Chung 

et al. 1988; Han et al. 2008; Kim et al. 2004; Lee and Sinsky 1994; Maharjan et al. 2005; 
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Reinscheid et al. 1994a, 1994b). However, B. subtilis or B. licheniformis is thought not to 

contain cAMP (Bernlohr et al. 1974). 

In B. subtilis the utilization of succinate is catalyzed by the succinate dehydrogenase 

complex, an enzyme encoded by the sdhCAB operon. Succinate dehydrogenase is a 

membrane bound protein complex which is composed from 3 different subunits, the 

cytochrome b558 (SdhC), flavoprotein (SdhA), and iron sulphur protein (SdhB) (Hasnain et al. 

1985; Magnusson et al. 1986; Phillips et al. 1987). The expression of the sdhCAB operon in B. 

subtilis is subjected to repress by glucose during exponential growth phase (Melin et al. 

1987). Transcription continues during stationary phase, however, the half-life of the sdhCAB 

mRNA is decreased by 4 to 6 fold (Melin et al. 1989). In B. licheniformis, a strong induced of 

SdhA protein synthesis level is observed on 2-D gels when cells are subjected to glucose 

starvation conditions (Voigt et al. 2007). 

In this study, succinate was produced and reached the highest level at the late exponential 

growth phase. After B. licheniformis cells entered into the stationary phase, the concentration 

of succinate was decreased slowly. The production of succinate in B. licheniformis during the 

the presence of glucose could be explained that although the expression of sucCD is repressed 

by glucose via a CcpA-dependent manner, but succinate can be produced from isocitrate, 

catalyzed by isocitrate lyase, a glyoxylate enzyme expressed in the presence of glucose. 

Furthermore the slowly decrease in the succinate concentration after cells entered into the 

stationary phase is a combined result of the induction of the sucCD operon together with gene 

coding for isocitrate lyase for the succinate production and the sdhCAB operon for the 

succinate utilization. B. licheniformis cells expressed isocitrate lyase during the growth on 

glucose, but the expression of this enzyme is also induced when glucose has been exhausted 

in the growth medium (Voigt et al. 2007). 

 Fumarate 

Fumarate is the product of the oxidation of succinate catalyzed by the succinate 

dehydrogenase as described above. In B. subtilis the utilization of fumarate is catalyzed by 

fumarase, an enzyme encoded by the citG gene (Moir et al. 1984). The citG gene of B. subtilis 

is transcribed from two promoter regions. One promoter, sigmaA-dependent promoter drives 

the relatively low and stable basal level of fumarase activity throughout growth. The stronger 

promoter recognized by the sigmaH is repressed during the growth in the media containing 

excess glucose and amino acids (Feavers et al. 1988; Price et al. 1989; Tatti et al. 1989). In B. 
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licheniformis, the expression of citG is significantly induced when cells are subjected to 

glucose starvation conditions (Voigt et al. 2007). 

Analysis of fumarate concentration during growth of B. licheniformis cells under glucose 

starvation conditions in this study showed that fumarate was produced during the exponential 

growth phase. However, almost produced fumarate was immediately consumed after cells 

enter into the early stationary phase. As discussed above, during the stationary phase the half-

life of the sdhCAB mRNA is decreased and thus reduced the succinate dehydrogenase 

activity. Consequently, the supply flux of fumarate from succinate is lower than the utilization 

due to the strong induction of fumarase. This could be the reason why the fumarate 

concentration became exhaust quickly at the early stationary phase. 

3. Regulation of the phy gene expression in B. licheniformis 

B. licheniformis and most of the Bacillus species analyzed so far produce extracellular 

phytases (Choi et al. 2001; Hulett et al. 1991; Idriss et al. 2002; Kerovuo et al. 1998; Shimizu 

1992; Voigt et al. 2006). The regulation of the phytase expression is first characterized in B. 

amyloliquefaciens FZB45 where the phy gene is controlled by the sigmaA and the PhoPR 

signal transduction system under phosphate starvation conditions (Makarewicz et al. 2006). In 

B. licheniformis, the potential PhoP consensus binding boxes for the phy gene were identified 

by Hoi et al. (2006). The phy sequence contains six potential binding sites for PhoP. When 

compared to the phyC promoter region of B. amyloliquefaciens FZB45, the B. licheniformis 

phy promoter contains two preserved upstream-located PhoP binding boxes at – 35 , while the 

single PhoP box at – 10 does not exist (Makarewicz et al. 2006). This indicates that the phy 

gene in B. licheniformis probably belongs to the Pho regulon and thus its expression could be 

regulated by the PhoPR two component system under the phosphate starvation conditions. 

