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1 Abstract 

Abstract 

The current work deals with the D-arabitol metabolism of Corynebacterium glutamicum.  

D-arabitol is a pentitol derived from arabinose and has been found in several fungi where it 

acts as a protectant against osmotic or oxidative stress or as carbohydrate storage. Growth 

experiments with D-arabitol as substrate revealed that C. glutamicum wild-type (WT) is able 

to use D-arabitol as carbon and energy source. Based on this finding, the metabolic pathway 

of D-arabitol utilization and its regulation in C. glutamicum was elucidated. Furthermore, the 

establishment of a luciferase-based test system was pursued, allowing in vivo and real-time 

monitoring of transcriptional answers in C. glutamicum. The obtained findings on D-arabitol 

metabolism thereby were used to analyze and verify the luciferase system.  

To test whether the genes rbtT, mtlD, sixA and xylB, putatively encoding a ribitol 

transporter (RbtT), a mannitol 2-dehydrogenase (MtlD), a xylulose kinase (XylB) and a 

phosphohistidine phosphatase (SixA), respectively, are involved in D-arabitol metabolism, 

each of these genes was deleted in C. glutamicum WT. Growth experiments with the four 

mutant strains showed that (i) RbtT is involved in D-arabitol transport, (ii) MtlD and XylB are 

essential for D-arabitol metabolism, and (iii) SixA is not required for growth on D-arabitol. RT-

PCR experiments with RNA of D-arabitol-grown C. glutamicum WT cells revealed the genes 

rbtT, mtlD and sixA to be transcribed as an operon. The xylB gene was previously shown to 

form an operon together with atlR, encoding a DeoR-type transcriptional regulator. Both 

operons are located adjacently and are expressed in divergent directions. The transcriptional 

start sites of the rbtT-mtlD-sixA and the atlR-xylB operon were determined by 5’-RACE. 

Using real-time RT-PCR, the expression of both operons was shown to be higher in            

D-arabitol-grown cells than in glucose-grown cells. In accordance to the latter results, this 

work revealed that MtlD exhibits D-arabitol dehydrogenase activities, and that these as well 

as XylB activities are generally high when the cells grow in the presence of D-arabitol and 

very low when they grow in its absence. These results confirmed the induction of the rbtT-

mtlD-sixA and the atlR-xylB operon in C. glutamicum cells grown in the presence of D-

arabitol. 

Since purified AtlR protein was shown to bind to the intergenic region of atlR and rbtT, the 

role of AtlR in regulation of D-arabitol metabolism of C. glutamicum was investigated. 

Interestingly, C. glutamicum ∆atlR showed severe growth deficiencies and low D-arabitol 

consumption rates when cultivated in the presence of D-arabitol. However, C. glutamicum 

ΔatlR displayed generally very high MtlD and XylB activities independent on the carbon 

source the cells were grown on. Significantly increased mRNA-levels of rbtT, mtlD, xylB, and
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sixA in glucose-grown C. glutamicum ΔatlR cells corroborate the finding that AtlR represses 

the atlR-xylB and the rbtT-mtlD-sixA operons in the absence of D-arabitol. Furthermore, it 

was shown that the deletion of xylB in C. glutamicum ∆atlR prevents the harmful effect of     

D-arabitol on the growth of C. glutamicum ∆atlR. These results indicated that the 

overproduction of XylB in C. glutamicum ∆atlR resulted in an accumulation of xylulose-5-

phosphate which obviously is toxic for the cells.  

In order to develop a reporter system capable to detect transcriptional activities in living  

C. glutamicum cells, the luxAB genes, encoding the two luciferase subunits of Photorhabdus 

luminescens, were used. The functionality of the luciferase in C. glutamicum was proven by 

investigation of the strain C. glutamicum (pET2_luxAB_paceA), carrying the expression 

vector pET2, which contained the luciferase genes under control of the paceA promoter of 

the isocitrate lyase gene (aceA). By co-expression of the luxAB genes together with the FMN 

reductase gene (fre) of Escherichia coli, higher luciferase activities and a more stable 

luciferase reaction were obtained. However, analysis of C. glutamicum 

(pET2_luxABfre_paceA) revealed that this plasmid negatively affected the growth of the test 

strain in the presence of acetate. The rbtT promoter then was employed as a test promoter of 

the luciferase system and the subsequent investigations of C. glutamicum 

(pET2_luxABfre_prbtT) showed the competition of chromosomal and plasmid-located 

promoter for effectors and regulators in this strain. These drawbacks were overcome by 

reducing the copy number of the reporter genes via chromosomal integration of the luxAB 

genes and fre into the 16S rDNA of C. glutamicum to obtain C. glutamicum luxIN. The test 

strains C. glutamicum luxIN_paceA and C. glutamicum luxIN_prbtT displayed similar growth 

behavior as C. glutamicum WT and showed the expected carbon source-dependent 

luciferase activities.  

 

 

 

 

 

 

 

 

 



 
3 Zusammenfassung 

Zusammenfassung 

In der vorliegenden Arbeit wurde der D-Arabit-Stoffwechsel von Corynebacterium 

glutamicum untersucht. Bei D-Arabit handelt es sich um ein von Arabinose abgeleitetes 

Pentitol, das in vielen Pilzen vorkommt. Dort dient es dem Schutz vor osmotischem oder 

oxidativem Stress oder auch als Kohlenhydratspeicher. Wachstumsexperimente, bei denen 

D-Arabit als Substrat verwendet wurde, zeigten, dass C. glutamicum Wildtyp (WT) dazu fähig 

ist, diesen Zuckeralkohol als Kohlenstoff- und Energiequelle zu nutzen. Daraufhin wurde der 

Ablauf des D-Arabit Stoffwechsels sowie dessen Regulation in C. glutamicum aufgeklärt. 

Außerdem wurde ein Testsystem entwickelt, welches auf dem Enzym Luziferase basiert und 

das es ermöglicht, Transkriptionsantworten in C. glutamicum in vivo und in Echtzeit zu 

messen. Dabei wurden die erzielten Erkenntnisse über den D-Arabit-Metabolismus genutzt, 

um das Luziferasesystem zu analysieren und zu verifizieren. 

Zunächst wurde getestet, ob die Gene rbtT, mtlD, sixA und xylB am D-Arabit-Stoffwechsel 

beteiligt sind. Bisher wurde angenommen, dass rbtT für einen Ribit-Transporter (RbtT), mtlD 

für eine Mannit-2-Dehydrogenase (MtlD), sixA für eine Phosphohistidin-Phosphatase (SixA) 

und xylB für eine Xylulokinase (XylB) kodieren.  Jedes der vier Gene wurde in C. glutamicum 

WT deletiert und die daraus resultierenden Deletionsmutanten wurden hinsichtlich ihres 

Wachstumsverhaltens untersucht. Dadurch konnte unter anderem gezeigt werden, dass (i) 

RbtT am D-Arabit Transport beteiligt ist, (ii) MtlD und XylB essentiell für die Verstoffwechlung 

von D-Arabit sind und dass (iii) SixA keinen Einfluss auf den D-Arabit-Metabolismus hat. 

Mittels RT-PCR Experimenten, bei denen RNA von auf D-Arabit gewachsenen                    

C. glutamicum WT Zellen verwendet wurde, konnte gezeigt werden, dass rbtT, mtlD und sixA 

als Operon transkribiert werden. Von xylB war bereits bekannt, dass es zusammen mit atlR 

ein Operon darstellt, wobei atlR für einen Transkriptionsregulator vom DeoR-Typ kodiert. 

Beide Operons liegen hintereinander, werden aber in divergente Richtungen exprimiert. Des 

Weiteren wurden die Transkriptionsstartpunkte des rbtT-mtlD-sixA- und des atlR-xylB-

Operons durch 5‘-RACE bestimmt. Die Expression beider Operons war in Zellen, die auf     

D-Arabit gewachsen waren, höher als in Zellen, die auf Glucose gewachsen waren, was mit 

Hilfe von real-time RT-PCR nachgewiesen wurde. Darüber hinaus wurde in dieser Arbeit 

gezeigt, dass MtlD eine D-Arabit-Dehydrogenase-Aktivität besitzt. Sowohl MtlD- als auch 

XylB-Aktivitäten waren in Zellen, die in Anwesenheit von D-Arabit kultiviert wurden, 

grundsätzlich höher als in Zellen, die kein D-Arabit zu Verfügung hatten. Diese Ergebnisse 

bestätigen die Induktion des rbtT-mtlD-sixA- und des atlR-xylB- Operons bei Wachstum von 

C. glutamicum in Anwesenheit von D-Arabit. 
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Da bereits bekannt war, dass aufgereinigtes AtlR-Protein dazu in der Lage ist, an die 

intergene Region von atlR und rbtT zu binden, lag es nahe, die mögliche Beteiligung von 

AtlR an der Regulation des D-Arabit-Stoffwechsels zu untersuchen. Interessanterweise 

zeigte C. glutamicum ∆atlR gravierende Wachstumseinschränkungen und niedrige D-Arabit-

Verbrauchsraten, wenn D-Arabit im Medium anwesend war. Allerdings waren die 

Enzymaktivitäten von MtlD und XylB, unabhängig von dem Substrat auf dem dieser Stamm 

gewachsen war, sehr hoch. Die signifikant erhöhten mRNA-Level von rbtT, mtlD, xylB und 

sixA in auf Glucose gewachsenen C. glutamicum ΔatlR-Zellen, untermauern den Befund, 

dass der Transkriptionsregulator AtlR das atlR-xylB- und das rbtT-mtlD-sixA-Operon in 

Abwesenheit von D-Arabit reprimiert. Es konnte außerdem gezeigt werden, dass die 

zusätzliche Deletion von xylB in C. glutamicum ΔatlR den schädlichen Effekt von D-Arabit 

auf das Wachstum von C. glutamicum ΔatlR verhindert. Daraus kann geschlossen werden, 

dass es durch die Überproduktion von XylB in C. glutamicum ΔatlR zu einer Akkumulation 

von Xylulose-5-Phosphat kommt, was für die Zellen offensichtlich toxisch ist. 

Um ein Reportersystem zu entwickeln, das es ermöglicht die Transkriptionsaktivität in 

lebenden Zellen zu bestimmen, wurden die Gene luxAB verwendet, die für die zwei 

Untereinheiten der Luziferase aus Photorhabdus luminescens kodieren. Zuerst wurde die 

Funktionalität der Luziferase in C. glutamicum getestet, indem der Stamm C. glutamicum 

(pET2_luxAB_paceA) untersucht wurde. Dieser trägt den Expressionsvektor pET2, auf dem 

die Luziferasegene unter Kontrolle des paceA-Promotors des Isocitratlyasegens (aceA) 

stehen. Durch die gleichzeitige Expression der luxAB-Gene zusammen mit dem Gen fre, das 

für die FMN-Reduktase aus Escherichia coli kodiert, wurden höhere Luziferaseaktivitäten 

und eine stabilere Luziferasereaktion erreicht. Die Untersuchung von C. glutamicum 

(pET2_luxABfre_paceA) ergab jedoch, dass die Anwesenheit des Vektors das Wachstum 

des Teststammes auf Acetat einschränkt. Nach der Einführung des rbtT-Promotors als 

Testpromoter für das Luziferasesystem, zeigte die anschließende Analyse von                    

C. glutamicum (pET2_luxABfre_prbtT) außerdem, dass es in diesem Stamm zu einer 

Konkurrenz zwischen dem im Chromosom befindlichen und dem auf dem Plasmid 

lokalisierten Promoter um Effektoren und/oder Regulatoren kommt. Durch die Reduktion der 

Kopienzahl der Reportergene, konnte dieser Nachteil behoben werden. Dazu wurden die 

Reportergene in die 16S rDNA von C. glutamicum integriert, wodurch der Stamm                 

C. glutamicum luxIN entstand. Die beiden Teststämme C. glutamicum luxIN_paceA und       

C. glutamicum luxIN_prbtT unterschieden sich im Wachstumsverhalten nicht von C. gluta-

micum WT und zeigten die erwartete Kohlenstoffquellen-abhängige Lumineszenz. 

 

 



 
5 Introduction 

1 Introduction 

 The Gram-positive soil bacterium Corynebacterium glutamicum  firstly moved into the fo-

cus of researchers and biotechnological industries as Kinoshita et al. (1957) searched for 

glutamate-excreting microorganisms. The organism, at that time called Micrococcus 

glutamicus, was shown to be a facultatively anaerobic, non-spore-forming, immobile 

bacterium which needs the vitamin biotin for growth (Abe et al., 1967; Nishimura et al., 2007; 

Takeno et al., 2007). The name Corynebacterium derives from the typical morphology of       

C. glutamicum, forming irregular short clubs (greek: coryne = club) as shown in Fig. 1. Unlike 

its close relatives C. diphtheriae and Mycobacterium tuberculosis, C. glutamicum is a non-

pathogenic representative of the suborder Corynebacterineae showing a relatively high G+C 

content of the genome and a mycolic acid layer in the cell wall (Barksdale, 1970; Minnikin et 

al., 1978; Funke et al., 1997; Stackebrandt et al., 1997). In 2003, the genome of                   

C. glutamicum was sequenced revealing a G+C content of 53.8% and a size of 3.28 mbp 

(Ikeda and Nakagawa, 2003; Kalinowski et al., 2003).  

 

 

Fig. 1:  Light micrograph of C. glutamicum ATCC13032 cells. 

 

Under certain conditions, such as biotin limitation, addition of detergents or penicillin in 

sublethal concentrations, C. glutamicum wild-type (WT) excretes L-glutamate in large 

amounts into the culture medium (Shiio et al., 1962; Takinami et al., 1965; Nunheimer et al., 

1970). At present, the global market for glutamate is over 2.5 million tons per year since 

glutamate is widely used in food industry, primarily as a flavor enhancer (Hirasawa et al., 

2012). Genetically modified C. glutamicum strains were shown to be able to produce also 

other amino acids, such as L-lysine, L-valine, L-tryptophan, L-threonine or L-isoleucine 

(Eggeling et al., 1997; Ikeda, 2005; Kelle et al., 2005; Leuchtenberger et al., 2005; Willis et 

al., 2005). Nowadays, C. glutamicum is tailored by directed mutagenesis in order to improve 

productivity of production strains and to make new products accessible. Therefore, not only 
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the knowledge of the genome sequence of C. glutamicum is important but also the metabolic 

pathways and their regulation need to be completely understood in order to channel the 

carbon fluxes towards the desired product.   

The central metabolism (Fig. 2) of C. glutamicum comprises glycolysis, pentosephosphate 

pathway (PPP) and the tricarboxylic acid cycle (TCA), enabling this organism to build up 

biomass and providing energy necessary for product formation in form of adenosine 

triphosphate (ATP) and reduction equivalents.  

 

 

 
 
 
Fig. 2:  Central metabolism of C. glutamicum: Glycolysis with anaplerotic reactions, pentose-
phosphate pathway (PPP) and tricarboxylic acid cycle (TCA) with anaplerotic reactions.  
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C. glutamicum is able to use a variety of carbon sources such as sugars, sugar alcohols 

and organic acids (Liebl, 1991). When grown on sugars, such as glucose, fructose or 

sucrose, the uptake of these carbon sources proceeds via the phophoenolpyruvate- (PEP-) 

dependent phosphotransferase systems (PTSs). The components of the PTS can be 

differentiated between the substrate-unspecific components and the substrate-specific 

enzyme II complexes, while EIIGlc (encoded by ptsG), EIIFrc (encoded by ptsF) and EIISuc 

(encoded by ptsS) are responsible for uptake of glucose, fructose and sucrose, respectively 

(Moon et al., 2007). During uptake of sugars, the substrate is phosphorylated whereby the 

energy is provided by hydrolysis of PEP. The phosphorylated sugars then are channeled into 

the central metabolism (Fig. 2). At the level of glucose-6-phosphate the carbon flux is divided 

into glycolysis or PPP. During the oxidative steps of the PPP, glucose-6-phosphate is 

converted to ribulose-5-phosphate. The oxidative reactions of the PPP provide NADPH/H+ 

molecules, which are required for anabolic reactions in C. glutamicum. Ribulose-5-phosphate 

then is transformed in several reactions to various sugar phosphates which are needed for 

anabolism (Yokota and Lindley, 2005). Sugar phosphates not used in anabolism can be 

traced back to glycolysis by conversion to fructose-6-phosphate and glyceraldehyde-3-

phosphate (Yokota and Lindley, 2005). Glycolysis comprises several reactions by which 

glucose-6-phosphate is converted to pyruvate. After decarboxylation of pyruvate by the 

pyruvate dehydrogenase complex the resulting acetyl-CoA is transferred into the TCA cycle. 

In this cycle, acetyl-CoA is oxidized completely to CO2, thereby generating further reduction 

equivalents for respiration and ATP formation as well as providing precursors for biomass 

formation. Since 2-oxoglutarate and oxaloacetate are withdrawn for amino acid synthesis, 

replenishment of the TCA cycle is accomplished by anaplerotic reactions. During growth of 

C. glutamicum on glucose, the two anaplerotic enzymes PEP carboxylase (encoded by ppc) 

and pyruvate carboxylase (encoded by pyc) ensure a sufficient supply of oxaloacetate. When 

grown on gluconeogenic substrates, such as acetate, anaplerosis is accomplished by the 

glyoxylate cycle. Acetate firstly is taken up either by diffusion and by the MctC transporter 

(encoded by mctC), phosphorylated by acetate kinase (encoded by ack), and after 

conversion to acetyl-CoA by phosphotransacetylase (encoded by pta), it enters the TCA 

cycle and the glyoxylate cycle (Reinscheid et al., 1999; Gerstmeir et al., 2003; Eikmanns, 

2005; Jolkver et al., 2009). The glyoxylate cycle represents a bypass of the TCA cycle. 

Thereby, isocitrate is cleaved into succinate and glyoxylate by the reaction of the isocitrate 

lyase (ICL encoded by aceA) and the resulting glyoxylate together with acetyl-CoA then gets 

converted to malate by the malate synthase (MS encoded by aceB) (Eikmanns, 2005).  

When grown in media containing substrate mixtures, e.g. fructose and glucose, acetate 

and glucose, glucose and lactate, glucose and pyruvate or glucose and gluconate,                

C. glutamicum co-metabolizes both substrates (Cocaign et al., 1993; Dominguez et al., 1993; 
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Wendisch et al., 2000; Frunzke et al., 2008). However, parallel substrate utilization is subject 

to transcriptional regulation mechanisms in C. glutamicum. In case of acetate plus glucose 

as carbon sources it has been shown that the glucose consumption rate is lower, compared 

to the rate when grown on glucose as single carbon source due to the repression of the PTS 

genes by the DeoR-type regulator SugR (Wendisch et al., 2000). Two further transcriptional 

regulators identified to be involved in acetate metabolism are RamA and RamB (Gerstmeir et 

al., 2004; Cramer et al., 2006). RamA was shown to act as an activator of acetate 

metabolism genes and to promote expression of ack, pta, aceA and aceB when cells are 

grown in the presence of acetate (Cramer et al., 2006). In contrast, RamB is responsible for 

the repression of these genes in the absence of acetate (Gerstmeir et al., 2004). 

Furthermore, it was suggested that the glyoxylate bypass genes aceA and aceB are subject 

to cAMP-dependent repression by the regulator GlxR, as the specific ICL and MS activities 

were drastically lower in a C. glutamicum strain overproducing GlxR (Kim et al., 2004). 

Besides, cAMP-dependent binding of GlxR to the promoter regions of gntP and gntK, 

encoding gluconate permease (GntP) and gluconate kinase (GntK), respectively, was shown 

by Letek et al. (2006). GntP, GntK as well as 6-phophogluconate dehydrogenase (Gnd, 

encoded by gnd) are responsible for growth of C. glutamicum on gluconate and Frunzke et 

al. (2008) identified two functionally redundant GntR-type transcriptional regulators, GntR1 

and GntR2, which strongly repress the gntP, gntK and gnd genes and activate expression of 

ptsG and ptsS in the absence of gluconate.  

During investigation of ethanol metabolism in C. glutamicum, a further transcriptional 

DeoR-type regulator was identified, namely AtlR. AtlR was shown to bind to the promoter 

region of adhA (coding for the alcohol dehydrogenase ADH) and to act as a transcriptional 

repressor of this gene (Auchter et al., 2011b). Comparative DNA microarrays with DNA of 

glucose-grown C. glutamicum WT and C. glutamicum ∆atlR cells revealed that the genes 

mtlD, rbtT, sixA and xylB were highly upregulated in C. glutamicum ∆atlR (Auchter, 2009). 

Interestingly, these four genes are clustered together with the atlR gene in the genome of   

C. glutamicum as depicted in Fig. 3. Previously, it was shown that atlR and xylB, which are 

separated by 1 bp from each other, are transcribed as an operon (Auchter, 2009). Upstream 

of the xylB-atlR locus, the genes rbtT, mtlD and sixA are located with a 278 bp-intergenic 

region between atlR and rbtT. Auchter et al. (2011b) found that AtlR also negatively controls 

the expressions of its own gene. The tight negative autoregulation of AtlR is mediated by 

binding to one of the four binding sites (see Fig. 3) identified in the intergenic region between 

atlR and rbtT (Auchter et al., 2011b). Fig. 3 also displays the genetic arrangement of rbtT, 

mtlD and sixA, which are separated from each other by 43 and 24 bp, respectively. 
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Fig. 3:  Genomic locus of the atlR-xylB and rbtT-mtlD-sixA gene clusters in C. glutamicum (modified 
after Laslo et al., 2012). The arrows represent the computer-predicted coding regions of the two gene 
clusters and the adjacent genes. The gray boxes indicate AtlR binding sites (BS) as determined by 
Auchter et al. (2011b).  

 

 

Due to the annotations of mtlD, rbtT, sixA and xylB as D-mannitol 2-dehydrogenase 

(ManDH), D-ribitol transporter (RbtT), phosphohistidine phosphatase (SixA) and xylulokinase 

(XylB), respectively, it was assumed that the AtlR protein is somehow involved in regulation 

of sugar alcohol metabolism (Auchter, 2009). Therefore, the growth of C. glutamicum WT 

and C. glutamicum ∆atlR was investigated with D-ribitol, D-xylitol and D-mannitol as carbon 

sources (Auchter, 2009). Whereas growth was observed with D-ribitol and D-xylitol neither 

for the WT strain nor for the atlR deficient mutant, C. glutamicum ∆atlR but not the WT strain 

grew well when cultivated on D-mannitol as single carbon source (Auchter, 2009; Laslo, 

2009). Thus, the studies were firstly focused on D-mannitol metabolism in C. glutamicum and 

its regulation by AtlR (Auchter, 2009; Laslo, 2009). The fact that C. glutamicum ∆atlR is able 

to grow on D-mannitol as carbon and energy source, was assumed to be due to the protein 

encoded by mtlD, found to be present in high amounts in cell extracts of C. glutamicum ∆atlR 

cells (Laslo, 2009). In fact, C. glutamicum ∆atlR displayed high specific ManDH activities 

independent of the carbon source the cells were grown on (Laslo, 2009). The reaction 

catalyzed by the ManDH is the NAD+-dependent oxidation of D-mannitol to D-fructose. Taken 

all these facts into account, the supposition was raised that the mtlD gene product is indeed 

involved in D-mannitol metabolism in C. glutamicum; however, the presence of D-mannitol 

did not induce expression of mtlD. The work at hand focused on D-arabitol metabolism in     

C. glutamicum as it turned out that C. glutamicum WT is able to grow on this substrate and to 

use it as carbon source. By construction and growth analysis of single and double mutants, 

investigations of the D-arabitol dehydrogenase (AraDH), ManDH and XylB activities and by 

transcriptional analysis, the functions of the rbtT, mtlD, sixA and xylB gene products in         

D-arabitol metabolism were investigated. Furthermore, this study aimed at clarifying the role 

of AtlR as transcriptional regulator of D-arabitol metabolism in C. glutamicum.  

xylB atlR rbtT mtlD sixA

1000 bp

atlR rbtT

100 bp

BS BS BS BS
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A further aim of this work was to develop a system for in vivo and real-time transcriptional 

analysis. Currently, there are various methods for transcriptional analyses in C. glutamicum. 

These methods either employ a reporter gene encoding a protein with enzymatic activity that 

reflects the promoter activity of target genes (e.g. CAT-, ß-GAL- or GUS-assay), or 

transcription levels are determined by quantification of the target gene’s mRNA amount (by 

e.g. RT-PCR, DNA microarray). However, all these procedures suffer from significant time 

lag between sampling of cells and read-out of the transcriptional activity. During this time lag 

RNA quality or enzyme activities might be degraded and thus the overall result is influenced. 

Moreover, monitoring the complete course of transcriptional answers during growth of the 

investigated strain appears exhausting since large scale sample preparation requires a 

considerable high expenditure of time and costs. Thus, a quantitative in vivo test system was 

pursued, allowing cost- and time-effective real-time monitoring of transcription in                   

C. glutamicum.  

The test system established in this work is based on the bacterial luciferase from 

Photorhabdus luminescens which is used as a reporter. During the luciferase reaction 

bioluminescence occurs. Bioluminescence is prevalent in nature and found mostly in the 

marine phyla from bacteria to fish, showing that bioluminescence has evolved independently 

many times (Wilson and Hastings, 1998; Widder, 2010). The chemical reaction mechanisms 

of luciferases differ among the bioluminescent species; however, all reactions catalyzed by 

luciferases involve exergonic reactions of molecular oxygen with different substrates, 

resulting in photons of visible light (Wilson and Hastings, 1998). Some of the most frequently 

applied bioluminescent systems in molecular biology are the ATP- and Mg2+-dependent 

luciferase of the North American firefly (Photinus pyralis), the Ca2+-dependent luciferase of 

the sea pansy (Renilla reniformis) or the bacterial luciferases, which were found in terrestrial 

as well as in marine species (Charbonneau and Cormier, 1979; de Wet et al., 1985; Wilson 

and Hastings, 1998). The bacterial luciferases are heterodimeric enzymes consisting of an α-

subunit (40 kDa) encoded by luxA and a β-subunit (35 kDa) encoded by luxB. There is an 

identity of about 32% of α- and β-subunit, suggesting that the β-subunit may have arisen by 

gene duplication (Baldwin et al., 1979; Meighen and Bartlet, 1980; Wilson and Hastings, 

1998). Bacterial luciferases catalyze the oxidation of reduced flavin mononucleotide (FMNH2) 

and a long-chain aliphatic aldehyde in the presence of molecular oxygen to FMN and the 

corresponding long-chain fatty acid (Hastings and Gibson, 1963) as shown in Fig. 4. During 

this reaction light emission occurs at a wavelength of 490 nm, which allows in vivo detection 

of the luciferase activity (Hastings and Gibson 1963; Meighen and Hastings, 1971; Wilson 

and Hastings, 1998).  
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In P. luminescens, the luciferase genes luxA and luxB genes are clustered in the 

luxCDABE operon. The genes luxCDE encode the fatty acid reductase complex which 

facilitates the regeneration of the aliphatic aldehyde in P. luminescens (see Fig. 4). In this 

study the genes luxAB of P. luminescens were employed as reporter genes in                      

C. glutamicum. Therefore, the conditions of the luciferase reaction were improved and a 

protocol for the determination of luciferase activity in C. glutamicum was established. 

Furthermore, different test vectors were constructed allowing multi- and single-copy cloning 

of the reporter genes into C. glutamicum and the function of this system was analyzed and 

verified by use of the aceA promoter. At last, the findings on D-arabitol metabolism were 

consulted to prove the luciferase test systems by application of the rbtT promoter.  

 

 

 

 
Fig. 4:  Enzymatic reactions of luciferase (LuxAB) and fatty acid reductase complex (LuxCDE) in              
P. luminescens.  

 

 

 

O2 FMNH2 + R-CHO NADP+ + AMP + PP

LuxAB LuxCDE

hv (490 nm) + H2O FMN + R-COOH ATP + NADPH2
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2 Material and methods 

2.1 Strains, plasmids and oligonucleotides 

All bacterial strains, plasmids and oligonucleotides used in this study are listed in the 

following tables. 

 

Table 1: Bacterial strains used in this study 

Strain  Relevant characteristic(s)  
Source or 
reference 

E. coli DH5 supE44 hsdR17 recA1 endA1 gyrA96 thi-1 relA1 
gyrA96 ΔlacU169 (φ80lacZΔM15) 

Hanahan,  1985 

E. coli DH5 (pET2_luxAB) E. coli DH5 carrying the plasmid pET2_luxAB Frewert, unpublished 

E. coli DH5 (pET2_luxAB_paceA) E. coli DH5 carrying the plasmid 
pET2_luxAB_paceA 

Frewert, unpublished 

E. coli DH5 (pET2_luxABfre) E. coli DH5 carrying the plasmid pET2_luxABfre This work 

E. coli DH5 
(pET2_luxABfre_paceA) 

E. coli DH5 carrying the plasmid 
pET2_luxABfre_paceA 

This work 

E. coli DH5 (pET2_luxABfre_prbtT) E. coli DH5 carrying the plasmid 
pET2_luxABfre_prbtT 

This work 

E. coli DH5 (pEKEx2) E. coli DH5 carrying the plasmid pEKEx2 Eikmanns et al., 

1994 

E. coli DH5 (pK19Teil1) E. coli DH5 carrying the plasmid pK19Teil1 This work 

E. coli DH5 (pK19Teil2) E. coli DH5 carrying the plasmid pK19Teil2 This work 

E. coli DH5 (pK19luxInsert) E. coli DH5 carrying the plasmid pK19luxInsert This work 

E. coli DH5 (pK19luxInsert_paceA) E. coli DH5 carrying the plasmid 
pK19luxInsert_paceA 

This work 

E. coli DH5 (pK19luxInsert_prbtT) E. coli DH5 carrying the plasmid 
pK19luxInsert_prbtT 

This work 

C. glutamicum RES167  Restriction deficient derivative of C. glutamicum 
ATCC13032 designated as C. glutamicum WT in 
the following  

Tauch et al., 2002 

C. glutamicum DM1729 C. glutamicum ATCC13032 with pycP458S, 
homV59A, lysCT311I 

Blombach et al., 

2009 

C. glutamicum atlR C. glutamicum WT with truncated AtlR gene 
(cg0146)   

Auchter et al., 2011b 

C. glutamicum rbtT C. glutamicum WT with truncated RbtT gene 
(cg0144) 

Laslo et al., 2012 
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C. glutamicum mtlD C. glutamicum WT with truncated MtlD gene 
(cg0143) 

Laslo et al., 2012 

C. glutamicum sixA C. glutamicum WT with truncated SixA gene 
(cg0142) 

Laslo et al., 2012 

C. glutamicum xylB C. glutamicum WT with truncated XylB gene 
(cg0147) 

Laslo et al., 2012 

C. glutamicum atlR-rbtT C. glutamicum WT with truncated AtlR (cg0146) 
and RbtT genes (cg0144)   

Laslo et al., 2012 

C. glutamicum atlR-mtlD C. glutamicum WT with truncated AtlR (cg0146) 
and MtlD genes (cg0143)   

Laslo et al., 2012 

C. glutamicum atlR-sixA C. glutamicum WT with truncated AtlR (cg0146) 
and SixA genes (cg0142)   

Laslo et al., 2012 

C. glutamicum atlR-xylB  C. glutamicum WT with truncated AtlR (cg0146) 
and XylB genes (cg0147)   

Laslo et al., 2012 

C. glutamicum atlR (pET2-atlRp1) C. glutamicum WT with truncated AtlR (cg0146) 
gene carrying the plasmid pET2-atlRp1 

Auchter et al., 2011b 

C. glutamicum (pET2_luxAB) C. glutamicum WT carrying the plasmid 
pET2_luxAB 

Frewert, unpublished 

C. glutamicum (pET2_luxAB_paceA) C. glutamicum WT carrying the plasmid 
pET2_luxAB_paceA 

Frewert, unpublished 

C. glutamicum (pET2_luxABfre) C. glutamicum WT carrying the plasmid 
pET2_luxABfre 

This work 

C. glutamicum 
(pET2_luxABfre_paceA) 

C. glutamicum WT carrying the plasmid 
pET2_luxABfre_paceA 

This work 

C. glutamicum  
(pET2_luxABfre_prbtT) 

C. glutamicum WT carrying the plasmid 
pET2_luxABfre_prbtT 

This work 

C. glutamicum atlR 
(pET2_luxABfre_prbtT) 

C. glutamicum WT with truncated AtlR (cg0146) 
gene carrying the plasmid pET2_luxABfre_prbtT 

This work 

C. glutamicum luxIN C. glutamicum WT with chromosomal integration 
of the genes luxA, luxB and fre within cgr04 

This work 

C. glutamicum luxIN_paceA C. glutamicum WT with chromosomal integration 
of a 460 bp fragment of the aceA promoter region 
and the genes luxA, luxB and fre within cgr04 

This work 

C. glutamicum luxIN_prbtT C. glutamicum WT with chromosomal integration 
of a 284 bp fragment of the rbtT promoter region 
and the genes luxA, luxB and fre within cgr04 

This work 
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Table 2: Plasmids used in this study 

Plasmid Relevant characteristic(s)  
Source or 
reference 

pK19mobsacB Km
r
, mobilizable (oriT), oriV Schäfer et al., 1994 

pET2 Promoter probe vector carrying the promoterless cat gene, 
Km

r
 

Vašicová et al., 1998 

pET2-atlRp1 pET2 containing a 330 bp insert of the atlR promoter region Auchter et al., 2011b 

pET2_luxAB Promoter probe vector carrying the promoterless luxA and 
luxB genes of P. luminescens, Km

r
 

Frewert, unpublished 

pET2_luxAB_paceA pET2_luxAB containing a 460 bp insert of the aceA promoter 

region 
Frewert, unpublished 

pET2_luxABfre pET2_luxAB containing the fre gene of E. coli DH5α This work 

pET2_luxABfre_paceA pET2_luxABfre containing a 460 bp insert of the aceA 
promoter region 

This work 

pET2_luxABfre_prbtT pET2_luxABfre containing a 284 bp insert of the rbtT promoter 
region 

This work 

pEKEx2 Expression vector carrying lacI
q
, the tac promoter and the 

pUC18 mcs 
Eikmanns et al., 
1994 

pK19Teil1 pK19mobsacB containing a 540 bp fragment of the 3’-region 
of the 16S rDNA of C. glutamicum 

This work 

pK19Teil2 pK19Teil1 containing a 597 bp fragment of the 5’-region of the 
16S rDNA of C. glutamicum and a 384 bp fragment of the 

terminator region of pEKEx2 

This work 

pK19luxInsert pK19Teil2 containing the luxA, luxB and fre sequence of 
pET2_luxABfre 

This work 

pK19luxInsert_paceA pK19luxInsert containing a 460 bp insert of the aceA promoter 
region 

This work 

pK19luxInsert_prbtT pK19luxInsert containing a 284 bp insert of the rbtT promoter 
region 

This work 

 

 
 
Table 3: Oligonucleotides used in this study 

Oligonucleotide Sequence  Purpose 

cg0146ext.for 5’-ATATGGAGGCTGCTGATACG-3‘ RT-PCR analysis of atlR-
xylB intergenic region 

cg0147int.rev 5’-TGCTGGCCTGCAATAGATAC-3‘ RT-PCR analysis of atlR-
xylB intergenic region 

qRTxylB.rev 5‘-CACTCCACCTGGAGTTGTTC-3‘ atlR-xylB cDNA synthesis 
and real-time RT-PCR 
analysis of xylB expression 
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qRTxylB.for 5‘-CCTCACCTGGCATTTGATGG -3‘ real-time RT-PCR analysis 
of xylB expression 

qRTatlR.rev 5‘-GTGCTGCTGCAGTACACAAC -3‘ real-time RT-PCR analysis 
of atlR expression 

qRTatlR.for 5‘-GGTCAGCGCAATGACCATTC -3‘ real-time RT-PCR analysis 
of atlR expression 

qRTrbtT.for 5‘-GCACTGACCACCGACCATAC -3‘ real-time RT-PCR analysis 
of rbtT expression 

qRTrbtT.rev 5‘-AGCGCACCCAAGGTAGGAAG -3‘ real-time RT-PCR analysis 
of rbtT expression 

qRTmtlD.for 5‘-GGGCGATACTTCCACTTTGC -3‘ real-time RT-PCR analysis 
of mtlD expression 

qRTmtlD.rev 5‘-CCATTCGCCGAGCTCAGAAG -3‘ real-time RT-PCR analysis 
of mtlD expression 

qRTsixA.for 5‘-AATGGCTAGCTGGCAACATC -3‘ real-time RT-PCR analysis 
of sixA expression 

qRTsixA.rev 5‘-AGGGCGGTACCAACTACATC -3‘ real-time RT-PCR analysis 
of sixA expression 

rbtT-mtlD.for 5’- ACTTCGCGGCACCCAACCAGGATTCGAC-3’ RT-PCR analysis of rbtT-
mtlD intergenic region 

rbtT-mtlD.rev 5’- CATGCGCACATCGGAAGGCATGACACCC-3’ RT-PCR analysis of rbtT-
mtlD intergenic region 

mtlD-sixA.for 5’- ATCCGCGACCGTGGAATCTTCGGAGACTTG-3’ RT-PCR analysis of mtlD-
sixA  intergenic region 

cg0142.rev 5’-TGTCAACCGAGCAGAGTTTC-3’ rbtT-mtlD-sixA cDNA 
synthesis 

RACE-rbtT.rev 5’- GGTGGTCAGTGCCACGGTGAGGAAGATCAG-3’ rbtT cDNA synthesis for 5’-
RACE 

rbtT2.rev 5’- CGGCAACACCGTAAACAGTCACCAGGGTTC-3’ 5’-RACE with rbtT 5’ region 

RACE-rbtT 5’- GTTGAGTCCAGCGCTAAAGCATCAGAAGCC-3’ 5’-RACE with rbtT 5’ region 

A1-sixA 5'-ACGCGTCGACTCCAGGTGTCGATCTAGATG-3' generation of 5'-end 
fragment A of sixA 

A2-sixA 5'-CGCAATGGCGAGCCCACGTTGATTAAGTGG-3' generation of 5'-end 
fragment A of sixA 

B1-sixA 5'-CGCCATTGCGGTGTTGGAAT-3' generation of 5'-end 
fragment B of sixA 

B2-sixA 5'- GGGAATTCCGCACCGGCCTGAAGATAACT-3' proof of sixA deletion       
and generation of 5'-end 
fragment B of sixA 

A1-mtlD 5'-ACGCGTCGACATTCCGATGTTCGGCGTTCA-3' generation of 5'-end 
fragment A of mtlD 

A2-mtlD 5'-GCCTTGGTGAACTCCGGAAGTCGAAGCGAT-3' generation of 5'-end 
fragment A of mtlD 
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B1-mtlD 5'-TCACCAAGGCATACTCCGAG-3' generation of 3'-end 
fragment B of mtlD 

B2-mtlD 5'-GGAATTCCAATCTGTCAACCGAGCAGAG-3' generation of 3'-end 
fragment B of mtlD 

A1-rbtT 5'-ACGCGTCGACACTGCCAACTCACTCATCGA-3' generation of 5'-end 
fragment A of rbtT 

A2-rbtT 5'-ATCCTGGTTGGAAGATGGTGAGGCCGATA-3' generation of 5'-end 
fragment A of rbtT 

B1-rbtT 5'-CAACCAGGATTCGACGGAGT-3' generation of 3'-end 
fragment B of rbtT 

B2-rbtT 5'-GGGAATTCCTGGTCGAAATCTTCTGTCGC-3' generation of 3'-end 
fragment B of rbtT 

A1-xylB 5’-CGCGGATCCGACAATGGCGGATCATCGTG-3’ generation of 5'-end 
fragment A of xylB 

A2-xylB 5’-AACCCTGCGTAGGATTGGGTGGAACTATCG-3’ generation of 5'-end 
fragment A of xylB 

B1-xylB 5’-ACGCAGGGTTGGTACTAGAG-3’ generation of 3'-end 
fragment A of xylB 

B2-xylB 5’-GGGAATTCCCACCCGATGTGGAGGAAATG-3’ generation of 3'-end 
fragment A of xylB and proof 
of atlR-xylB deletion 

sixA.for 5'- TCTGCAGCCATCGTCGCATC-3' proof of sixA deletion  

mtlD.for 5'- ATCGCCCTCTACCTGCTCTC -3' proof of mtlD deletion 

mtlD.rev 5'- TTCTTCCATCTGATCCCAACCGGGATGTTC-3' proof of mtlD deletion 

rbtT.for 5'- ACCAATCCCAATCAACGCCCGCTTCGTATC-3' proof of rbtT deletion 

rbtT.rev 5'- CATGCGCACATCGGAAGGCATGACACCC -3' proof of rbtT deletion 

xylB.for 5’-ACGCGTCGACTTCAAGGTTGCTTCGATTGAGGAGT-3’ proof of xylB deletion 

xylB.rev 5’-CAGGTTGCGGTGATTCGGCGATTGG-3’ proof of xylB deletion 

atlR.for 5’-ACGCGTCGACAGCGCATCGTTTCTTATGTCACCCGTC-3’ proof of atlR-xylB deletion 

rbtT/atlR-probe.for 5’-CATGTGAAAAAGTTACCACGGAAATG-3’ EMSA probe 

rbtT/atlR-probe.rev 5’-CATGTGTTCACCTTTGTTTTAAATG-3’ EMSA probe and generation 
of prbtT promoter fragment 

aceA-hin-SalI 5’-ACGCGTCGACTGCCACTCTTCTTTCGATTTC-3’ generation of paceA 
promoter fragment 

aceA-rück 5’-CATCAAAGTCACTTCCTTAAGTGCTGATTC-3’ generation of paceA 
promoter fragment 

fre-KpnI-for 5’-CGGGGTACCCCGAAGGAAGAAAGCGCATGACAACC-3’ generation of fre fragment 

fre-EheI-rev 5’-TCTGGCGCCTTTAGTTGCCGTTCTTCCC-3’ generation of fre fragment 

prbtT-for 5’-CCGGAATTCCGGTGAGCTGGCGGGAATCACTTG-3’ generation of prbtT 
promoter fragment 



 
17 Material and methods 

16SrRNAfor-XmaI 5’-TCCCCCCGGGGGGATCGGCGATTGGG-3’ generation of DNA fragment 
covering the 3’-end of the 
16S rDNA 

16SrRNArev-EcoRI 5’-CGGAATTCCGAGGCATAACGCAGCCTCTC-3’ generation of DNA fragment 
covering the 3’-end of the 
16S rDNA 

Terminator-for 5’-GAGAGAAGATTTTCAGCCTGATAC-3’ generation of terminator 
fragment  

TerminatorPstI-rev 5’-AACTGCAGGTCAGGATGGCCTTCTGCTT-3’ generation of terminator 
fragment  

16SrRNAfor-HindIII 5’-CCCAAGCTTGGGCAGATATCAGGAGGAAC-3’ generation of DNA fragment 
covering the 5’-end of the 
16S rDNA 

16SrRNArev-cross 5’-CAGGCTGAAAATCTTCTCTCACTGAGGCCGGCTTTAAGAG-3’ generation of DNA fragment 
covering the 5’-end of the 
16S rDNA 

promoter-for 5’-CAATACGCAAACCGCCTCTC-3’ generation of (paceA-) 
luxABfre fragment 

luxInsertXmaI-rev 5’-TCCCCCCGGGGGGAGCCTTTAGTTGCCGTTCTTC-3’ generation of (paceA-) 
luxABfre fragment 

pET2-for 5’-ACTGCCGCCAGGCAAATTC-3’ proof of test vector 

pET2-luxA-for 5’-CACGGAGTTTGGTTTGCTTGG-3’ proof of test vector 

pET2-luxB-for 5’-AGGCGGACCTCGGAAATATG-3’ proof of test vector 

pET2-luxB-rev 5’-CCGCCCACTCAACAATATGATG-3’ proof of test vector 

pET2-rev 5’-CACACCATAGTGGCCATGAG-3’ proof of test vector 

cgr01-for 5’-GCGCATGAAAGTCCAAGTCC-3’ proof of chromosomal 
integration 

cgr04-for 5’-ACGGCAAGATTGCTTGCTAC-3’ proof of chromosomal 
integration 

cgr07-for 5’-GCAGTCTGGCTTGAATCAAC-3’ proof of chromosomal 
integration 

cgr12-for 5’-AGTCCCGTCGCAAATTTCTC-3’ proof of chromosomal 
integration 

cgr15-for 5’-TGGTTCTTGCCGCCCTTTGC-3’ proof of chromosomal 
integration 

cgr18-for 5’-GCTTATCGACGAATCCATCC-3’ proof of chromosomal 
integration 

luxA-rev 5’-TACCTCTGTTTGAGAAAATTGGGGAGG-3’ proof of chromosomal 
integration 

luxA-NdeI-rev 5’-GGGCTTTCATATGAGCTAATATAATAGCGAACGTTG-3’ proof of chromosomal 
integration 
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2.2 Chemicals, devices, enzymes, kits and software  

All chemicals, devices, enzymes, kits, software and the respective manufacturers are 

listed in the following tables. 