In order to investigate the phytase gene expression and to elucidate whether phytate is an 

inducer of the phy-promoter, B. licheniformis MW3 containing the phy-promoter fusion 

plasmid was cultivated under conditions of phosphate limitation. The growth experiments 

without the addition of phytate indicated that the amylase was strongly synthesized when cells 

entered into the stationary phase. This result was also supported by the strong expression of 

the phytase under phosphate limitation conditions as described by Hoi (PhD thesis 2006). 

However, when 4.5 mM phytate was added to the growth medium the expression of amylase 

was totally abolished but the growth experiments revealed that phytate is a good alternative 

phosphate source for B. licheniformis MW3. In B. subtilis, phytase catalyze the hydrolysis of 
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phytate to yield 3 Pi and an myo-inositol triphosphate (Kerovuo et al. 2000). Therefore, only a 

small amount of phytate could produce a large amount of Pi if phytase was present in the 

growth medium even at low level. Moreover, the Pho regulon is only expressed when the Pi 

concentration is lower than 0.1 mM (Hulett 2002; Ogura et al. 2001). That could be the 

explanation for the repression of phy promoter when phytate was added to the growth 

medium.  

The Northern blot analysis of B. licheniformis MW3 strain containing the phy-promoter 

fusion revealed that the amyE transcript was strong synthesized under the control of the phy 

promoter in phosphate limited BMM medium. The expression level of phy promoter in B. 

licheniformis MW3 was much higher than that in B. licheniformis DSM13 as observed by Hoi 

(PhD thesis 2006). In B. licheniformis MW3, the deletion of the two loci hsdR1 and hsdR2 of 

RMS resulted in high stability of transformed DNA (Waschkau et al. 2008) could be the 

reason for this strong expression.  

4. The role of a putative ribonuclease (BLi03719) 

Under phosphate limitation conditions, the strong induction of the nuclease encoding 

genes yhcR, yfkN, nucB, yurI, rph, and BLi03719 indicates that B. licheniformis cells try to 

mobilize phosphate groups from intracellular and extracellular ribonucleic and 

deoxyribonucleic acids (Hoi et al. 2006; Voigt et al. 2006). In this study, the inactivation of 

the BLi03719 gene resulted in the higher total RNA concentration in the mutant strain, but the 

amylase expression remained the same level when compared to the wild type strain. It could 

be speculated that the putative ribonuclease BLi03719 plays a role in the ribosomal RNA 

degradation under these conditions. However, BLi03719 belongs to one of the most dominant 

protein spots in the extracellular proteome of B. licheniformis grown under phosphate 

starvation conditions (Hoi et al. 2006; Voigt et al. 2006). Therefore, we suggest that the 

putative ribonuclease BLi03719 could play a role in the ribonucleotide degradation in both 

intracellular and extracellular environments under phosphate starvation conditions. However, 

this ribonuclease did not affect the expression of the heterologous amylase in B. licheniformis 

under the conditions tested in this study. 
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5. Limitations and suggestions for future research 

This study represents the identification and design for potential alternative expression 

systems of B. licheniformis grown under different nutrient limitation conditions.  However, 

the strong limitation of an essential substrate during the protein overproduction phase of an 

expression system would also diminish the protein synthesis capacity of the host. Thereby, the 

promoter candidates of the appropriate expression systems should be strong induced under 

starvation conditions and should be induced by another suitable substrate, which is used to 

replace the limited substrate. Furthermore, the promoter has to be switched on before the 

exhaustion of the limited substrates. Therefore, the transcriptome and proteome data (Hoi et 

al. 2006; Voigt et al. 2006, 2007) will provide more choices for choosing the appropriate 

promoters. 

Analysis of the regulation of the promoter activity in this study mainly relied on the 

expression of reporter gene fusions. However, the regulation of transcription process at the 

promoter is complicated that not regulators only but also cofactors are participated in the 

transcriptional initiation. Knowledge of the interaction between regulators and DNA, between 

regulators and their cofactors during gene transcription in B. licheniformis are mostly derived 

from comparing with the well studied homologous genes or operons in B. subtilis. In order to 

satisfy the understanding on the transcriptional regulation of appropriate promoters in future 

study, some methods such as DNase I footprinting assay, protein structure modifications 

would be promising methods for this purpose. 