 

Table 4: Chemicals used in this study 

Chemical Manufacture 

α-D(+)-glucose monohydrate Carl Roth GmbH, Karlsruhe, Germany 

Agarose NEEO Ultra-Qualität Carl Roth GmbH, Karlsruhe, Germany 

Ammonium sulfate Sigma Aldrich Chemie GmbH, Steinheim, Germany 

D-Arabitol Genaxxon Bioscience GmbH, Ulm, Germany 

Adenosine-5'-triphosphate (ATP) Roche Diagnostics GmbH, Mannheim, Germany 

Bacto
TM

 agar Becton Dickinson GmbH, Heidelberg, Germany 

Bacto
TM

 tryptone Becton Dickinson GmbH, Heidelberg, Germany 

Bacto
TM

 yeast extract Becton Dickinson GmbH, Heidelberg, Germany 

Biotin Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Brain heart infusion (BHI) Becton Dickinson GmbH, Heidelberg, Germany 

Calcium chloride dihydrate Merck KGaA, Darmstadt, Germany 

Chloroform Carl Roth GmbH, Karlsruhe, Germany 

Chromanorm (H2O for HPLC) VWR International GmbH, Darmstadt, Germany 

Copper(II) sulfate pentahydrate Merck KGaA, Darmstadt, Germany 

Decanal (96%) Alfa Aesar GmbH & Co KG, Karlsruhe, Germany 

Deoxyribonucleotide triphosphates (dNTPs) Fermentas GmbH, St. Leon-Rot, Germany 

Dimethylsulfoxide (DMSO) Merck KGaA, Darmstadt, Germany 

Dipotassium hydrogen phosphate Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Dithiothreitol (DTT) Carl Roth GmbH, Karlsruhe, Germany 

DNA Loading Dye (6x) Fermentas GmbH, St. Leon-Rot, Germany 

Ethanol VWR International GmbH, Darmstadt, Germany 

Ethidium bromide Carl Roth GmbH, Karlsruhe, Germany 

Ethylenediaminetetraacetic acid (EDTA) AppliChem GmbH, Darmstadt, Germany 

GeneRuler™ 1 kb DNA Ladder Fermentas GmbH, St. Leon-Rot, Germany 

GeneRuler™ 50 bp DNA Ladder Fermentas GmbH, St. Leon-Rot, Germany 
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Glycerol Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Hydrogen chloride (HCl) Merck KGaA, Darmstadt, Germany 

Isoamyl alcohol Carl Roth GmbH, Karlsruhe, Germany 

Isopropanol Merck KGaA, Darmstadt, Germany 

Ferrous(II) sulfate heptahydrate Merck KGaA, Darmstadt, Germany 

Kanamycin Carl Roth GmbH, Karlsruhe, Germany 

L-Lysine Merck KGaA, Darmstadt, Germany 

Magnesium chloride hexahydrate Merck KGaA, Darmstadt, Germany 

Magnesium sulfate heptahydrate Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Manganese(II) sulfate monohydrate Merck KGaA, Darmstadt, Germany 

D(-)-Mannitol Carl Roth GmbH, Karlsruhe, Germany 

β-Mercaptoethanol  Carl Roth GmbH, Karlsruhe, Germany 

Methanol VWR International GmbH, Darmstadt, Germany 

3-(N-morpholino)propanesulfonic acid (MOPS) Carl Roth GmbH, Karlsruhe, Germany 

Nickel(II) chloride hexahydrate Merck KGaA, Darmstadt, Germany 

β-Nicotinamide adenine dinucleotide, oxidized 
(NAD) 

GERBU Biotechnik GmbH, Wieblingen, Germany 

β-Nicotinamide adenine dinucleotide, reduced 
(NADH) 

GERBU Biotechnik GmbH, Wieblingen, Germany 

L-Ornithine Merck KGaA, Darmstadt, Germany 

Ortho-phthaldialdehyde (OPA) Sigma-Aldrich Chemie GmbH, Steinheim, Germany 

Phosphoenolpyruvate (PEP) Roche Diagnostics GmbH, Mannheim, Germany 

Poly(deoxyinosinic-deoxycytidylic) (Poly(d[I;C])) Roche Diagnostics GmbH, Mannheim, Germany 

Potassium acetate Merck KGaA, Darmstadt, Germany 

Potassium dihydrogen phosphate (KH2PO4) Merck KGaA, Darmstadt, Germany 

Potassium hydroxide (KOH) Merck KGaA, Darmstadt, Germany 

Potassium phosphate dibasic (K2HPO4) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

D-Ribulose Genaxxon Bioscience GmbH, Ulm, Germany 

Roti®-phenol/chloroform/isoamyl alcohol Carl Roth GmbH, Karlsruhe, Germany 

D-Sucrose Carl Roth GmbH, Karlsruhe, Germany 

Sodium acetate Merck KGaA, Darmstadt, Germany 

Sodium chloride (NaCl) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Spectinomycin dihydrochloride pentahydrate Sigma Aldrich Chemie GmbH, Steinheim, Germany 



 
20 Material and methods 

D-Sorbitol Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Sulfuric acid, 95 – 97% (H2SO4) Merck KGaA, Darmstadt, Germany 

Tris(hydroxymethyl)aminomethane (Tris) Sigma Aldrich Chemie GmbH, Steinheim, Germany 

Urea Carl Roth GmbH, Karlsruhe, Germany 

D-xylulose Genaxxon Bioscience GmbH, Ulm, Germany 

D-xylulose-5-phosphate Genaxxon Bioscience GmbH, Ulm, Germany 

Zinc sulfate heptahydrate Merck KGaA, Darmstadt, Germany 

 

 

Table 5: Devices used in this study 

Device Manufacturer 

Anthos ht III microplate-reader Anthos Mikrosysteme GmbH, Krefeld, Germany 

Biofuge pico    Heraeus #3325B DJB Labcare Ltd, Buckinghamshire, Great Britain 

Centrifuge 5804 R Eppendorf AG, Hamburg, Germany 

   Rotor A-4-44 Eppendorf AG, Hamburg, Germany 

   Rotor F-45-30-11 Eppendorf AG, Hamburg, Germany 

Cuvettes ½ Micro, 1,6 ml SARSTEDT AG & Co., Nümbrecht, Germany 

Electrophoresis Power Supply EPS 601 Amersham Pharmacia Biotech GmbH, Freiburg, Germany 

Electroporation cuvettes,  

2 mm electrode gap 

Peqlab Biotechnologie GmbH, Erlangen, Germany 

Gene Pulser Bio-Rad Laboratories GmbH, Munich, Germany 

Glass beads, diameter 0.1 mm Sigma Aldrich Chemie GmbH, Steinheim, Germany 

LC 1100/1200 system with  reflective index  

detector (G1321A) and  variable wavelength 

detector (G1314B) 

Agilent Technologies, Böblingen, Germany 

precolumn 

(Organic Acid, 40 x 8 mm) 

CS-Chromatographie Service GmbH, Langerwehe, Germany 

main column  

(Organic Acid, 300 x 8 mm) 

CS-Chromatographie Service GmbH, Langerwehe, Germany 

precolumn 

(C18-Multohyp, ODS-5µm, 40 x 4 mm) 

CS-Chromatographie Service GmbH, Langerwehe, Germany 

main column  

(C18-Multohyp, ODS-5µm, 125 x 4 mm) 

CS-Chromatographie Service GmbH, Langerwehe, Germany 
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Vials for HPLC (R1 klar/ 6mm) CS-Chromatographie Service GmbH, Langerwehe, Germany 

LightCycler Roche Diagnostics GmbH, Mannheim, Germany 

LumiNunc
TM

 96-well plate Thermo Fisher Scientific GmbH, Ulm, Germany 

micro scales Mettler-Toledo GmbH, Gießen, Germany 

NanoDrop 2000 Spectrophotometer Thermo Fisher Scientific GmbH, Ulm, Germany 

pH-Meter WTW pH521 Wissenschaftlich-Technische Werkstätten, Weilheim, 
Germany 

Photographic documentation Decon Science Tec GmbH, Mühlbachwiesen, Germany 

 UV-Screen TFP-M/WL,  

312 nm 

Bachhofer, Reutlingen, Germany 

Photometer Ultrospec 2100 pro Thermo Hybaid GmbH, Heidelberg, Germany 

Photometer Utrospec 3000 Phamacia Biotech, Cambridge, Great Britain 

Pipettes 

   PIPETMAN classic™ 

   DISCOVERY Comfort DV10C 

 

Gilson Inc., Middleton, WI; USA 

Abimed GmbH, Langenfeld, Germany 

PS-Microplate 96 well, flat bottom Greiner Bio-One GmbH, Frickenhausen, Germany 

RiboLyser FP 120 Thermo Hybaid GmbH, Heidelberg, Germany 

Rotary Shaker Certomat SII B. Braun Biotech International GmbH, Melsungen, Germany 

Sartorius BP 2100 Sartorius AG, Göppingen, Germany 

Sartorius BP 8199 Sartorius AG, Göppingen, Germany 

Sterile filters Filtropur S SARSTEDT AG & Co., Nümbrecht, Germany 

Tecan Infinite M200  Tecan Group Ltd., Männedorf, Switzerland 

Thermo-cycler Biometra GmbH, Göttingen, Germany 

Ultracentrifuge L8-60M 

   Rotor TFT65.13 

Beckman Coulter, Inc., Fullerton, USA 

Water bath Köttermann GmbH & Co KG, Uetze/Hänigsen, Germany 

 

 

Table 6: Enzymes and Kits used in this study 

Enzymes and Kits Manufacture 

CloneJet
TM

 PCR Cloning Kit Thermo Fisher Scientific GmbH, Ulm, Germany 

DNase I Fermentas GmbH, St. Leon-Rot, Germany 
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E.Z.N.A.
®

Plasmid Mini Kit I Omega Bio-tek, Inc., Norcross, USA 

FastAP™ thermosensitive alkaline phosphatase Fermentas GmbH, St. Leon-Rot, Germany 

HotStar HiFidelity Polymerase Kit Qiagen GmbH, Hilden, Germany 

Lactate dehydrogenase Roche Diagnostics GmbH, Mannheim, Germany 

M-MuLV reverse transcriptase  Fermentas GmbH, St. Leon-Rot, Germany 

NucleoSpin® Gel and PCR Clean-up Macherey-Nagel GmbH & Co. KG, Düren, Germany 

Perfectprep Plasmid Mini Eppendorf AG, Hamburg, Germany 

Phusion
®
 polymerase New England Biolabs, Ipswich, MA, USA 

Pierce* BCA* Protein Assay Thermo Fisher Scientific GmbH, Ulm, Germany 

Pyruvate kinase Roche Diagnostics GmbH, Mannheim, Germany 

Qiagen RNeasy Mini Kit Qiagen GmbH, Hilden, Germany 

Qiagen RNeasy Midi Kit Qiagen GmbH, Hilden, Germany 

5'/3' RACE Kit 2
nd

 Generation Kit  Roche Diagnostics GmbH, Mannheim, Germany 

Restriction endonucleases Fermentas GmbH, St. Leon-Rot, Germany 

SensiMix SYBR One-Step RT-PCR Kit  Bioline GmbH, Luckenwalde, Germany 

T4 DNA ligase Fermentas GmbH, St. Leon-Rot, Germany 

Taq DNA polymerase S Genaxxon Bioscience GmbH, Ulm, Germany 

Terminal deoxynucleotidyl transferase (TdT)  Fermentas GmbH, St. Leon-Rot, Germany 

 

 

 

Table 7: Software used in this study 

Software Manufacture 

Agilent ChemStation (Rev. A.06.01) Agilent Technologies, Böblingen, Germany 

Clone Manager v. 9  Sci-Ed Software, Cary, USA 

i-control
TM

  Tecan Group Ltd., Männedorf, Switzerland 

LightCycler software, version 3.5 Roche Diagnostics GmbH, Mannheim, Germany 

microsoft office 2010 Microsoft Cooperation, Redmond, USA 

NanoDrop 2000  Thermo Fisher Scientific GmbH, Ulm, Germany 

Swift II Reaction Kinetics v. 2.01. Biochrom Ltd., Cambridge, Great Britain 
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2.3 Nutrient solutions, culture conditions and analytics 

For cultivation of C. glutamicum and E. coli strains the following nutrient solutions were 

used.  

 

2xTY-complex medium (Sambrook and Russell, 2001)   

Tryptone            16 g/l 

Yeast extract     10 g/l 

 NaCl                    5 g/l 

For the production of agar plates agar (18 g/l) was added to the media. 

 

CgC-minimal medium (modified after Eikmanns et al., 1991) 

(NH4)2SO4              5 g/l                      

Urea                       5 g/l 

 MOPS                    21 g/l                     

 K2HPO4                  1 g/l 

 KH2PO4                  1 g/l                   

MgSO4 × 7 H2O    0.25 g/l 

CaCl2                      0.01 g/l 

 

The pH of the solution was set to 6.8 by the addition of KOH. After autoclaving 1ml of 

micronutrient solution (1000x, - see below) and of biotin (200 mg/ml) was added to 1 l 

medium. The carbon sources glucose, D-arabitol, D-mannitol, D-xylulose or potassium 

acetate were added at concentrations of 0.3% (w/v) up to 2% (w/v) to the CgC-minimal 

medium. 
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Micronutrient solution (1000x)  

FeSO4 × 7 H2O    16.4 g/l 

 MnSO4 × H2O       10.0 g/l  

 CuSO4  × 5 H2O    0.2 g/l 

 ZnSO4 × 7 H2O    1.0 g/l 

 NiCl2 × 6 H2O       0.02 g/l 

The salts were solved in water with the addition of concentrated HCl. The solution was 

sterile filtrated and stored in a locked glass bottle under N2-atmosphere. 

 

Culture conditions (modified after Eikmanns et al., 1991) 

For growth experiments, 5 ml of 2xTY-medium were inoculated with a single colony of the 

respective C. glutamicum strain and incubated at 28 °C on a rotary shaker at 120 rpm for 

about 8 h. Thereafter, a 50 ml 2xTY-preculture was inoculated with 5 ml culture and 

incubated overnight at 28 °C and 120 rpm. The overnight culture served to inoculate CgC-

minimal medium containing the respective carbon source (glucose, D-arabitol, D-mannitol or 

potassium acetate) to an optical density at a wavelength of 600 nm (OD600) of 1. For this 

purpose, the preculture was centrifuged (8 min, 4,500 x g, 4 °C) and washed twice with 0.9% 

NaCl. Cells were suspended in 1 ml 0.9% NaCl and the main culture was inoculated.           

C. glutamicum cells were grown aerobically at 28 °C either as 50 ml cultures in 500 ml 

baffled Erlenmeyer flasks or as 5 ml of culture in 20 ml tubes (all growth experiments 

containing D-xylulose as a substrate) on a rotary shaker at 120 rpm. Growth was followed by 

determining the OD600.  

 

Analytics  

For quantification of substrate consumption and product formation, 1 ml-samples were 

taken from the cultures, centrifuged at 16,060 g for 10 min and the supernatant was used for 

determination of glucose, D-arabitol, D-mannitol, D-xylulose, D-ribulose, and L-lysine by RP-

HPLC, using a LC 1100/1200 system. The quantification of sugars and sugar alcohols was 

performed as established by von Zaluskowski (2010) and published in Laslo et al. (2012). 

For separation a pre column (Organic Acid, 40 x 8 mm) and a main column (Organic Acid, 

300 x 8 mm) was used at 70 °C with a flow rate between 0.5 ml/min. As mobile phase 100 
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mM H2SO4 was used. Detection and quantification of the sugars and sugar alcohols were 

carried out via a variable wavelength detector G1314B at 215 nm (D-xylulose) or a reflective 

index detector G1362A (other sugars, sugar alcohols). L-lysine concentrations were 

determined as described in Blombach et al. (2007) with automatic pre column (C18-

Multohyp, ODS-5µm, 40 x 4 mm) derivatization with ortho-phthaldialdehyde. A main column 

(C18-Multohyp, ODS-5µm, 40 x 4 mm) and an elution buffer consisting of a polar phase (0.1 

M sodium acetate, pH 7.2) and a nonpolar phase (methanol) were used at a temperature of 

40 °C for separation. Quantification was done by calculation of the concentration by use of  

L-ornithine (100 M) as an internal standard and by a 10-point calibration curve. For analysis 

of the chromatograms, the program Agilent ChemStation (Rev. A.06.01) was used. 

 

2.4 Determination of luciferase activities 

The luciferase assay based on the protocol of Gupta et al. (2003) which was modified and 

optimized for application in C. glutamicum. For determination of luminescence, samples were 

taken from the cultures and diluted with CgC-minimal medium (without carbon sources). 200 

µl of the diluted samples were added per well of a LumiNuncTM 96-well plate as well as 40 µl 

of n-decanal (50 mM). When indicated, 40 µl of DTT (125 mM) were added before n-decanal 

addition. Measurement was performed at 30 °C using a Tecan infinite M200 plate reader 

which shook the plate 10 s at an amplitude of 6 and then detected luminescence for 1 s. This 

process was repeated automatically at least 10 times. The luciferase activities were given in 

relative light units (RLU). The calculation of the luciferase activities was performed by 

dividing the averages of the luminescence levels obtained within min 1 to 3 after starting the 

assay by the ODs600 of the cell culture. Thus, luciferase activities in this work are presented 

as RLU/OD600. 

 

2.5 Transformation of C. glutamicum and E. coli cells 

Transformation of C. glutamicum cells (modified after van der Rest et al., 1999) 

For preparation of electro-competent C. glutamicum cells, 250 ml of BHIS-medium, 

containing BHI (37 g/l) and D-sorbitol (91 g/l) (Liebl et al., 1989), were inoculated with 5 ml of 

an overnight BHIS-culture and cultivated in a 1000 ml baffled Erlenmeyer flask on a rotary 

shaker at 120 rpm and 30 °C. After reaching an OD600 of 1.75, cells were harvested by 

centrifugation (4,500 x g, 10 min, 4 °C). The resulting cell pellet was washed four times with 



 
26 Material and methods 

30 ml ice-cold 10% (v/v) glycerol before resuspending the cells in 0.5 ml of ice-cold 10% (v/v) 

glycerol. The cells were stored in 150 µl aliquots at -80 °C until further use. For 

electroporation the competent C. glutamicum cells were thawed on ice before 1 to 10 ng 

DNA were added to the cells. The mixture was transferred to an electroporation cuvette 

(electrode distance of 0.2 cm) which was kept on ice. Electroporation was performed by 

using a Gene Pulser with parameters set to a voltage of 2.5 kV, a capacitance of 25 μF and a 

resistance of 200 Ω. Immediately after electroporation, the cells were mixed with 1 ml of 

BHIS-medium before transferring the mixture to 5 ml BHIS-medium in 20 ml tubes. Then, a 6 

min heat shock at 46 °C followed. For regeneration, cells were incubated for 1 h at 28 °C on 

a rotary shaker at 120 rpm. Subsequently, the cells were plated on selective 2xTY agar 

plates containing either 15 µg or 50 µg kanamycin ml-1. 

 

Transformation of E. coli cells (modified after Dower et al., 1988) 

In order to prepare electro-competent E. coli DH5α cells, 250 µl of 2xTY-complex medium 

were inoculated with 5 ml of on 2xTY overnight culture and incubated at 37 °C on a rotary 

shaker at 120 rpm in a 1000 ml baffled Erlenmeyer flask until the culture reached an OD600 of 

about 0.3. After harvesting the cells (4,500 x g, 10 min, 4 °C), they were washed with 30 ml 

of ice-cold H2O. Another washing step followed two times with 30 ml of 10% (v/v) ice-cold 

glycerol. The cells were then resuspended in 1 ml of ice-cold 10% (v/v) glycerol and stored 

as 50 µl aliquots at –80 °C. For electroporation, the gently thawed cells were mixed with 1 to 

10 ng DNA and transferred to an electroporation cuvette (0.2 cm electrode distance). The 

parameters of the electroporation were the same as described above for C. glutamicum (2.5 

kV, 25 μF, 200 Ω). After electroporation, the cells were mixed with 1 ml 2xTY-medium and 

transferred to an 1.5 ml reaction tube which was shaken for 1 h at 37 °C. Selection of 

transformants was achieved by plating the cells on 2xTY agar plates with 50 µg       

kanamycin ml-1. 
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2.6 Construction of C. glutamicum luxIN by chromosomal integration  

Chromosomal integration of the reporter genes luxAB and fre into the 16S rDNA locus 

(cgr04) of C. glutamicum was performed using the suicide vector pK19mobsacB after the 

method of Schäfer et al. (1994). Firstly, the DNA fragment covering the 3’-end of the          

16S rDNA using the primer pairs 16SrRNAfor-XmaI and 16SrRNArev-EcoRI was generated. 

The purified PCR product was ligated into XmaI-EcoRI-restricted plasmid pK19mobsacB and 

transformed into E. coli DH5α. The recombinant plasmid henceforth was called pK19Teil1 

and isolated from E. coli DH5α. In order to place the transcriptional terminator from plasmid 

pEKEx2 in front of the reporter genes, a DNA fragment containing the rrnBT2T1 terminator 

from E. coli was generated using primer pair Terminator-for/TerminatorPstI-rev and pEKEx2 

as a template. Furthermore, the DNA fragment covering the 5’-end of the 16S rDNA was 

amplified with primers 16SrRNAfor-HindIII and 16SrRNArev-cross. The two fragments 

(terminator and 5’-end of 16S rDNA) were purified, mixed in equal amounts and subjected to 

crossover PCR using primers 16SrRNAfor_HindIII and TerminatorPstI_rev. The resulting 

fusion product was purified and ligated into HindIII-PstI-restricted pK19Teil1 vector. After 

transformation into E. coli DH5α, the resulting plasmid was named pK19Teil2 and for further 

use this plasmid was isolated from E. coli DH5α. Introduction of the reporter genes luxAB 

and fre into the test vector pK19Teil2 was performed by generating a DNA fragment 

containing the luxAB-fre genes using primers promoter-for and luxInsertXmaI-rev and 

pET2_luxABfre as template DNA (for introduction of the aceA promoter in front of the 

reporter genes this PCR also was performed with pET2_luxABfre_paceA as template 

whereby the resulting DNA fragment was treated in the same way as the promoterless 

equivalent). The purified PCR product then was ligated into XbaI-SmaI-restricted plasmid 

pK19Teil2 and transformed into E. coli DH5α. The recombinant plasmid called pK19luxInsert 

(Fig. 5), was isolated from E. coli DH5α and electroporated into C. glutamicum WT. 

Transformants were screened by plating the cells on 2xTY agar plates with 15 µg kana- 

mycin ml-1. The intact chromosomal 16S rDNA (cgr04) in C. glutamicum was replaced by the 

terminator-luxAB-fre containing version via homologous recombination (double crossover). 

For this purpose, single colonies of recombinant C. glutamicum WT cells resulting from the 

transformation with pK19luxInsert were incubated in 5 ml 2xTY medium in 20 ml tubes for 4 

to 5 h at 28 °C on a rotary shaker at 120 rpm. Subsequently the cultures were diluted 1:10, 

1:100 and 1:1000 with 2xTY-complex medium and 100 µl of the diluted cultures were plated 

on 2xTY agar plates containing 10% (w/v) sucrose. Selection for the loss of vector was 

achieved by streaking the resulting colonies on 2xTY agar plates with 10% (w/v) sucrose and 

on 2xTY agar plates containing 15 µg kanamycin ml-1. Cultures showing growth on the 

sucrose plates but not on the kanamycin plates were tested for reporter gene integration by 

colony PCR using primers Terminator-for and luxA-rev. Positive clones, harboring the 
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terminator-mcs-luxAB-fre sequence in the 16S rDNA, from now on were called                      

C. glutamicum luxIN. 

 

 

 

Fig. 5:  Plasmid map of pK19luxInsert containing the reporter genes luxA, luxB and fre preceded by 
the terminator sequence of the plasmid pEKEx2 (term). In order to facilitate homologous 
recombination, a 559 bp fragment covering the 3’-region of the16S rDNA in C. glutamicum was ligated 
upstream of the terminator and a 633 bp fragment covering the 5’-region of the 16S rDNA in               
C. glutamicum was set downstream of the fre gene. For selection of transformants the kanamycin 
resistance (Kan

R
) of the pK19mobsacB backbone was used. To select double cross-over events, the 

pK19mobsacB derived sacB gene encoding the levansucrase of Bacillus subtilis was employed. 

 

 

2.7 Preparation of glycerol cultures 

In order to store strains resulting from transformations, glycerol cultures were prepared. 

For this purpose, 5 ml 2xTY-complex medium were inoculated with a single colony and 

incubated overnight on a rotary shaker at 120 rpm either at 28 °C (C. glutamicum) or at 37 °C 

(E. coli). At the next day, 700 µl of the grown culture were mixed with 300 µl of sterile glycerol 

in a 1.5 ml screw cap tube and stored at -70 °C. 
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2.8 DNA treatment 

2.8.1 Preparation of chromosomal DNA 

For isolation of chromosomal DNA of C. glutamicum 50 ml of an overnight 2xTY culture 

was harvested by centrifugation (4,500 x g, 10 min, 4 °C). The resulting cell pellet was 

resuspended in 5 ml of TE-buffer (10 mM Tris,  1 mM EDTA, pH 7.6 with HCl) and 

transferred in 1.5 ml screw cap tubes together with 250 mg of glass beads (diameter 0.1 

mm). Cell disruption was performed using RiboLyser FP 120, 4 times for 45 s with an 

adjusted level of 6.5. Glass beads and cell debris was centrifuged (20,800 x g, 20 min, RT) 

and then the supernatant was transferred into a fresh 1.5 ml reaction tube. Subsequently, 

phenol-chloroform-isoamyl alcohol extraction (Sambrook and Russell, 2001) was performed 

by adding the same volume of Roti®-phenol/chloroform/isoamyl alcohol solution (25:24:1 

[v/v/v]) to the sample. The contents were mixed until an emulsion had formed and then 

centrifugation (16,060 x g, 10 min, RT) followed in order to obtain phase separation. The 

upper phase was transferred to a fresh reaction tube and the procedure was repeated for at 

least 5 times until no protein was visible at the interface of the organic and the aqueous 

phase. In order to remove remaining phenol, the same volume of chloroform/isoamyl alcohol 

solution (24:1 [v/v]) was added to the supernatant, contents were mixed and centrifuged 

again (16,060 x g, 10 min, RT). For precipitation of DNA, the resulting supernatant was 

mixed with 2.5 volumes of isopropanol (99% [v/v]) and 0.1 volumes of sodium acetate (3 M) 

and centrifuged (16,060 x g, 10 min, RT). The supernatant was discarded and the pellet was 

washed with 500 µl isopropanol (70% [v/v]). After drying the pellet by vaporization of 

remaining isopropanol the DNA was resuspended in 50 to 100 µl H2O.  
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2.8.2 PCR techniques 

 For amplification of DNA fragments the PCR method described in Saiki et al. (1988) was 

performed using a thermo-cycler. Primers were constructed using Clone Manager software 

and obtained from biomers.net GmbH (Ulm, Germany). As a basic PCR program the 

following parameters were used. 

 

PCR program: 

Initial denaturation:  94 °C, 5 min 

Denaturation:           94 °C, 30 s 

Annealing:                temperature was chosen according to primer composition, 30 s 

Elongation:               72 °C, elongation time was chosen according to the used DNA-                 
                                  polymerase and the expected product size 

Final elongation:      72 °C, 8 min 

Hold:                         4 °C 

 

The denaturation, annealing and elongation steps were repeated in 30-40 cycles. 

 

Standard PCR: 

Amplification of DNA fragments for plasmid construction required a DNA polymerase with 

proofreading capability. Therefore the typical PCR assay contained following ingredients: 

 

10 – 100 ng  chromosomal or plasmid DNA as template, 

0.3 µM           of forward and reverse primer, 

200 µM          of each  dNTP, 

2 µl                DMSO, 

10 µl              Phusion® polymerase reaction buffer and 

1 U                Phusion® polymerase (synthesizes approximately 1,000 bp of DNA/20 s). 
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Colony PCR: 

Colony PCR was performed in order to screen for positive mutants after transformation. In 

order to obtain DNA from the cells, a single colony grown on 2xTY agar plate was picked and 

resuspended in 50 µl H2O. After heating the cell suspension for 10 min on 95 °C and 

subsequent centrifugation (16,060 x g, 10 min, RT), the resulting supernatant contained the 

DNA and was used as template for the PCR assay. For this purpose, Taq DNA polymerase 

S was used since this enzyme was shown to be rather insensitive against impurities. The    

25 µl colony PCR assay contained 

 

10 µl              cell lysate as template, 

0.3 µM           of forward and reverse primer, 

200 µM          of each  dNTP, 

1 µl                DMSO, 

2.5 µl             Taq DNA polymerase S buffer and 

0.5 U             Taq DNA polymerase S (synthesizes approximately 1,000 bp of DNA/60 s). 
 

 

Crossover PCR: 

For the fusion of two DNA fragments, crossover PCR was used. For this purpose, the two 

DNA fragments were generated by standard PCR as described above. In order to allow 

hybridization of the two fragments in the crossover PCR, the reverse primer of the 5’-end 

containing fragment and the forward primer of the fragment with the 3’-end were generated 

with homologous sequences overlapping with at least 10 bp. The resulting PCR products 

were purified and added in approximately equal amounts (up to 100 ng DNA for each 

fragment) as template to the crossover PCR assay. For amplification, the forward primer of 

the 5’-end fragment and the reverse primer of the 3’-end fragment were added to the 

crossover PCR assay. The composition of the PCR assay corresponded to the one of the 

standard PCR. 
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2.8.3 Agarose gel electrophoresis 

PCR products or plasmids were separated and visualized by agarose gel electrophoresis 

(Sambrook and Russell, 2001) and subsequent staining with ethidium bromide. Agarose gels 

were prepared containing either 0.8% (w/v) or 2% (w/v) agarose, solved in TAE-buffer (40 

mM Tris, 20 mM sodium acetate, 1 mM EDTA, pH 8.0 with HCl) by cooking. After pouring the 

agarose into the gel chamber, the solid agarose was doused with TAE-buffer which was 

used as running buffer. Before applying the samples on the gel, they were mixed with       

0.25 volumes of DNA Loading Dye. As marker, an appropriate DNA ladder was chosen 

according to the expected sizes of the DNA fragments. DNA fragments were separated at 

100 V and afterwards stained in ethidium bromide solution (1 µg/ml) and detected at 312 nm 

under UV-light. 

 

2.8.4 Purification of DNA fragments 

Clean-up of DNA fragments from PCR preparations or agarose gels was performed with 

NucleoSpin®
 as specified by the manufacturer. DNA was eluted with 25-100 μl of sterile H2O. 

 

2.8.5 Determination of DNA concentrations 

DNA concentrations were determined using the NanoDrop 2000 Spectrophotometer and 

the NanoDrop 2000 software. Demineralized water was used as blank. 

 

2.8.6 DNA binding assays with a His-tagged AtlR fusion protein 

Electrophoretic mobility shift assays (EMSAs) were used for testing the binding of a His-

tagged AtlR fusion protein to the atlR-rbtT intergenic promoter region as described in Auchter 

et al. (2011b). For this purpose, the atlR-rbtT promoter region was generated using primers 

rbtT/atlR-probe.for and rbtT/atlR-probe.rev. After purification of the PCR product, 100-300 ng 

of the promoter probe were incubated with various amounts (0-1 µg) of His-tagged AtlR 

fusion-protein in 20 μl 10 mM Tris reaction buffer (pH 7.6 with HCl), containing 50 mM NaCl, 

1 mM EDTA, 10% (w/v) glycerol, and 1 μg Poly[d(I-C)] for 20 min at RT. When indicated,     

D-arabitol, D-xylulose, or D-xylulose-5-phosphate (50 mM each) were added to the assay 

mixture. Separation of the DNA fragments was performed by agarose gel electrophoresis 

using a 2% (w/v) agarose gel.  
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2.8.7 Isolation of plasmid DNA 

For preparation of plasmid DNA from C. glutamicum or E. coli cells, the Perfectprep 

Plasmid Mini and the E.Z.N.A.®Plasmid Mini Kit I were used according to the 

recommendations of the manufacturer. Plasmid DNA was eluted with 50-100 µl of sterile 

H2O.  

 

2.8.8 Enzymatic manipulation of DNA 

For the construction of plasmids, PCR products and plasmid DNA were digested with 

restriction enzymes. In order to avoid the religation of the vector, plasmid DNA was 

additionally treated with FastAP™ thermosensitive alkaline phosphatase. Complete digestion 

of DNA was verified by separation with agarose gel electrophoresis and detection of the 

appropriate DNA fragments. Subsequently, the DNA was purified and then plasmid and PCR 

product were ligated using T4 DNA ligase. All restriction enzymes, FastAP™ thermosensitive 

alkaline phosphatase and T4 DNA ligase as well as the corresponding buffers were obtained 

from Fermentas GmbH (St. Leon-Rot, Germany) and used as specified by the manufacturer. 

Depending on the required amount, assay volumes were scaled up. The resulting ligation 

mixture was immediately used for transformation of competent E. coli DH5α cells. 

 

2.8.9 Sequencing of plasmids or PCR products 

Verification of plasmids or in special cases of PCR products was done by GATC Biotech 

AG (Konstanz, Germany). For that purpose, DNA was purified and adjusted to the required 

concentrations (80-100 ng/µl for plasmids and 20-80 ng/µl for PCR products). Then 5 µl of 

DNA sample was mixed with 5 µl of the respective primer (5 µM) before shipping. The 

sequencing results were analyzed using the Clone Manager software. 

 

2.9 RNA treatment 

2.9.1 Preparation of total RNA  

Total RNA from C. glutamicum cells was isolated as described previously in Auchter et al. 

(2011a). For this purpose, cells were grown aerobically as 50 ml cultures in baffled 

Erlenmeyer flasks to an OD600 of about 4 and harvested by centrifugation (4,500 x g, 10 min, 

4 °C). The supernatant was discarded, the cell pellet was frozen in liquid nitrogen and stored 

at -80 °C. For isolation of total RNA, cells were thawed on ice, resuspended with 2 ml of 
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RLT-buffer (Qiagen GmbH, Hilden, Germany) and transferred to 1.5 ml screw cap tubes 

together with 250 mg of glass beads (diameter 0.1 mm). Cell disruption was performed in a 

RiboLyser FP 120 (3 times for 20 s at level 6.5). Glass beads and cell debris were 

centrifuged (20,800 x g, 20 min, 4 °C) and then the supernatant was transferred into a fresh 

1.5 ml reaction tube. Subsequently, the purification of RNA was performed by following the 

instructions of the Qiagen RNeasy Midi Kit. RNA was eluted from the columns of the Qiagen 

RNeasy Midi Kit with 150 µl RNase-free H2O. In order to remove remaining DNA from the 

RNA preparations, DNase I was used according to the recommendations of the 

manufacturer. Since DNase I buffer would disturb following reactions, the RNA was purified 

using the Qiagen RNeasy Mini Kit as specified by the manufacture and eluted with 50 µl of 

RNase-free H2O. In order to test whether the RNA sample was free of DNA, a standard PCR 

was performed using 5 µl of the RNA preparation. DNA free RNA samples were stored as  

20 µl aliquots at -80 °C. For further use the RNA samples were thawed on ice and RNA 

concentrations were determined using the NanoDrop 2000 Spectrophotometer and the 

NanoDrop 2000 software.  

 

2.9.2 Verification of operon structure by RT-PCR 

For the purpose of analysis of the transcriptional structure of the rbtT, mtlD and sixA 

genes RT-PCR was performed with RNA of C. glutamicum WT cells grown in minimal 

medium containing 0.8% (w/v) D-arabitol. The cDNA synthesis was performed with 

approximately 2 µg of DNA-free total RNA using primer cg0142.int.for and M-MuLV reverse 

transcriptase according to the instructions of the M-MuLV reverse transcriptase protocol for 

first strand cDNA synthesis (Fermentas GmbH, St. Leon-Rot, Germany). The resulting cDNA 

then was used as a template for the subsequent PCR reaction using the HotStar HiFidelity 

Polymerase Kit. The PCR assays contained 5 µl of cDNA, 10 µl of 5xHotStar HiFidelity PCR 

buffer, 5 µl of each, forward and reverse primer (10 µM), 20 µl H2O and 0.5 µl of HotStar 

HiFidelity DNA Polymerase. The used primerpairs were        

  cg0144.int.for/cg0144.int.rev             for the internal region of rbtT;  

  ext.rbtT.mtlD.for/ext.rbtT.mtlD.rev    for the intergenic region of rbtT and mtlD; 

  cg0143.int.for/cg0143.int.rev             for the internal region of mtlD;  

  ext.mtlD.sixA.for/sixA.rev                   for the intergenic region of mtlD and sixA and 

  cg0142.int.for/sixA.rev                       for the internal region of sixA. 
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As a positive control, a PCR was performed with 2 µl of chromosomal DNA as template and 

the negative control contained a RNA sample which was not treated with M-MuLV reverse 

transcriptase. The PCR program used is described as followed. 

 

PCR program of RT-PCR: 

Initial denaturation:  95 °C, 5 min 

Denaturation:           94 °C, 1 min 

Annealing:                58 °C, 1 min 

Elongation:               72 °C, 45 s 

Final elongation:      72 °C, 10 min 

Hold:                         4 °C 

 

The denaturation, annealing and elongation steps were repeated in 50 cycles. The resulting 

PCR products were separated by agarose gel electrophoresis on a 2% (w/v) agarose gel. 

 

2.9.3 Determination of the transcriptional start (TS) site by 5’-RACE 

Determination of transcriptional start (TS) sites of atlR and rbtT was performed twice for 

each gene. 

 

Determination of the TS site of atlR 

Determination of the transcriptional start was performed by 5’-RACE as described in 

Auchter et al. (2011b) with RNA of C. glutamicum ∆atlR (pET2-atlRp1) cells cultivated on 

2xTY-complex medium containing 1% (w/v) glucose. For this purpose, the 5'/3' RACE Kit 2nd 

Generation Kit was applied as recommended by the manufacturer. Firstly, reverse 

transcription was performed with primer cat6 and 2 µg of RNA. After tailing of the resulting 

cDNA with terminal transferase, PCR was performed with primers CM4 and oligo-dT using 

HotStar HiFidelity Polymerase Kit. PCR preparation and PCR program used are described in 

chapter 2.9.2. The resulting PCR product was purified and shipped for sequencing with 

primer CM5.  
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Determination of the TS site of rbtT 

5’-RACE for determination of the TS of rbtT was done with RNA of C. glutamicum WT 

grown in minimal medium with 0.8% (w/v) D-arabitol. First strand cDNA synthesis and tailing 

of cDNA was performed using M-MuLV reverse transcriptase with 2 µg of total RNA and 

primer RACE-rbtT.rev following the instructions of the M-MuLV reverse transcriptase 

protocol. Subsequently, 26 µl of the cDNA preparation were used for the tailing reaction with 

terminal deoxynucleotidyl transferase (TdT) which was performed according to the 

recommendations of the TdT manufacturer. The tailed and purified cDNA was then used as 

template for PCR with primers oligo-dT and rbtT2.rev. Since this PCR resulted in a marginal 

amount of PCR product, a second PCR was performed using the product of the first PCR as 

template and primers oligo-dT and RACE-rbtT. Both PCR were carried out as described in 

chapter 2.9.2. The resulting PCR products were then purified from a 2% (w/v) agarose gel 

and ligated into blunt end-restricted plasmid pJET (CloneJetTM PCR Cloning Kit) and 

transformed into E. coli DH5α. Plasmids were isolated from transformants and sequenced 

with the pJET1.2 forward sequencing primer (Thermo Fisher Scientific GmbH, Ulm, 

Germany). 