By analyzing some of the metabolites of the overflow and TCA pathways in wild type and 

some specific deficient mutant strains, data of this analysis together with transcriptome and 

proteome results in studies before would provide more information in the functions of related 

genes and operons. Furthermore, although not all metabolites are analyzed, however this 

perspective brings new insights into understanding the physiology of B. licheniformis cells 

grown under different nutrient conditions.  

Expression of genes in B. licheniformis under phosphate starvation condition is low due to 

the poor RNA quality and quantity. However, little has been known about the influence of 

intracellular ribonucleases on the expression of heterologous genes in B. licheniformis under 

this condition. Inactivation of ribonucleases which degrade heterologous mRNA molecules 

could provide high capacity of protein production in B. licheniformis. Nevertheless, most of 

the ribonuclease genes identified under this condition so far seems to encode for extracellular 
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ribonucleases or enzymes which act on rRNA or tRNA. Therefore, further study should focus 

on the identification and characterization of ribonucleases and their activities on the mRNA 

under phosphate starvation conditions. 
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VI ADDENDUM 

LIST OF BUFFERS AND SOLUTIONS 

Table S. 1: Buffers and solutions for Northern blot analysis 

 

 10 x MOPS-Buffer  

    0.2 M MOPS         41.8 g/L     

              0.05 M Sodium acetate        6.8 g/L 

              0.01 M EDTA         3.72 g/L 

              NaOH                                  4-5 pellets 

              pH 7.0 

 20 x SSC     

  3 M NaCl              175.32 g/L 

   0.3 M Sodium Citrat  88.23 g/L 

   pH 7.0 

 

 RNA Probe buffer   

              6.5 mL Formamide 

  1.2 mL Formaldehyde 

  2 mL 10 x MOPS 

  0.4 mL 50% Sucrose 

  20 mg Bromophenol blue 

  20 mg Xylene cyanol 

 Prehybridization solution  

   6080 L H20 

   320 L 10% SDS 

   1600 L 10% N-Lauroylsarcosinat 

   32 mL 10% Blocking Reagent 

   40 mL 20x SSC 

   80 mL Formamide 

 Wash solution I  

  80 ml 20 x SSC 

  8 ml 10% SDS 

  Add 800 mL A. dest 

 Wash solution II  

   6 ml 20x SSC 

   12 ml 10% SDS 

   Add 1200 mL A. dest 

 Wash buffer 

  3 mL Tween 20 (0.3% v/v) 

  100 mL 10x buffer 1 

  Add to 1 L with A. dest 

 

 10 x Buffer 1  

   Maleic acid                    116.07 g 

   NaCl                               87.66 g 

   NaOH                             72 g 

   Add to 1 L with A. dest, pH 7.5  

 Buffer 2 

  10 mL 10 x Buffer 1 

  10 mL 10% Blocking reagent (1% v/v) 

  Add 100 mL with A. dest 

 Buffer 3 

   Tris (100 mM)                12.114 g 

   NaCl (100 mM)              5.844 g 

   Diethanolamine               9.63 mL 

   Add to 1 L with A. dest, pH 9.5 

 10% Blocking reagent 

      Blocking Reagent                  20g 

              1x Buffer 1                            200 mL 

              Cook in Microwave (3min) 

 Antibody solution 

10 L anti-Digoxigenin-AP 

100 mL Buffer 2 
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Fig.   Figure 

GlutDH  Glutamate Dehydrogenase 

GTP   Guanosine Triphosphate 

HK   Histidine Kinase 

IU   International Units 

LB   Luria Broth 

Mbp   Mega base pairs 

MOPS   3-(N-morpholino) propanesulfonic acid 

NMR   nuclear magnetic resonance 

OD   Optical Density 

OG   2-oxoglutarate 

ORF   Open Reading Frame 

PEP   phosphoenolpyruvate 

PCR   Polymerase Chain Reaction 

Pi   inorganic Phosphate 

PPP   Pentose Phosphate Pathway 

PTS   Phosphotransferase System 

RMS   Restriction Modification System 

RNAP   Ribonucleic Acid Polymerase 

rpm   round per minute 

RR   Response Regulator 

SDS   Sodium Dodecyl Sulphate 

Sec   general Secretory pathway 

SSC   Saline Sodium Citrate 

TCA   Tricarboxylic Acid cycle 

TFs   Transcription Factors 

Tris   Trishydroxymethylamino methane 

U   Units 

UV   Ultra Violet  
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