 

2.9.4 Real-time RT-PCR  

Expression levels of xylB, atlR, rbtT, mtlD and sixA in C. glutamicum WT and                   

C. glutamicum ∆atlR cells were determined using the real-time RT-PCR method. Total RNA 

from C. glutamicum WT grown in CgC-minimal medium containing either 1% (w/v) glucose or 

1% (w/v) D-arabitol and from and C. glutamicum ∆atlR cells grown in minimal medium with 

1% (w/v) glucose was isolated as described above (2.9.1). All real-time RT-PCR experiments 

were performed using a LightCycler with the SensiMix SYBR One-Step RT-PCR Kit 

according to the method described in Koch et al. (2005). A final amount of 1 µg RNA was 

added to the RT-PCR reaction mixture and the used primers were constructed to amplify 

intergenic regions of about 180 bp length of the genes to be analyzed. For xylB, atlR, rbtT, 

mtlD and sixA the primerpairs qRTxylB.for/qRTxylB.rev, qRTatlR.for/qRTatlR.rev, 

qRTrbtT.for/qRTrbtT.rev, qRTmtlD.for/qRTmtlD.rev and qRTsixA.for/qRTsixA.rev, 

respectively, were used. The experimental protocol started with reverse transcription at 50 °C 

for 20 min which was followed by a denaturation step at 95 °C for 15 min. Then 55 PCR 

cycles of 10 s at 95 °C, 20 s at 55 °C and 12 s at 72 °C followed. The recording of the 

melting curves was carried out over a range from 65 to 95 °C with a heating rate of 0.1 °C 

per s by continuous measurement of fluorescence. Finally, the reaction mixtures were cooled 
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to 40 °C. Using the second-derivative maximum data analysis method (LightCycler software, 

version 3.5) the crossing point (CP) for each gene and condition was determined. All 

determinations were performed for three biological replicates per condition tested and with 

two technical replicates per biological replicate. The mRNA amounts of the genes were 

normalized on total RNA and the relative change in the transcription rate was determined as 

2-∆CP with ∆CP equal to the difference of the measured CPs for the test and the control 

condition. 

 

2.10 Protein and enzyme treatment 

2.10.1 Preparation of cell extracts  

Preparation of cell extracts was performed essentially as described in Arndt et al. (2008) 

and modified as published in Laslo et al. (2012). For determination of specific AraDH and 

XylB activities in cell-free extracts, C. glutamicum cells were grown in minimal medium 

containing the respective carbon source(s), harvested in the exponential growth phase 

(OD600 of about 6) and washed twice in 20 ml 50 mM Tris-buffer (pH 8.0 with HCl) for AraDH 

or 50 mM Tris-buffer (pH 7.5 with HCl) for XylB. The cell pellets were suspended in 1 ml of 

the same buffer and transferred into 2 ml screw cap tubes together with 250 mg glass beads 

(diameter 0.1 mm). Cell disruption was performed 4 times for 30 s at level 6.5 with a 

RiboLyser at 4 °C with intermittent cooling on ice for 5 min. After cell disruption, the glass 

beads and cellular debris were removed by two consecutive centrifugation steps (20,800 x g, 

20 min, 4 °C; and 238,000 x g, 90 min, 4 °C,) and the supernatants were transferred to a 

fresh 1.5 ml reaction tube and used for the enzyme assays. 

 

2.10.2 Determination of the protein concentration 

Quantification of protein concentration in cell extracts of C. glutamicum was carried out 

using Pierce* BCA* Protein Assay according to the manufacturer’s instructions. For this 

purpose, cell lysates were diluted 1:10 and 1:20 with sterile H2O and applied to a PS-

Microplate 96 well. The absorbance was measured in an Anthos HtIII plate reader at 562 nm. 

Protein concentrations were determined by using a BSA standard curve. All measurements 

were carried out with two technical replicates for each sample dilution. 
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2.10.3 Enzyme assays 

 

Determination of specific D-arabitol dehydrogenase (AraDH) activities 

The specific AraDH activities in cell extracts of C. glutamicum were determined essentially 

as described by Wood et al. (1961) and modified as published in Laslo et al. (2012). AraDH 

activity was assayed in the D-xylulose forming direction by following the formation of NADH 

at 340 nm. The assays (1 ml) were carried out at 30 °C, contained 50 mM Tris-buffer (pH 8.0 

with HCl), 4 mM NAD+ and cell-free extract, and were started with 50 mM D-arabitol. One U 

of activity is defined as 1 µmol of NADH formed per min.  

 

Determination of specific xylulokinase (XylB) activities 

Determination of specific XylB activities a coupled test with pyruvate kinase (PK) and 

lactate dehydrogenase (LDH) was performed essentially as described by Eliason et al. 

(2000) and modified as published in Laslo et al. (2012). XylB activity was assayed in the D-

xylulose-5-phosphate forming direction by following the consumption of NADH at 340 nm. 

The assay (250 µl) was carried out at 30 °C, contained 50 mM Tris (pH 7.5 with HCl), 2 mM 

MgCl2,      0.2 mM NADH, 0.2 mM phosphoenolpyruvate, 2 mM ATP, 4 U PK, 5 U LDH, and 

cell-free extract, and was started with 8.5 mM D-xylulose. In order to test whether also D-

ribulose can be used as a substrate for the enzyme reaction, specific ribulokinase activities 

were determined with the same assay which was started with 8.5 mM D-ribulose. 

Consumption of NADH was monitored photometrically at 340 nm. Since the chosen assay 

system also allows NADH-dependent conversion of D-xylulose to D-arabitol by the reverse 

reaction of the AraDH (which is present in extracts of D-arabitol-grown C. glutamicum cells), 

this activity was determined (see above) and subtracted from the values obtained with the 

XylK assay. One U of XylK activity is defined as 1 µmol of NADH consumed per min. 
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3 Results 

Previous studies on sugar alcohol metabolism in C. glutamicum revealed that                   

C. glutamicum WT is not able to use D-ribitol, D-xylitol or D-mannitol as single carbon source 

(Auchter, 2009; Laslo, 2009). In contrast, C. glutamicum ∆atlR also did not grow on D-ribitol 

and D-xylitol, however, this strain was able to grow on D-mannitol (Auchter, 2009; Laslo, 

2009). D-Mannitol consumption was assumed to deped on the gene product of the ManDH 

gene mtlD, which, beneath the genes rbtT, sixA and xylB, was shown to be highly expressed 

in this strain (Auchter, 2009; Laslo, 2009). However, up to the beginning of this work, the 

functions of mtlD, rbtT, sixA and xylB in C. glutamicum WT were unclear, since under all the 

conditions tested, these genes were not expressed. The present work engaged in the 

metabolism of the sugar alcohol D-arabitol in C. glutamicum, as it could be shown that         

D-arabitol can be used as a substrate by C. glutamicum WT. Analysis of mtlD, rbtT, sixA and 

xylB deletion mutants as well as determination of the specific enzyme activities of AraDH and 

XylB were performed in order to test for the function of the respective gene products. 

Moreover, the involvement of AtlR in the regulation of D-arabitol metabolism in                      

C. glutamicum was studied by investigations of C. glutamicum ∆atlR and its corresponding 

double deletion mutants C. glutamicum ∆atlR∆mtlD, C. glutamicum ∆atlR∆rbtT,                     

C. glutamicum ∆atlR∆sixA and C. glutamicum ∆atlR∆xylB. By this work, new insights in        

D-arabitol metabolism of C. glutamicum and its regulation by AtlR were obtained which were 

published in J. Bacteriol. (Laslo et al., 2012).  

 

3.1 Identification of D-arabitol metabolism in C. glutamicum 

3.1.1 Growth of C. glutamicum on D-arabitol 

In order to get a first hint whether D-arabitol can be used by C. glutamicum, growth 

experiments with D-arabitol as single and additive carbon source were performed. Hence     

C. glutamicum WT was grown in minimal medium containing 0.8% (w/v) glucose, 0.8% (w/v) 

D-arabitol, 0.3% (w/v) glucose plus 0.5% (w/v) D-arabitol or 0.3% (w/v) D-arabitol plus     

0.5% (w/v) D-mannitol. As shown in Fig. 6A, C. glutamicum WT showed a growth rate (µ) of 

0.36 h-1 and reached a final OD600 of about 14 with 0.8% (w/v) glucose as single carbon 

source. Similarly, C. glutamicum grew with a µ of 0.32 h-1 to a final OD600 of 11.5 in minimal 

medium containing 0.8% (w/v) D-arabitol (Fig. 6B). Fig. 6A and B show that consumption 

rates of glucose and D-arabitol were approximately the same (4.5 and 4.4 mmol·g-1·h-1, 

respectively). With a mixture of 0.3% (w/v) glucose and 0.5% (w/v) D-arabitol as carbon 

sources, C. glutamicum consumed both substrates simultaneously with rates of 2.2 mmol·    
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g-1·h-1 for glucose and 4.9 mmol·g-1·h-1 for D-arabitol (Fig. 6C). In this case, the final OD600 

and µ were 10.4 and 0.36 h-1, respectively. These results indicate that C. glutamicum in fact 

can use D-arabitol as single and additive energy and carbon source. Interestingly, when      

D-arabitol was added to the medium containing D-mannitol, C. glutamicum WT showed a 

biphasic growth (final OD600 = 10.2, µ = 0.24 h-1) with consumption of D-arabitol (4.7 mmol·   

g-1·h-1) in the first and D-mannitol consumption (3.1 mmol·g-1·h-1) in the second growth phase 

(Fig. 6D). This result indicates that growth on D-arabitol enables C. glutamicum WT to 

subsequently consume D-mannitol. As it was expected that D-mannitol utilization is due to 

the activity of ManDH encoded by mtlD this result suggests the induction of mtlD expression 

by D-arabitol. Furthermore, these results also showed that D-arabitol is preferentially utilized 

over D-mannitol and thus, D-mannitol consumption is prevented as long as D-arabitol is 

present in the medium. 

 

Fig. 6:  Growth (solid line) and substrate consumption (dashed line) of C. glutamicum WT in minimal 
medium containing 0.8% glucose (A), 0.8% D-arabitol (B), 0.3% glucose plus 0.5% D-arabitol (C) or 
0.3% D-arabitol plus 0.5% D-mannitol (D) (modified after Laslo et al., 2012). Diamonds: glucose; 
triangles: D-arabitol; circles: D-mannitol. The Fig. shows one representative data set of at least three 
independent experiments, all three showing comparable results. 
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3.1.2 Growth of C. glutamicum ∆rbtT, ∆mtlD, ∆sixA and ∆xylB mutants 

Having the above described results on the growth of C. glutamicum WT on D-arabitol in 

mind, it was interesting to study whether mtlD as well as the genes rbtT, sixA and xylB are 

involved in D-arabitol consumption in C. glutamicum. For this purpose, the deletion mutants 

C. glutamicum ∆rbtT, ∆mtlD, ∆sixA and ∆xylB were generated and tested regarding their 

growth behavior on 0.8% (w/v) glucose and on 0.8% (w/v) D-arabitol (Fig. 7). The results 

showed that none of the mutant strains was constricted when grown on glucose (Fig. 7A), 

whereas deletion of mtlD as well as deletion of the xylB gene prevents C. glutamicum to 

grow and to consume D-arabitol furthermore (Fig. 7B). Also the deletion of rbtT led to a 

distinct growth deficiency (µ = 0.13 h-1; final OD600 = 7.6) of the mutant strain on D-arabitol as 

single carbon source (Fig. 7B). Unlike the mtlD or the xylB-negative strains, which left nearly 

the total amount of D-arabitol in the media within 24 h (D-arabitol consumption rates = <0.2 

and 0.6 mmol·g-1·h-1, respectively), C. glutamicum ∆rbtT showed slight D-arabitol 

consumption with a rate of 3.3 mmol·g-1·h-1 (Fig. 7B). However, compared to the 

consumption rate of the parental strain, the D-arabitol-uptake of the rbtT-negative strain was 

drastically reduced. In contrast, the deletion of sixA did not affect growth of C. glutamicum on 

D-arabitol (µ = 0.34 h-1, final OD600 = 11.1) and the D-arabitol consumption rate (5.0 mmol·   

g-1·h-1) (Fig. 7B). Taken together, these results suggest that at least the gene products of 

rbtT, mtlD and xylB are involved in D-arabitol metabolism of C. glutamicum. 

 

 

Fig. 7: Growth (solid line) and substrate consumption (dashed line) of C. glutamicum ∆rbtT (circles), 
∆mtlD (triangles), ∆sixA (squares) and ∆xylB (diamonds) in minimal medium containing 0.8% glucose 
(A) or 0.8% D-arabitol (B) (modified after Laslo et al., 2012). The Fig. shows one representative data 
set of at least three independent experiments, all three showing comparable results. 
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3.1.3 Transcriptional organization of D-arabitol metabolism genes 

The results of the growth experiments suggested that the gene products of rbtT, mtlD and 

xylB are involved in D-arabitol utilization in C. glutamicum. In order to investigate D-arabitol 

metabolism in C. glutamicum on the transcriptional level it was necessary to investigate the 

transcriptional organization of the putative D-arabitol metabolism genes. As mentioned 

above, the genes xylB, atlR, rbtT, mtlD and sixA are clustered in the genome of                    

C. glutamicum (see Fig. 3). It was already known that atlR and xylB are transcribed in an 

operon (Auchter, 2009). Likewise, the annotation of the C. glutamicum rbtT-mtlD-sixA gene 

cluster predicted rbtT, mtlD and sixA to be organized in an operon and to be regulated in 

common. To analyze the operon structure of the three genes, RT-PCR experiments using 

total RNA from C. glutamicum WT grown in minimal medium containing D-arabitol were 

performed. Fig. 8A illustrates the genomic organization of the rbtT-mtlD-sixA gene cluster 

and the oligonucleotides used for RT-PCR. The rbtT-mtlD-sixA transcript was converted to 

cDNA by a reverse transcriptase using the primer cg0142.int.rev. The internal fragments of 

rbtT, mtlD and sixA were amplified as well as two fragments covering the intergenic region 

between rbtT and mtlD and between mtlD and sixA. For the PCRs, chromosomal DNA of     

C. glutamicum WT (positive control), isolated RNA (negative control) and the cDNA were 

used as templates. As shown in Fig. 8B, the RT-PCRs resulted in amplification products of 

about 750 bp (lane 1), 380 bp (lane 2), 620 bp (lane 3), 580 bp (lane 4) and about 290 bp 

(lane 5 and 7), being in complete agreement with the expected sizes of a common transcript 

(757 bp for rbtT, 372 bp for rbtT-mtlD, 622 bp for mtlD, 571 bp for mtlD-sixA and 287 bp for 

sixA, respectively). These results indicate that the three genes are transcribed at least to a 

major part as rbtT-mtlD-sixA operon and therefore are regulated in common. 

Fig. 8:  Confirmation of the operon structure of the rbtT-mtlD-sixA transcript in C. glutamicum. (A) 
Localization of the primers (1-10) which were used for RT-PCR: 1: cg0144.int.for; 2: cg0144.int.rev;   
3: ext.rbtT.mtlD.for; 4: cg0143.int.for; 5: ext.rbtT.mtlD.rev; 6: cg0143.int.rev; 7: ext.mtlD.sixA.for;          
8: cg0142.int.for; 9: sixA.rev; 10: cg0142.int.rev. (B) RT-PCR with RNA of C. glutamicum WT grown on 
D-arabitol. Lane 1: internal fragment of rbtT (primers 1 + 2); lane 2: intergenic fragment of rbtT-mtlD 
(primers 3 + 5); lane 3: internal fragment of mtlD (primers 4 + 6); lane 4: intergenic fragment of mtlD-
sixA (primers 7 + 9); lane 5: internal fragment of sixA (primers 8 + 9); lane 6: negative control with 
RNA as template (primers 8 + 9); lane 7: positive control with chromosomal DNA of C. glutamicum WT 

(primers 8 + 9); M: Mass Ruler Express DNA Ladder Mix (Fermentas). 

500 bp

sixAmtlDrbtT

1 2 3 4 5 6 7 8 910

A B
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In order to analyze the promoter regions of the atlR-xylB and the rbtT-mtlD-sixA operons, 

the TS sites of the atlR and the rbtT genes were determined by 5’-RACE. For determination 

of the rbtT TS site RNA was isolated from D-arabitol-grown C. glutamicum WT cells. The RT 

step was performed using oligonucleotide rbtT.rev and the generated cDNA was tailed by 

TdT. The tailed cDNA was used as a template for PCR with the primers oligo-dT/rbtT2.rev 

and then nested PCR was performed using primerpair oligo-dT/RACEcg0144. Fig. 9 shows 

the localization of the oligonucleotides used and the sequence of the PCR product which 

contains the sequence of the oligo-dT primer (underlined). The A residue directly next to the 

3’-end of the oligo-dT oligonucleotide represents the TS site of the rbtT gene which is located 

179 bp upstream of the annotated translational start (TL) site (+ 1).  

 

 

 
Fig. 9:  5’-RACE for determination of the TS site of the rbtT gene of C. glutamicum. (A) Localization of 
the primers (1-3) which were used for 5’-RACE: 1: RACEcg0144; 2: rbtT2.rev; 3: rbtT.rev. The 
transcriptional start site is indicated as black triangle TSrbtT. The annotated TL site of rbtT is labelled as 
+ 1 bp. (B) Sequence alignment of genomic annotation and amplified 5’-RACE product. The sequence 
of the oligo-dT primer is underlined and TSrbtT is marked by a shaded box. 
 
  

 

5’-RACE for determination of the TS site of atlR first was performed with RNA of              

C. glutamicum WT cells grown on D-arabitol. However, all attempts failed since no PCR 

product was gained. To overcome this problem, RNA was taken from C. glutamicum ∆atlR 

(pET2-atlRp1) cells (kindly provided by Marc Auchter) cultivated on 2xTY-complex medium 

with glucose. On the plasmid pET2-atlRp1 the cat gene is under control of the atlR promoter. 

The 330 bp atlR promoter fragment contains the TS site of atlR as well as 7 codons of the 

atlR gene. Due to the high copy number of the pET2 replicon, an increased amount of the 

atlRp1-cat mRNA was expected.  

gen. seq.: 5’- CTTGCTTTTTTATAACATGATGGCGTTAGATTGTTGTT A   GTTTCACGTGATTCGCACCACGAACTA-3’

5’-RACE: 5’- GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT A   GTTTCACGTGATTCGCACCACGAACTA-3’

B

A

atlR rbtTatlR rbtT

1 2 3

100 bp

TSrbtT

+ 1 bp- 179 bp
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Fig. 10A shows the localization of the used oligonucleotides which specifically bind to the 

sequence of the cat gene located on the vector pET2-atlRp1. Primer cat6 was used for 

reverse transcription, primer CM4 for the following PCR and CM5 for the sequencing 

reaction. As it is shown in Fig. 10B the results indicated that the TS site of atlR is identical to 

the A residue of the annotated atlR start codon ATG. 

 

 
 
 
Fig. 10:  5’-RACE for determination of the TS site of the atlR gene of C. glutamicum. (A) Localization 
of the primers (1-3) which were used for 5’-RACE: 1: CM5; 2: CM4; 3: cat6. The transcriptional start 
site is indicated as black triangle TSatlR. The annotated TL site of atlR is labelled as + 1 bp.                
(B) Sequence alignment of pET2-atlRp1 and amplified 5’-RACE product. The sequence of the oligo-dT 
primer is underlined and TSatlR is marked by a shaded box. 

 

 

 

3.1.4 Expression levels in D-arabitol-grown C. glutamicum cells 

Since the results of the growth experiments revealed that deletion of mtlD and xylB 

prevents growth of C. glutamicum on D-arabitol, the question arose, whether the rbtT-mtlD-

sixA and atlR-xylB operons are subject to transcriptional control (induction or derepression) 

in response to the presence of D-arabitol in the medium. Therefore, expression of the rbtT, 

mtlD, sixA, xylB and atlR gene in D-arabitol- and in glucose-grown cells of C. glutamicum WT 

was compared by real-time RT-PCR. As shown in Fig. 11, expression of all five genes was 

much higher in D-arabitol-grown than in glucose-grown cells, indicating that these genes 

were severely induced or derepressed when C. glutamicum grows on D-arabitol.  

 

gen. seq.: 5’- GCTGGATCTAACAACATTTCCGTGGTAACTTTTTCAC   A TGTCCCAAGTGATTCCCGCCAGCTCAC-3’

5’-RACE: 5’- GACCACGCGTATCGATGTCGACTTTTTTTTTTTTTTTT A TGTCCCAAGTGATTCCCGCCAGCTCAC-3’

B

A

+ 1 bp

100 bp

cat

1 2 3

atlRp1

TSatlR

ATG
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Fig. 11: Fold-change of the mRNA levels of the genes rbtT, mtlD sixA, xylB, and atlR in C. glutamicum 
WT cells grown with D-arabitol compared to WT cells grown with glucose as sole carbon source 
(modified after Laslo et al., 2012). The relative mRNA levels were compared using real-time RT-PCR. 
The mRNA levels of the WT grown on glucose were set to 1 ± standard deviation of all experiments 
performed. All determinations were performed for three biological replicates per condition tested and 
with two technical replicates per biological replicate. 

 

 

3.1.5 Specific D-arabitol dehydrogenase (AraDH) and xylulokinase (XylB) activities in 

C. glutamicum 

The real-time RT-PCR experiments revealed that expression of the rbtT-mtlD-sixA and 

atlR-xylB operons was induced when C. glutamicum WT grew on D-arabitol. Thus, it was 

interesting to analyze D-arabitol metabolism on the protein level and to test whether 

consumption of D-arabitol is due to a functional AraDH which catalyzes the oxidation of        

D-arabitol to D-xylulose. Therefore, enzyme activities were determined in crude cell extracts 

of glucose, D-arabitol, glucose plus D-arabitol and D-arabitol plus D-mannitol-grown             

C. glutamicum WT cells. In Table 8, the specific activities of the AraDH in C. glutamicum WT 

grown on different carbon sources are presented. In accordance with the results of the 

growth experiments, no significant activity was detected in cell extracts of C. glutamicum WT 
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when grown in minimal medium with glucose. The highest specific enzyme activity            

(2.07 ± 0.45 U/mg protein) was observed in lysates of cells grown in minimal medium with    

D-arabitol, whereas the specific activities were about 40% lower when the cells were grown 

on glucose plus D-arabitol and about 25% lower in cells which were grown on D-arabitol plus 

D-mannitol. These results show that C. glutamicum possesses an AraDH activity and 

suggest that expression of the respective gene is induced when grown in the presence of    

D-arabitol. Since the mtlD deletion mutant was not able to grow on D-arabitol it was assumed 

that AraDH activity in C. glutamicum might be due to the gene product of mtlD. In order to 

test this hypothesis, specific AraDH activities were determined of C. glutamicum ∆mtlD cells 

grown on 0.3% (w/v) glucose and 0.5% (w/v) D-arabitol. Actually, the mtlD-negative strain of 

C. glutamicum WT displayed no AraDH activity at all. This fact points out that AraDH activity 

in C. glutamicum is due to mtlD expression when cells are growing in the presence of D-

arabitol. Thus, the gene product of mtlD seemed to exhibit both, ManDH and AraDH 

activities. 

 
 
Table 8: Specific activities of D-arabitol dehydrogenase (AraDH) and xylulokinase (XylB) in cell 
extracts of C. glutamicum WT grown in minimal medium containing glucose, D-arabitol, glucose plus 
D-arabitol or a mixture of D-arabitol and D-mannitol (modified after Laslo et al., 2012). 

n.d. = not determined 

 

In a further approach, it was interesting to investigate whether XylB actually functions as a 

xylulokinase in C. glutamicum. Thus, XylB activities were determined in cell-free extracts of 

C. glutamicum cells which were grown in minimal medium containing 0.8% glucose, 0.8%       

D-arabitol or 0.3% glucose plus 0.5% D-arabitol. The enzyme reaction was started with        

D-xylulose. Similarly to the AraDH activities, C. glutamicum WT cells grown with glucose 

showed no XylB activity (<0.01 U/mg protein), whereas cells grown on glucose plus              

D-arabitol showed a specific activity of 0.44 ± 0.20 U/mg protein. With D-arabitol as single 

carbon source, XylB activity reached the highest values of 0.96 ± 0.26 U/mg protein. In 

Carbon source 
specific AraDH activity 

[U/mg protein] 
specific XylB activity 

[U/mg protein] 

0.8% (w/v) glucose < 0.01  < 0.01 

0.8% (w/v) D-arabitol 2.07 ± 0.45 0.96 ± 0.26 

0.3% (w/v) glucose +  
0.5% (w/v) D-arabitol 

1.22 ± 0.09 0.44 ± 0.20 

0.3% (w/v) D-arabitol +  
0.5% (w/v) D-mannitol 

1.50 ± 0.56 n.d. 
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contrast, lysates of C. glutamicum ∆xylB cells displayed no XylB activity (<0.01 U/mg protein) 

at all, independent of the carbon source the cells were grown on. Taken together, these 

results indicate that XylB activity in C. glutamicum is dependent on the gene product of xylB, 

which is essential for growth of C. glutamicum on D-arabitol. In accordance to the results of 

the real-time RT-PCR experiment, the results on the XylB activities also corroborate an 

induced or derepressed xylB expression when the cells grew in the precence of D-arabitol. 

Since it was reported that in some fungi D-arabitol is oxidized to D-ribulose (Weimberg, 

1962; Ingram and Wood, 1965; Quong et al., 1993; Wong et al., 1993; Hallborn et al., 1995), 

it was tested whether in C. glutamicum D-arabitol might be metabolized via D-ribulose which 

is phosphorylated to ribulose-5-phosphate by XylB. Therefore, specific XylB activities were 

determined in the same cell extracts by starting the enzyme reaction with D-ribulose instead 

of D-xylulose. However, ribulokinase activities were not observed (<0.01 U/mg protein) 

neither in cell extracts of glucose-grown cells nor in cell extracts of D-arabitol-grown cells, 

suggesting that C. glutamicum does not possess a ribulokinase enzyme under the conditions 

tested. Furthermore, these results show that the xylulokinase encoded by xylB in                  

C. glutamicum is specific for D-xylulose. 

 

3.1.6 Growth of C. glutamicum on D-xylulose 

As the results on AraDH activity revealed that C. glutamicum possesses the ability to 

convert D-arabitol to D-xylulose it was interesting to investigate whether C. glutamicum can 

also grow on D-xylulose as substrate. To clarify this question, C. glutamicum WT was 

inoculated in minimal medium with 0.5% (w/v) D-xylulose, 0.3% (w/v) and with D-arabitol plus 

0.5% (w/v) D-xylulose and the OD600 and substrate consumption was investigated. In 

addition, it was tested whether C. glutamicum WT is able to consume D-mannitol when 

grown in minimal medium with 0.3% (w/v) D-xylulose plus 0.5% (w/v) D-mannitol, since the 

previous growth experiments revealed that C. glutamicum WT does not use D-mannitol as 

single carbon source (Laslo, 2009); however D-mannitol is consumed when cells were grown 

in the presence of D-arabitol (see Fig. 6D). As shown in Fig. 12A, the cells grew on D-

xylulose as single carbon source after a lag phase of about 4 h with a µ of 0.18 h-1 to an 

OD600 of about 6.5, consuming D-xylulose with a rate of 3.3 mmol·g-1·h-1. These results 

indicate that C. glutamicum is able to use D-xylulose as carbon and energy source for 

growth. Surprisingly, the cells showed sequential utilization of substrates in minimal medium 

containing D-arabitol (0.3%, w/v) plus D-xylulose (0.5%, w/v). C. glutamicum WT grew 

without a lag phase with a µ of about 0.19 h-1 to an OD600 of about 12. In the first 8 h, the 

cells consumed D-arabitol and D-xylulose with consumption rates of about 2.8 mmol·g-1·h-1 

and about 0.8 mmol·g-1·h-1, respectively. After depletion of the D-arabitol, the D-xylulose 
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consumption rate increased to about 1.8 mmol·g-1·h-1 (Fig. 12B). This result shows that        

D-arabitol is preferentially utilized over D-xylulose. In Fig. 12C growth of C. glutamicum WT 

on a mixture of D-xylulose (0.3%, w/v) and D-mannitol (0.5%, w/v) is shown. Similar to the 

growth on D-arabitol plus D-xylulose C. glutamicum showed sequential substrate 

consumption also in this case. Cells reached a final OD600 of about 12 with a µ of about     

0.21 h-1. However, in the first growth phase, D-xylulose was consumed with a rate of about 

1.1 mmol·g-1·h-1 whereas consumption rate of D-mannitol accounted for 0.5 mmol·g-1·h-1. The 

total amount of D-xylulose was consumed after 12 h whereupon D-mannitol consumption 

increased to a rate of about 3 mmol·g-1·h-1.  

 

 

Fig. 12:  Growth (solid line) and substrate consumption (dashed line) of C. glutamicum WT in minimal 
medium containing 0.5% D-xylulose (A), 0.3% D-arabitol plus 0.5% D-xylulose (B) or 0.3% D-xylulose 
plus 0.5% D-mannitol (C). Squares: D-xylulose; triangles: D-arabitol; circles: D-mannitol. The Fig. 
shows one representative data set of at least three independent experiments, all three showing 
comparable results. 
 

 

A

C

B

0

5

10

15

20

25

30

1

10

100

0 5 10 15 20 25

X
y
lu

lo
s
e
 [

m
M

];
 M

a
n
n
it
o
l 
[m

M
]

G
ro

w
th

 [
O

D
6
0
0
]

Time [h]

0

5

10

15

20

25

30

1

10

100

0 5 10 15 20 25

A
ra

b
it
o
l 
[m

M
];

 X
y
lu

lo
s
e
 [

m
M

]

G
ro

w
th

 [
O

D
6
0
0
]

Time [h]

0

5

10

15

20

25

30

1

10

100

0 5 10 15 20 25

X
y
lu

lo
s
e
l 
[m

M
]

G
ro

w
th

 [
O

D
6
0
0
]

Time [h]



 
49 Results 

The results of the growth experiments showed that the presence of D-xylulose in the 

growth medium enables C. glutamicum to consume D-mannitol. Moreover, these results 

suggested that utilization of D-mannitol is restricted as long as D-xylulose is present (i.e., that 

D-xylulose is preferentially utilized over D-mannitol). However, it might well be that that this 

latter effect was due to intracellular formation of D-arabitol from D-xylulose by the reversible 

AraDH reaction of the mtlD gene product and thus reflects the prevention of D-mannitol 

utilization by D-arabitol. 

In order to validate that mtlD is also expressed during growth of C. glutamicum in the 

presence of D-xylulose, the specific AraDH activities were determined in crude cell extracts 

of C. glutamicum WT cells grown on 0.5% (w/v) D-xylulose, 0.3% (w/v) D-xylulose plus 0.5% 

(w/v) D-mannitol or on 0.3% (w/v) D-arabitol plus 0.5% (w/v) D-xylulose. According to the 

results of the growth experiments, the specific AraDH activities were between 0.5 and 0.6 

U/mg protein in C. glutamicum WT cells grown in the presence of D-xylulose. These results 

corroborate the assumption that mtlD expression is induced by D-arabitol as well as by        

D-xylulose. 

 

 

3.1.7 Growth and L-lysine production of C. glutamicum DM1729 on D-arabitol 

To investigate whether C. glutamicum is able to produce L-lysine from D-arabitol, shake 

flask fermentations were performed with the L-lysine-producer C. glutamicum DM1729 in 

minimal medium containing either 2% (w/v) glucose or 2% (w/v) D-arabitol. As shown in     

Fig. 13, the growth rate (0.22 h-1) and also the final cell concentration (OD600 = 16) on           

D-arabitol was lower than on glucose (μ = 0.31 h-1; OD600 = 28).  

 
Fig. 13: Growth (squares) and L-lysine production (triangles) of C. glutamicum DM1729 in minimal 
medium containing 2% glucose (A) or 2% D-arabitol (B).  -4
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Table 9: C-specific product yields and maximal productivities of C. glutamicum DM1729 grown in 
minimal medium containing 2% glucose or 2% D-arabitol. 

 

 

However, the C-specific product yields were 0.10 mol C (L-lysine)/mol C (glucose) and 

0.08 mol C (L-lysine)/mol C (glucose), and the maximal productivities (between t = 6 h and       

t = 12 h) were 0.35 mmol (g dw·h)-1 and 0.33 mmol (g dw·h)-1 on glucose and on D-arabitol, 

respectively (Table 9). These results show that C. glutamicum can produce L-lysine from     

D-arabitol almost as efficiently as from glucose. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Carbon source 
Yield 

[mol C/mol C] 
Productivity 
[mmol/g·h] 

2% (w/v) glucose 0.10 0.35 

2% (w/v) D-arabitol 0.08  0.33 
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3.2 Regulation of D-arabitol metabolism in C. glutamicum 

As the results described above revealed, the atlR-xylB and the rbtT-mtlD-sixA operons 

seemed to be induced or derepressed when C. glutamicum grows on D-arabitol, suggesting 

a carbon source-dependent regulation of these five genes. It was already known that purified 

AtlR protein binds to the intergenic sequence between atlR and rbtT (Auchter et al., 2011b), 

corroborated by the EMSA experiments as shown in Fig. 14. Auchter et al. (2011b) identified 

four binding motifs of AtlR in this region (Fig. 3) suggesting an involvement of the AtlR 

protein in regulation of these two operons and in regulation of D-arabitol metabolism of         

C. glutamicum. 

           

Fig. 14: Genomic locus of the atlR/rbtT promoter region with the respective DNA promoter probe used 
for EMSAs (A) (modified after Laslo et al., 2012). EMSAs with atlR/rbtT promoter using His-tagged 
AtlR protein (Laslo et al., 2012). Lanes 1–4 show EMSAs using about 200 ng DNA and 0, 0.1, 0.2 and 
1 μg of AtlR protein, respectively (B).  

 

3.2.1 Growth of C. glutamicum ∆atlR on different carbon sources 

In order to test the hypothesis that AtlR is involved in regulation of D-arabitol metabolism 

in C. glutamicum, growth experiments with C. glutamicum ∆atlR were performed. First of all, 

the growth behavior of C. glutamicum ∆atlR in minimal medium containing 0.8% (w/v) 

glucose, 0.8% (w/v) D-mannitol or 0.8% (w/v) D-arabitol was investigated. As shown in      

Fig. 15A, C. glutamicum ∆atlR grew with a µ of 0.31 h-1 to a final OD600 of about 12 on 

glucose which is slightly lower compared to the µ of the parental strain C. glutamicum WT 

(0.36 h-1). The consumption rate of glucose was around 4.0 mmol·g-1·h-1 (Fig. 15A). As 

expected from previous studies (Auchter, 2009; Laslo, 2009), the atlR-negative strain grew 

well on D-mannitol after a lag phase of 2 h (µ = 0.35 h-1, final OD600 = 12) and showed a 

B

A

atlR rbtTatlR rbtT

100 bp
EMSA probe
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rather high consumption rate of around 5.0 mmol·g-1·h-1 (Fig. 15B). During growth of             

C. glutamicum ∆atlR on D-mannitol up to 12 mM fructose accumulated in the supernatant of 

the culture. However, when the stationary phase was entered the excreted fructose was 

completely taken up and consumed. This was assumed to be due to increased ManDH 

activity in C. glutamicum ∆atlR whereby D-mannitol is oxidized to D-fructose (Laslo, 2009). 

Since C. glutamicum is not able to use intracellular D-fructose, D-fructose is exported and 

subsequently reimported by PTSFrc (Dominguez and Lindley, 1996). Surprisingly, with          

D-arabitol as single carbon source, C. glutamicum ∆atlR was not able to grow at all (Fig. 

15C). However although not growing, the cells consumed within 24 h almost 80% of the 

initially added D-arabitol, with a consumption rate of 3.3 mmol·g-1·h-1 (Fig. 15C). Taken 

together, these results indicate that (i) AtlR is not required for growth on glucose; (ii) the lack 

of AtlR enables growth of C. glutamicum on D-mannitol and (iii) that C. glutamicum ∆atlR 

metabolizes D-arabitol without being able to use it for growth.  

Fig. 15:  Growth (solid line), substrate consumption (dashed line) and fructose formation (dashed line) 
of C. glutamicum ∆atlR in minimal medium containing 0.8% glucose (A), 0.8% D-mannitol (B) or 0.8% 
D-arabitol (C) (modified after Laslo et al., 2012). Diamonds: glucose; circles: D-mannitol; triangles: D-
arabitol; crosses: fructose. The Fig. shows one representative data set of at least three independent 

experiments, all three showing comparable results. 
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In order to pursue the question why the atlR mutant strain does not use D-arabitol for 

growth, it was tested whether C. glutamicum ∆atlR can grow on D-arabitol in the presence of 

an additional carbon source. Thus, C. glutamicum ∆atlR was cultivated in minimal medium 

with 0.3% (w/v) glucose plus 0.5% (w/v) D-arabitol or with 0.3% (w/v) D-arabitol plus 0.5% 

(w/v) D-mannitol. As shown in Fig. 16, C. glutamicum ∆atlR on both substrate mixtures 

showed biphasic substrate consumption with D-arabitol consumption and very constricted 

growth in the first phase. It hardly consumed the additional carbon sources glucose (Fig. 

16A) and D-mannitol (Fig. 16B) as long as D-arabitol was present in the medium, although it 

was able to utilize both substrates as single carbon sources (shown above; Fig. 15A and B). 

Only after complete consumption of D-arabitol, C. glutamicum ∆atlR started to grow slowly 

and to consume glucose (Fig. 16A) or D-mannitol (Fig. 16B). These results show that           

D-arabitol has an inhibitory effect on the growth of C. glutamicum ∆atlR on glucose and on    

D-mannitol.  

 

Fig. 16:  Growth (solid line) and substrate consumption (dashed line) of C. glutamicum ∆atlR in 
minimal medium containing 0.3% glucose plus 0.5% D-arabitol (A) or 0.3% D-arabitol plus 0.5%         
D-mannitol (B) (modified after Laslo et al., 2012). Diamonds: glucose; triangles: D-arabitol; circles: D-
mannitol. The Fig. shows one representative data set of at least three independent experiments, all 
three showing comparable results.  
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3.2.2 Specific D-arabitol dehydrogenase (AraDH) and xylulokinase (XylB) activities in 

C. glutamicum ∆atlR 

Since the loss of AtlR led to the inability of C. glutamicum to grow on D-arabitol, it was 

interesting to investigate the influence of atlR deletion on mtlD expression. Therefore, the 

specific AraDH activities were determined in cell lysates of C. glutamicum ∆atlR cultivated in 

minimal medium containing glucose, D-mannitol or D-arabitol. In Table 10, the specific 

AraDH activities of C. glutamicum ∆atlR grown on the different carbon sources are given. In 

minimal medium with glucose, the atlR mutant showed specific AraDH activities of 3.5 U/mg 

protein. The specific activity was about 50% to 60% lower when the cells were grown on      

D-mannitol. These results indicate a slightly negative effect of D-mannitol on mtlD 

expression. However, the specific AraDH activities were very high in C. glutamicum ∆atlR, 

independent on the carbon source the cells were grown on. This fact indicates a high 

constitutive expression of the mtlD gene in the atlR-negative strain and thus suggests that 

AtlR represses the mtlD gene in the absence of D-arabitol.  

 
 

Table 10: Specific activities of D-arabitol dehydrogenase (AraDH) and xylulokinase (XylB) in cell 
extracts of C. glutamicum ∆atlR grown in minimal medium containing glucose, D-mannitol or               
D-arabitol (modified after Laslo et al., 2012). 

n.g.= not grown; n.d. = not determined 
 

Corresponding to the AraDH activities also the XylB activities were determined in cell 

extracts of C. glutamicum ∆atlR cells grown on 0.8% glucose or on 0.3% glucose plus 0.5% 

D-arabitol. In cell lysates of glucose plus D-arabitol-grown C. glutamicum ∆atlR cells, specific 

XylB activities accounted for 2.06 ± 0.80 U/mg protein and in cell lysates of glucose-grown   

C. glutamicum ∆atlR cells even 4.99 ± 1.12 U/mg protein were observed. These results 

suggested that the AtlR regulator had an even more massive effect on xylB expression in    

C. glutamicum compared to that on mtlD expression. Compared to the XylB activity of          

D-arabitol-grown C. glutamicum WT cells (see Table 8), the level of XylB activity was up to   

Carbon source 
specific AraDH activity 

[U/mg protein] 
specific XylB activity 

[U/mg protein] 

0.8% (w/v) glucose 3.46 ± 0.46 4.99 ± 1.12 

0.8% (w/v) D-mannitol 1.55 ± 0.22 n.d. 

0.8% (w/v) D-arabitol n.g. n.g. 

0.3% (w/v) glucose +  
0.5% (w/v) D-arabitol 

n.d. 2.06 ± 0.80 
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5-fold higher in C. glutamicum ∆atlR cells. In order to confirm that this vast increase in XylB 

activity is solely due to the derepression of the xylB gene, the specific XylB activities in cell 

extracts of glucose- and glucose plus D-arabitol-grown C. glutamicum ∆atlR∆xylB cells were 

determined. No XylB activity at all (< 0.01 U/mg protein) was observed in this strain, 

indicating that xylB in fact is derepressed in C. glutamicum ∆atlR.  

 

3.2.3 Expression levels in C. glutamicum ∆atlR cells 

The results on specific AraDH and XylB activities in C. glutamicum ∆atlR cells indicated a 

drastically increased mtlD and xylB expression in this strain. Thus, it was hypothesized that 

the expression levels of all genes involved in D-arabitol metabolism (rbtT, mtlD, sixA, xylB 

and atlR) were affected by atlR deletion. To test this hypothesis, quantitative real-time        

RT-PCR was performed with mRNA of glucose-grown C. glutamicum WT and C. glutamicum 

∆atlR cells and the expression levels of rbtT, mtlD, sixA, xylB and atlR were compared. As it 

is shown in Fig. 17, C. glutamicum ∆atlR displayed up to 1000-fold higher mRNA levels of 

rbtT, mtlD, sixA and xylB when compared to the mRNA levels of these genes in WT cells. 

Taken together, these results corroborate the assumption that AtlR acts as a repressor of    

D-arabitol metabolism genes during growth of C. glutamicum in absence of D-arabitol.  

 
 
Fig. 17: Change of the mRNA levels of the genes rbtT, mtlD, sixA, xylB, and atlR in C. glutamicum 
ΔatlR compared to the WT, both grown with glucose as sole carbon source (modified after Laslo et al., 
2012). The relative mRNA levels were compared using real-time RT-PCR. The mRNA levels of the 
WT grown on glucose were set to 1 ± standard deviation of all experiments performed. All 
determinations were performed for three biological replicates per condition tested and with two 
technical replicates per biological replicate. As the primers used to determine the atlR mRNA amount 
are located within the region deleted in the ΔatlR mutant, no data could be obtained for this strain. 
n.d., not detectable. 
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3.2.4 Growth of C. glutamicum ∆atlR∆rbtT, ∆atlR∆mtlD, ∆atlR∆sixA and ∆atlR∆xylB 

mutants 

In order to clarify the role of rbtT, mtlD, sixA and xylB in sugar metabolism and their 

regulation by AtlR, further growth experiments with C. glutamicum ∆atlR∆rbtT, ∆atlR∆mtlD, 

∆atlR∆sixA and ∆atlR∆xylB double mutants were performed. For this purpose, the strains 

were cultivated in minimal medium containing 0.8% (w/v) D-mannitol or 0.8% (w/v)               

D-arabitol. As shown in Fig. 18A, the strains C. glutamicum ∆atlR∆rbtT, ∆atlR∆sixA and 

∆atlR∆xylB displayed a growth behavior (lag pase = 2 h; µ = 0.33 h-1; final OD600 = 12) which 

is similar to the growth of the parental strain C. glutamicum ∆atlR on D-mannitol (see         

Fig. 15B). In contrast, C. glutamicum ∆atlR∆mtlD did not grow at all with D-mannitol as single 

carbon source and did not consume any D-mannitol within 24 h (Fig. 18A). Similar to the 

growth behavior of the parental strain C. glutamicum ∆atlR, none of the double mutants did 

grow with D-arabitol as carbon and energy source (Fig. 18B). In contrast to C. glutamicum 

∆atlR∆mtlD and ∆atlR∆xylB, the strains C. glutamicum ∆atlR∆rbtT and ∆atlR∆sixA displayed 

at last one doubling within 10 h of cultivation on D-arabitol. However, the strains                   

C. glutamicum ∆atlR∆rbtT, ∆atlR∆sixA and ∆atlR∆xylB consumed about half of the D-arabitol 

amount within 24 h corresponding to the parental strain, whereas C. glutamicum ∆atlR∆mtlD 

did not consume D-arabitol at all (Fig. 18B). These results indicate that the mtlD gene 

product is essential for D-mannitol and D-arabitol metabolism in C. glutamicum whereas 

RbtT and XylB seemed to be only involved in D-arabitol but not in D-mannitol consumption. 

The function of sixA in D-arabitol or D-mannitol metabolism, however, remains unclear.  

 

 

Fig. 18: Growth (solid line) and substrate consumption (dashed line) of C. glutamicum ∆atlR∆rbtT 
(circles), ∆atlR∆mtlD (triangles), ∆atlR∆sixA (squares) and ∆atlR∆xylB (diamonds) in minimal medium 
containing 0.8% D-mannitol (A) or 0.8% D-arabitol (B) (modified after Laslo et al., 2012). The Fig. 
shows one representative data set of at least three independent experiments, all three showing 
comparable results. 
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In the course of the determination of the sugar alcohol concentrations in the supernatants 

of the ∆atlR double mutants by HPLC analyses, an unknown peak occurred in samples of    

D-arabitol-grown C. glutamicum ∆atlR∆xylB cultures. In order to identify this substance, spike 

experiments with D-xylulose and D-ribulose standard solutions were performed which 

unequivocally revealed D-xylulose as the substance represented by the peak. As D-xylulose 

formation in C. glutamicum ∆atlR∆xylB cultures was observed only with D-arabitol but not 

with D-mannitol as carbon source C. glutamicum ∆atlR∆xylB was tested for D-xylulose 

formation also during growth on 0.8% (w/v) glucose, on 0.3% (w/v) glucose plus 0.5% (w/v) 

D-arabitol and on 0.3% (w/v) D-arabitol plus 0.5% (w/v) D-mannitol. As shown in Table 11,   

C. glutamicum ∆atlR∆xylB accumulated D-xylulose when cultivated in the presence of          

D-arabitol whereas with glucose or D-mannitol as single carbon sources, no D-D-xylulose 

could be detected in the supernatants. This result suggests that C. glutamicum ∆atlR∆xylB 

converts D-arabitol to D-xylulose but is unable to phosphorylate D-xylulose and to further 

metabolize this compound. Furthermore, it was conspicuous that the highest amount of        

D-xylulose (12 mM) accumulated during growth on glucose plus D-arabitol (Table 11). 

 

Table 11: Maximum D-xylulose formation within 24 h in cultures of C. glutamicum ∆atlR∆xylB grown in 
minimal medium containing glucose, D-mannitol, D-arabitol, glucose plus D-arabitol or D-arabitol plus 
D-mannitol. 

 

 

Another interesting observation was made when focusing on the growth of C. glutamicum 

∆atlR∆xylB in minimal medium with 0.3% (w/v) glucose plus 0.5% (w/v) D-arabitol. As it is 

shown in Fig. 19A, C. glutamicum ∆atlR∆xylB grew with a µ of 0.25 h-1 to a final OD600 of 4.2 

within 6 h. In contrast, the parental strain C. glutamicum ∆atlR showed only very constricted 

growth within 24 h in minimal medium with glucose and D-arabitol (Fig. 19B) and                  

C. glutamicum WT grew with a µ of 0.36 h-1 to a final OD600 of 10.4 (Fig. 19C). The effect of 

Carbon source 
maximum D-xylulose  
concentration [mM] 

0.8% (w/v) glucose < 0.1 

0.8% (w/v) D-mannitol < 0.1 

0.8% (w/v) D-arabitol 9 

0.3% (w/v) glucose + 0.5% (w/v) D-arabitol 12 

0.3% (w/v) D-arabitol + 0.5% (w/v) D-mannitol 5 
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xylB deletion in C. glutamicum ∆atlR became even more apparently by comparing the 

substrate consumption rates. Whereas the ∆atlR single deletion strain did not consume 

glucose during 24 h and only consumed D-arabitol with a rate of 2.6 mmol·g-1·h-1 (Fig. 19B), 

C. glutamicum ∆atlR∆xylB consumed glucose and D-arabitol simultaneously with 

consumption rates of 3.9 mmol·g-1·h-1 and 3.7 mmol·g-1·h-1, respectively (Fig. 19A). The 

substrate consumption rates of C. glutamicum WT were 2.2 mmol·g-1·h-1 for glucose and    

4.9 mmol·g-1·h-1 for D-arabitol (Fig. 19C). These results indicate that the harmful effect of           

D-arabitol on the growth of C. glutamicum ∆atlR is prevented by deletion of xylB in                

C. glutamicum ∆atlR, or in other words, the vast activity of XylB activity restricts the growth of 

C. glutamicum ∆atlR in the presence of D-arabitol. 

 

 

 
Fig. 19:  Growth (solid line) and substrate consumption (dashed line) of C. glutamicum ∆atlR∆xylB (A), 
C. glutamicum ∆atlR (B) and C. glutamicum WT (C) in minimal medium containing 0.3% glucose plus 
0.5% D-arabitol (modified after Laslo et al., 2012). Diamonds: glucose; triangles: D-arabitol. The Fig. 
shows one representative data set of at least three independent experiments, all three showing 
comparable results. 
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3.2.5 Effectors of D-arabitol metabolism genes 

The fact that purified AtlR protein binds to the atlR-rbtT promoter region (see Fig. 14) and 

is involved in regulation of D-arabitol metabolism (see 3.2.3) raised the question for the 

effector which is responsible for the induction (or the derepression) of the D-arabitol 

metabolism genes in the presence of D-arabitol. In order to test for putative effectors, EMSAs 

were performed with the atlR-rbtT intergenic promoter region (see Fig. 14), purified His-

tagged AtlR protein and 50 mM of D-arabitol, D-xylulose or D-xylulose-5-phosphate. As 

shown in Fig. 20, none of these metabolites led to abolition of AtlR binding to the DNA 

fragment. These results suggest that none of the metabolites tested is a direct effector for 

derepression of the atlR-xylB and rbtT-mtlD-sixA operons by AtlR. 

 

 

 
 
Fig. 20: EMSAs with atlR-rbtT promoter using His-tagged AtlR protein and putative effectors. In lane 1 
the promoter probe is shown without protein, lane 2 contains DNA and 0.2 µg AtlR protein, in lanes    
3-5, the DNA was mixed with 50 mM D-arabitol (lane 3), 50 mM D-xylulose (lane 4) or 50 mM             
D-xylulose-5-phosphate (lane 5) and 0.2 µg AtlR protein. 
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3.3 Development of a test system for an in vivo and real-time analysis of 

transcription 

A mayor aim of this work was to establish a reporter gene system for transcriptional 

analyses which could be employed for further transcriptional investigations on D-arabitol 

metabolism. In contrast to existing test systems, e.g. CAT- or β-GAL-assays (Sambrook and 

Russell, 2001), this system should be applicable in living cells, in order to measure real-time 

signals of transcription. Thus, expenditure of cost and time should be saved as there is no 

need for cell disruption in such an in vivo system. The basis of the test system developed 

during this work is the luxCDABE operon of P. luminescens, which encodes the luciferase 

and the fatty acid reductase complex. Since the luciferase reaction leads to light emission 

which can easily be measured in living cells, the luciferase genes seemed to be the reporter 

genes of choice.  

In context of the development of this reporter gene system, first experiments were 

performed by Simon Frewert. In course of his Bachelor thesis (Frewert, 2009), he 

constructed the test vector pET2_luxCDABE containing the complete lux-operon of               

P. luminescens. As test promoter, a 362 bp fragment covering the 5’ end of the ICL gene of 

C. glutamicum was used since this gene was well investigated and it was known that its 

promoter is highly active when C. glutamicum cells grow in the presence of acetate. With the 

resulting vector pET2_luxCDABE_paceA, Frewert demonstrated the functionality of this 

system in E. coli (Frewert, 2009). However, C. glutamicum cells harboring the vector 

pET2_luxCDABE_paceA showed severe growth deficiencies. Thus, it was hypothesized that 

the presence of the fatty acid reductase complex genes luxCDE might be harmful for            

C. glutamicum. Hence, the genes luxCDE were eliminated resulting in the plasmid 

pET2_luxAB_paceA. This vector as well as the promoterless equivalent pET2_luxAB were 

transformed into C. glutamicum (Frewert, unpublished). The present work started with the 

investigation of growth and luminescence behavior of C. glutamicum (pET2_luxAB_paceA). 

Based on the results of this set of experiments, the luciferase system was improved further 

and a protocol for the luciferase assay in C. glutamicum was established. At least, the rbtT 

promoter was introduced into the optimized luciferase test vectors in order to validate the 

luciferase system. 
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3.3.1 Proof of principle using the aceA promoter 

In order to test whether the P. luminescens luciferase is functional in C. glutamicum, the 

test strain C. glutamicum (pET2_luxAB_paceA) was cultivated in minimal medium containing 

0.5% (w/v) glucose or 1% (w/v) potassium acetate. For determination of the luciferase 

activity, 200 µl samples were taken from the cultures at different time points. As the test 

system did not contain the fatty acid reductase complex which regenerates the luciferase 

substrate, it was important to analyze whether the luciferase reaction can proceed by 

external addition of n-decanal as a substrate. For this purpose, each sample was measured 

without and with addition of n-decanal to a final concentration of 8 mM. In Fig. 21, the 

luminescence levels of C. glutamicum (pET2_luxAB_paceA) grown on glucose and on 

acetate are shown. Compared to the luciferase activities in glucose-grown cells (Fig. 21A) 

the acetate-grown cells (Fig. 21B) showed an up to 20-fold increase of luminescence which 

indicated a carbon source-dependent luciferase activity as it was expected by the acetate 

inducible aceA promoter. The gray columns display the determinations with addition of         

n-decanal, showing a 100- to 500-fold higher luminescence levels compared to the 

determinations (indicated by black columns) without additional n-decanal. This result points 

out that the omission of the fatty acid reductase complex can be compensated by external 

addition of the luciferase substrate n-decanal. Furthermore, this result suggests a fast uptake 

of n-decanal into the cells which is required for saturation of the luciferase with its substrate. 

Taken together, these first results indicated that the P. luminescens luciferase system is 

applicable as a reporter gene assay in C. glutamicum due to the fact that the luciferase 

genes luxA and luxB are expressed in C. glutamicum and that the enzyme is functional in 

this organism. 

 

 

Fig. 21: Luciferase activities in C. glutamicum (pET2_luxAB_paceA) grown on 0.5% glucose (A) or on 
1% potassium acetate (B) measured without (black columns) or with addition of n-decanal (gray 
columns). RLU values were determined about 1 min after addition of n-decanal.  

A B

0

1

2

3

4

5

0 2 4 6 24

lu
m

in
e

s
c
e

n
c
e

 [
1

0
4

 x
 R

L
U

/O
D

6
0

0
]

Time [h]

0

1

2

3

4

5

0 2 4 6 24

lu
m

in
e

s
c
e

n
c
e

 [
1

0
4

 x
 R

L
U

/O
D

6
0

0
]

Time [h]



 
62 Results 

During the determination of the luciferase activities, a fundamental problem occurred, 

concerning the stability of the reaction velocity of the luciferase. This became obvious by 

observing the luminescence levels of the test strain C. glutamicum (pET2_luxAB_paceA) 

after addition of n-decanal over a period of a few min. As shown in Fig. 22, the luciferase 

activity decreased drastically within the first 3 min after n-decanal addition. This result 

indicated that the luciferase reaction is not stable in this period of 3 min. In order to ensure a 

sufficient supply of the luciferase substrate higher n-decanal concentrations were tested, all 

leading to the same result, i.e. the rapid loss of the luminescence levels. Thus, it was 

hypothesized that the decrease of the luciferase activity might be due to the deficiency of 

further components.  

 

 

Fig. 22: Luciferase activities in C. glutamicum (pET2_luxAB_paceA) after 4 h of growth on 0.25% 
glucose plus 1% potassium acetate observed over 3 min after addition n-decanal.  

 

In order to test whether the initial value immediately after n-decanal addition can be 

measured in a reproducible and reliable manner, luciferase activities of C. glutamicum 

(pET2_luxAB_paceA) grown on 0.25% (w/v) glucose plus 1% (w/v) potassium acetate were 

determined at different times of cultivation. Seven samples were taken at each time point and 

cells were stored on ice until luminescence detection. The samples were measured 

successively with n-decanal addition (final concentration 8 mM) immediately before 

detection. Fig. 23 shows the averages at the time points 0, 2, 4 and 6 h and the standard 

deviations composed by all samples. It becomes evident that the initial value of the luciferase 

activity immediately after n-decanal addition gave reproducible results as the standard 

deviations of the seven samples were in the range of maximally 5 to 20%. It became obvious 

that luminescence levels in C. glutamicum (pET2_luxAB_paceA) increased from around     

2.5 x 104 RLU/OD600 in the beginning up to approximately 1.5 x 106 RLU/OD600 after 4 h of 
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growth on glucose plus acetate. Afterwards, luciferase activities declined to 0.9 x 106 

RLU/OD600. This result suggests that the vector pET2_luxAB is suitable for analysis of 

promoter strength in C. glutamicum however, it is inevitable to add n-decanal immediately 

before the luminescence detection in order to obtain reliable results.  

 

 

 

Fig. 23: Luciferase activities in C. glutamicum (pET2_luxAB_paceA) after 0, 2, 4, and 6 h of growth on 
0.25% glucose plus 1% potassium acetate determined from seven samples which were measured 
individually with immediate n-decanal addition before detection.  

 

 

As mentioned above it was assumed that the rapid decay of the luminescence levels 

might be due to the lack of further components of the luciferase reaction. Thus, it was tested 

whether the luciferase cosubstrate FMNH2 might be a limiting factor during the luciferase 

reaction. Since DTT is a reducing agent, capable to reduce the FMN molecules, DTT to a 

final concentration of 18 mM was added to the C. glutamicum (pET2_luxAB_paceA) cells 

before n-decanal addition. After addition of n-decanal to the samples luminescence levels 

were followed for 3 min (Fig. 24). Indeed, the luminescence level decreased during the first 

min from 2.5 x 106 RLU/OD600 to 1.1 x 106 RLU/OD600, however, in contrast to the 

luminescence levels measured without DTT, the luciferase reaction remained stable after the 

first min at a level of 1.1 x 106 RLU/OD600 (Fig. 24). Moreover, the luminescence measured 

with additional DTT resulted in higher levels compared to the luciferase activity determined 

without DTT. Thus, it could be assumed that DTT actually reduced the FMN molecules which 

function as cosubstrate for the luciferase. This fact pointed out that the drastic decay of 

luminescence might be due to the deprivation of reduced FMN in C. glutamicum. 
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Fig. 24: Luciferase activities with DTT (gray squares) and without DTT (black squares) in                    
C. glutamicum (pET2_luxAB_paceA) after 4 h of growth on 0.25% glucose plus 1% potassium acetate 
observed over 3 min after addition of n-decanal. 

 

According to the results described in the previous paragraph, luciferase activities in          

C. glutamicum seemed to be limited by the luciferases cosubstrate FMNH2. In order to 

achieve luciferase activities which were constant over a period of at least a few min and to 

make sure that the luciferase reaction is determined under unlimited conditions, it seemed to 

be necessary to provide a sufficient supply of reduced FMN. Therefore, the promoterless 

FMN reductase gene (fre) of E. coli DH5α was introduced downstream of the luxB gene 

located on the pET2_luxAB_paceA vector resulting in the plasmid pET2_luxABfre_paceA. In 

this way, a transcriptional fusion of the genes luxA, luxB and fre was generated which was 

driven by the aceA promoter of C. glutamicum. After transformation of this new vector into     

C. glutamicum, it was analyzed whether the co-transcription of luciferase and FMN reductase 

genes affected the luminescence patterns. For this purpose, C. glutamicum 

(pET2_luxABfre_paceA) was grown in minimal medium containing 0.25% glucose plus 1% 

acetate and culture samples were taken after different time points of incubation. 

Luminescence was monitored over a period of 3 min after n-decanal addition and compared 

to that of C. glutamicum (pET2_luxAB_paceA) cells. In Fig. 25, the luminescence courses of 

the samples taken after 4 h of growth are shown exemplarily. In contrast to the luminescence 

levels in C. glutamicum (pET2_luxAB_paceA) cells, which constantly dropped down, 

luciferase activity in C. glutamicum (pET2_luxABfre_paceA) kept the level of about 1.0 x 106 

RLU/OD600 after a decay in the first 30 s. (Fig. 25). Furthermore, the luminescence levels of 

C. glutamicum (pET2_luxABfre_paceA) cells were consistently higher than the luminescence 

levels in C. glutamicum (pET2_luxAB_paceA). Taken together, these results show that co-

expression of luciferase and FMN reductase genes lead to higher and more stable 
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luminescence levels. This is in accordance with the assumption that FMNH2 levels are rather 

low in C. glutamicum and that this results in the limitation of the luciferase activity. However, 

heterologous expression of the fre gene of E. coli seems to prevent FMNH2 deprivation and 

to ensure a sufficient supply of the luciferase cosubstrate. 

 

 
 
Fig. 25: Luciferase activities in C. glutamicum (pET2_luxABfre_paceA) (gray squares) and in              
C. glutamicum (pET2_luxAB_paceA) (black squares) after 4 h of growth on 0.25% glucose plus 1% 
potassium acetate observed over 3 min after addition of n-decanal. 

 

The issue needed to be investigated next was whether the measurements of luciferase 

activities 1 to 3 min after n-decanal addition results in reproducible data. For this purpose, 

different dilutions of samples taken from glucose plus acetate-grown C. glutamicum 

(pET2_luxABfre_paceA) cultures were prepared using minimal medium without carbon 

source as a dilution medium. After addition of n-decanal to the undiluted and diluted cell 

cultures, the luminescence was monitored over a period of 3 min. In order to calculate the 

luciferase activities, the averages of the luminescence levels obtained within min 1 to 3 after 

starting detection were divided by the ODs600 of the cell culture. This was accomplished after 

0, 3, 6 and 24 h of growth. At all 4 time points of measurement, the undiluted and 1:2 diluted 

samples showed up to 5-times lower luciferase activities compared to samples measured at 

higher dilutions as it is exemplary shown for the 6 h time point in Fig. 26. The samples diluted 

1:5, 1:10, 1:50 and 1:100 actually reached similar luminescence levels of about 2.2 x 106 

RLU/OD600 after 6 h of growth (Fig. 26). Likewise the results of the 0, 3 and 24 h 

measurement points showed that the data of the 1:5, 1:10, 1:50 and 1:100 were also in the 

same range. The luciferase activities in C. glutamicum (pET2_luxABfre_paceA) accounted 

for 0.4 x 106, 1.3 x 106 and 0.4 x 106 RLU/OD600 after 0, 3 and 24 h of growth, respectively. 

Thereby it could be demonstrated that by dilution of the cell culture in an appropriate scale 

(1:5 to 1:100), luminescence runs in a linear range which is a necessity for all kinds of 

enzymatic activity determinations. 
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Fig. 26: Luciferase activities in C. glutamicum (pET2_luxABfre_paceA) after 6 h of growth on 0.25% 
glucose plus 1% potassium acetate measured at different sample dilutions. DF: dilution factor. Data 
were obtained from triplicate determinations. 

 

In order to establish a reliable procedure for determination of luciferase activities, it was 

important to investigate to what extent the pH value of the medium affects luminescence 

levels in C. glutamicum. Therefore, C. glutamicum (pET2_luxABfre_paceA) cells were grown 

for 4 h on 0.25% glucose plus 1% acetate. For each pH level tested, 1.5 ml of cell culture 

were harvested, washed twice with 0.9% NaCl and resuspended in 1.5 ml of CgC minimal 

medium without carbon source, adjusted to the respective pH value. 200 µl of these cell 

suspensions were used for luminescence determination. Calculation of luciferase activities 

was accomplished as described above. As displayed in Fig. 27, the luminescence levels 

decreased at higher pH values. This fact led to the requirement that an identical pH value of 

comparative samples had to be ensured which was achieved by using the same medium for 

dilution of the samples.    

 
 

 
 
Fig. 27: Luciferase activities in C. glutamicum (pET2_luxABfre_paceA) after 4 h of growth on 0.25% 
glucose plus 1% potassium acetate measured at different pH levels. Data were obtained from triplicate 
determinations. 

0

1

2

3

lu
m

in
e
s
c
e

n
c
e

 [
1

0
6
 x

 R
L

U
/O

D
6
0
0
]

0

1

2

3

lu
m

in
e
s
c
e
n
c
e

[1
0

6
 x

 R
L
U

/O
D

6
0
0
]

pH of dilution medium

lu
m

in
e
s
c
e
n
c
e
 [
1
0

6
x
 R

L
U

/O
D

6
0

0
]



 
67 Results 

3.3.2 Analysis of the plasmid-based luciferase system 

3.3.2.1 Growth and luminescence of C. glutamicum (pET2_luxABfre_paceA) 

Some luciferase analyses with the test vector pET2_luxABfre_paceA were performed in 

cooperation with Maria Schmid. In context of her bachelor thesis, M. Schmid investigated 

growth and luminescence behavior of C. glutamicum (pET2_luxABfre_paceA) during growth 

in minimal medium with glucose, glucose plus potassium acetate and with potassium acetate 

as single carbon source and compared these characteristics to those of C. glutamicum WT 

and C. glutamicum (pET2_luxABfre). Whereas in C. glutamicum WT and C. glutamicum 

(pET2_luxABfre) luciferase activities were below the background level of 50 RLU/OD600,       

C. glutamicum (pET2_luxABfre_paceA) reached a maximum of 0.03 x 106 RLU/OD600 when 

grown on 0.8% (w/v) glucose (Fig. 28). During growth on potassium acetate (1%, w/v), 

luminescence increased to a level of 0.8 x 106 RLU/OD600 and on a mixed substrate 

consisting of 0.25% (w/v) glucose and 1% (w/v) potassium acetate, the luminescence was 

even higher (1.8 x 106 RLU/OD600), as shown in Fig. 28. These results showed that the 

luciferase assay constitutes a sensitive method for transcriptional analysis. Furthermore, the 

fact that luminescence was higher when cells grown in the presence of acetate displayed a 

carbon source-dependent expression of the reporter genes as it was expected from previous 

studies on transcriptional activitiy of the aceA promoter.  

 

 

Fig. 28: Luciferase activities in C. glutamicum (pET2_luxABfre_paceA) during growth on 0.8% glucose 
(black columns), 0.25% glucose plus 1% potassium acetate (gray columns) or on 1% potassium 
acetate (white columns). All determinations were performed for three biological replicates per condition 
tested. 
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In Fig. 29, the growth of C. glutamicum WT, (pET2_luxABfre) and (pET2_luxABfre_ 

paceA) in minimal medium with 0.8% (w/v) glucose, 0.25% (w/v) glucose plus 1% (w/v) 

potassium acetate and with 1% (w/v) potassium acetate is shown. During growth on glucose, 

C. glutamicum (pET2_luxABfre_paceA) showed a similar growth behavior when compared to 

the WT strain or the strain carrying the promoterless test vector pET2_luxABfre (Fig. 29A). 

With potassium acetate as single carbon source, C. glutamicum (pET2_luxABfre) and         

C. glutamicum (pET2_luxABfre_paceA) displayed a µ of about 0.17 h-1 and 0.20 h-1, 

respectively (Fig. 29C). In contrast, the WT strain grew with a µ of 0.32 h-1 when potassium 

acetate was used as a substrate (Fig. 29C). In the same way, the final OD600 of                    

C. glutamicum (pET2_luxABfre) and C. glutamicum (pET2_luxABfre_paceA) (8.0 and 9.0, 

respectively) were lower compared to the final OD600 of 11.7 reached by C. glutamicum WT 

(Fig. 29C). When grown on glucose plus potassium acetate, C. glutamicum (pET2_luxABfre) 

and C. glutamicum (pET2_luxABfre_paceA) also displayed a decreased µ and a lower final 

OD600 compared to those of the WT strain (Fig. 29B).  

 
 
Fig. 29: Growth of C. glutamicum WT (black squares), C. glutamicum (pET2_luxABfre) (gray triangles) 
and C. glutamicum (pET2_luxABfre_paceA) (white circles) in minimal medium with 0.8% glucose (A), 
0.25% glucose plus 1% potassium acetate (B) or with 1% potassium acetate (C). All determinations 
were performed for three biological replicates per condition tested. 
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These results show that the presence of the test vectors pET2_luxABfre or 

pET2_luxABfre_paceA negatively influences the growth behavior when the test strains are 

growing in the presence of potassium acetate. Taken together, the results obtained with the 

pET2_luxABfre-based luciferase system showed that a method for in vivo detection of 

transcriptional answers in C. glutamicum was successfully established. Reliable and 

reproducible data of promoter activities could be obtained. Using the co-expression of the fre 

gene together with the genes luxA and luxB permitted a stable luciferase reaction. However, 

the results also revealed a negative influence of the vector pET2_luxABfre on the growth 

behavior of the test strain at least on particular carbon sources. This result calls for further 

improvement of the luciferase assay. One potential approach seemed to be the use of an 

integrated system which excludes plasmid effects. 

 

3.3.2.2 Growth and luminescence of C. glutamicum (pET2_luxABfre_prbtT) and         

C. glutamicum ∆atlR (pET2_luxABfre_prbtT) 

The plasmid-based system was further analyzed by introduction of the rbtT promoter into 

the promoterless test vector pET2_luxABfre, resulting in pET2_luxABfre_prbtT. This new test 

vector was transformed into C. glutamicum WT and C. glutamicum ∆atlR. With the resulting 

strains C. glutamicum (pET2_luxABfre_prbtT) and C. glutamicum ∆atlR (pET2_luxABfre_ 

prbtT) growth experiments and luciferase activity determinations were performed. One 

concern was to analyze whether the presence of the test vector influences growth behavior 

in case of D-arabitol metabolism. C. glutamicum (pET2_luxABfre_prbtT) and C. glutamicum 

∆atlR (pET2_luxABfre_prbtT) as well as C. glutamicum (pET2_luxABfre) and C. glutamicum 

∆atlR (pET2_luxABfre) were cultivated in minimal medium containing 1% (w/v) glucose or 

1% (w/v) D-arabitol and their growth behavior was compared to the respective parental 

strain. The results of the growth experiments are given in Fig. 30. When grown on glucose  

C. glutamicum (pET2_luxABfre_prbtT) and C. glutamicum (pET2_luxABfre) both displayed a 

µ of 0.37 h-1 and reached final OD600 of 19.0 to 19.2 (Fig. 30A). C. glutamicum ∆atlR 

(pET2_luxABfre_prbtT) and C. glutamicum ∆atlR (pET2_luxABfre) showed a µ of 0.30 h-1 to 

0.31 h-1 and final ODs600 of 17.4 to 17.7 (Fig. 30C) during growth on 1% glucose. Likewise, 

C. glutamicum WT and C. glutamicum ∆atlR grew with a µ of 0.36 h-1 and 0.32 h-1 to a 

maximal OD600 of 18.1 and 18.3, respectively (Fig. 30 A and C), showing that in case of 

glucose as carbon source the presence of the test vector did not influence the growth 

behavior of the test strains. Neither C. glutamicum (pET2_luxABfre) nor C. glutamicum 

(pET2_luxABfre_prbtT) displayed a restricted growth when D-arabitol was added as single 

carbon source. As shown in Fig. 30B, C. glutamicum (pET2_luxABfre_prbtT) and C. 

glutamicum (pET2_luxABfre) showed a µ of 0.30 h-1 and 0.33 h-1, respectively, and reached 
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a final OD600 of 13.7, which is similar compared to the result obtained with the WT strain (µ = 

0.32 h-1, final OD600 = 14). These results suggest that induction of luxABfre transcription is 

per se not harmful for C. glutamicum and therefore deficiencies of growth seemed not to be 

due to luxABfre transcription. When focusing on C. glutamicum ∆atlR and its growth on D-

arabitol (Fig. 30D), it became obvious that this strain is not able to grow on D-arabitol as it 

was already shown above (Fig. 15C). Surprisingly, C. glutamicum ∆atlR (pET2_luxABfre) 

and C. glutamicum ∆atlR (pET2_luxABfre_prbtT) reached a final OD600 of 3.8 and 3.3, 

respectively, after 24 h of cultivation (Fig. 30D). This is slightly higher compared to C. 

glutamicum ∆atlR which showed an OD600 of 1.8 after 24 h (Fig.30D). 

 

 
 
Fig. 30:  Growth of C. glutamicum WT (black squares), C. glutamicum (pET2_luxABfre) (gray 
triangles) and C. glutamicum (pET2_luxABfre_prbtT) (white circles) in minimal medium containing 1% 
glucose (A) or 1% D-arabitol (B) and growth of C. glutamicum ∆atlR (black squares), C. glutamicum 
∆atlR (pET2_luxABfre) (gray triangles) and C. glutamicum ∆atlR (pET2_luxABfre_prbtT) (white circles) 
on 1% glucose (C) or 1% D-arabitol (D). All determinations were performed for three biological 
replicates per condition tested. 
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The previous results on D-arabitol metabolism showed that D-arabitol led to the induction 

of the rbtT-mtlD-sixA operon in C. glutamicum (chapter 3.1.3). Thus, it was interesting 

whether this induction could also be detected using the luciferase system. In Fig. 31, the 

results of the luminescence determination of C. glutamicum (pET2_luxABfre_prbtT) and       

C. glutamicum ∆atlR (pET2_luxABfre_prbtT) during growth on 1% (w/v) glucose and on      

1% (w/v) D-arabitol is shown. When growing on glucose, C. glutamicum 

(pET2_luxABfre_prbtT) kept a constant level between 0.35 and 0.40 x 105 RLU/OD600 until    

6 h of cultivation. After 6 h of growth, luminescence decreased and ended up in about        

0.08 x 105 RLU/OD600 after 24 h (Fig. 31A). In contrast, when grown on D-arabitol as single 

carbon source, C. glutamicum (pET2_luxABfre_prbtT) reached the maximum of about          

1.0 x 105 RLU/OD600 already 2 h after inoculation, as displayed in Fig. 31A. Subsequently, 

luminescence levels of C. glutamicum (pET2_luxABfre_prbtT) also decreased and counted 

for 0.04 x 105 RLU/OD600 after 24 h of growth (Fig. 31A). Since luminescence levels of         

D-arabitol-grown C. glutamicum (pET2_luxABfre_prbtT) cells were 2.5 to 3-fold higher 

compared to glucose-grown cells, the results show the induction of the rbtT-mtlD-sixA operon 

in the presence of D-arabitol. As depicted in Fig. 31B, luciferase activities in glucose-grown 

C. glutamicum ∆atlR (pET2_luxABfre_prbtT) increased within the first 6 h of growth on 

glucose from 3.8 x 105 RLU/OD600 to 12.4 x 105 RLU/OD600 and then dropped back to          

1.4 x 105 RLU/OD600, reached after 24 h (Fig. 31B). This course of luminescence levels 

differed to that of D-arabitol-grown C. glutamicum ∆atlR (pET2_luxABfre_prbtT) cells, as 

luciferase activities in this case counted for 3.4 x 105 RLU/OD600 after inoculation but then 

constantly decreased and reached a level of 0.7 x 105 RLU/OD600 after 24 h of cultivation 

(Fig. 31B).   

 

 

Fig. 31: Luciferase activities in C. glutamicum (pET2_luxABfre_prbtT) (A) and C. glutamicum ∆atlR  
(pET2_luxABfre_prbtT) (B) during growth on 1% glucose (black columns) or 1% D-arabitol (white 
columns). All determinations were performed for three biological replicates per condition tested. 
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These results indicate that on the one hand the rbtT promoter is completely deregulated in 

the ∆atlR-negative strain due to drastically increased promoter activity of prbtT. On the other 

hand it also became obvious that this deregulated promoter anyhow showed different levels 

of activities since promoter activities increased during exponential growth phase and 

decreased during stationary phase. 

 

3.3.2.3 Specific D-arabitol dehydrogenase (AraDH) activities in C. glutamicum 

(pET2_luxABfre_prbtT) 

The previous results with the plasmid-based luciferase system using the aceA promoter 

revealed that the presence of the test vector might negatively affect the growth behavior of 

the strain. A further issue which was analyzed was, whether the presence of promoters 

located on the test vector pET2_luxABfre interferes with the transcriptional regulation of the 

strain. Therefore, C. glutamicum WT and C. glutamicum (pET2_luxABfre_prbtT) cells were 

harvested after 6 h of growth on either 1% (w/v) glucose or 1% (w/v) D-arabitol and the 

specific AraDH activities of C. glutamicum (pET2_luxABfre_prbtT) were compared to those of 

the WT strain (Table 12). As shown in Table 12, C. glutamicum (pET2_luxABfre_prbtT) 

showed an AraDH activity of around 0.03 U/mg protein during growth on glucose, which is 

more than 10 times higher compared to the AraDH activity of the WT strain on glucose. On 

the other hand, AraDH activities of D-arabitol-grown C. glutamicum (pET2_luxABfre_prbtT) 

cells constituted only 60% of the AraDH activity in the WT strain in the presence of D-arabitol 

as carbon source. These results suggested a competition of the plasmid- and the 

chromosomal-located rbtT promoter for the regulator AtlR in case of glucose as carbon 

source. In case of D-arabitol-grown cells, there obviously is a competition between 

chromosomal and plasmid-based promoter for the inductor D-arabitol. As a consequence, 

the chromosomally located rbtT promoter of the test strain C. glutamicum 

(pET2_luxABfre_prbtT) is not activated to the same level as the rbtT promoter in the WT 

strain. Taken together, these results indicate that the presence of the promoter located on 

the plasmid, influences the expression patterns of the host strain since the high copy number 

of the plasmid-located promoter might deduct regulator or effector molecules from the 

chromosomal promoter. Thus, reduction of the reporter genes copy numbers might prevent 

effects on the expression patterns of the host strain. 
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Table 12: Specific activities of D-arabitol dehydrogenase (AraDH) in cell extracts of C. glutamicum WT 
and C. glutamicum (pET2_luxABfre_prbtT) grown in minimal medium containing glucose or D-arabitol. 

 

 

3.3.2.4 Half-life of luciferase 

When focusing on the luciferase activities in the course of growth, it was noticed that 

luminescence showed specific characteristics in most of the analyzed test strains: after 

inoculation, luminescence started from a basis level until the mid-exponential growth phase, 

which was usually after 6 h of cultivation. Maximal luciferase activity seemed to be due to the 

promoter employed and the carbon source the test strain was grown on. However, all 

luminescence courses had in common that, after reaching the maximum level, luciferase 

activity decreased drastically and after 24 h of growth, luminescence levels always were 

even below the basis level at the beginning. Regarding the decay of luminescence after the  

6 h time point, it was remarkable that the half-life of the luciferase usually averaged between 

3.5 h and 4.5 h. Thus, the question arose, whether these values displayed the actual half-life 

of the luciferase in living cells or whether the luciferase protein is subject to active protein 

degradation mechanisms in C. glutamicum. In order to answer this question, C. glutamicum 

∆atlR (pET2_luxABfre_prbtT) was grown in minimal medium containing 1% (w/v) glucose 

and after 2 h of cultivation, different amounts of spectinomycin were added to the cultures in 

order to prevent protein biosynthesis. Subsequently, growth and luminescence of the 

cultures were monitored over a period of 10 h. In Fig. 32A, growth and luciferase activities of 

cultures with 400 µg and 800 µg spectinomycin/ml are shown, the time point of antibiotic 

additions is marked as t = 0 h. As a control luminescence and growth of C. glutamicum ∆atlR 

(pET2_luxABfre_prbtT) without spectinomycin addition is given in Fig. 32B.  From the decay 

of luminescence shown in Fig. 32A, a half-life of around 8 h was calculated for the luciferase 

protein after shut off of the protein biosynthesis. In contrast, the control culture without 

antibiotic (Fig. 32B) displayed a distinct faster decrease of luciferase activities after the mid-

exponential maximum. This result indicated that there might be an active degradation of 

proteins after the mid-exponential growth phase in C. glutamicum. An active degradation 

obviously is prevented by addition of spectinomycin as synthesis of proteases is blocked by 

Strain 
specific AraDH activity 

[U/mg protein] 

 1% (w/v) glucose 1% (w/v) D-arabitol 

C. glutamicum WT 0.002 ± 0.003 1.204 ± 0.135 

C. glutamicum (pET2_luxABfre_prbtT) 0.034 ± 0.010  0.772 ± 0.167 
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the antibiotic. On the other hand it has to be mentioned that monitoring the ODs600 of the 

spectinomycin containing cultures revealed that although antibiotics were present in these 

cultures, ODs600 were still doubling within about 4 h. Thus, it has to be assumed that 

metabolism of these cultures was not completely prohibited and biosynthesis of the 

luciferase protein still occurred on a low level which then would result in a lower luciferase 

half-life.  

 

 

Fig. 32: Determination of the luciferase half-life. Luciferase activities (columns) and growth (lines) in         
C. glutamicum ∆atlR (pET2_luxABfre_prbtT) during growth on 1% glucose after addition of 400 µg/ml 
(black symbols) or 800 µg/ml (white symbols) spectinomycin (A) or without (gray symbols) addition of 
spectinomycin (B). 

 

Similar results were obtained when analyzing the luciferase half-life with C. glutamicum 

(pET2_luxABfre_paceA). Like in the experiment described above, C. glutamicum 

(pET2_luxABfre_paceA) was cultivated on 1% (w/v) glucose and spectinomycin was added 

to final concentrations of 400 µg/ml and 800 µg/ml 2 h after inoculation. As shown in          

Fig. 33A, C. glutamicum (pET2_luxABfre_paceA) showed a decrease of luminescence levels 

after antibiotics addition. However, the decrease was slower when compared to the 

luminescence decay, occurring in the control culture without spectinomycin after 6 h of 

growth (Fig. 33B). Calculation of the luciferase half-life resulted in a value of about 6 h which 

is lower than the half-life calculation from the experiment with the rbtT promoter. As in case 

of the rbtT promoter, an increase of the OD600 was observed in the C. glutamicum 

(pET2_luxABfre_paceA) cultures despite the presence of antibiotics (Fig. 33A). Therefore, 

the luciferase half-life in living C. glutamicum cells can be estimated to be 6 to 8 h. However, 

to set the limits more precisely, controls which determine mRNA and protein levels of the 

luciferase are indispensable and need to be followed. 
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Fig. 33: Determination of the luciferase half-life. Luciferase activities (columns) and growth (lines) in         
C. glutamicum (pET2_luxABfre_paceA) during growth on 1% glucose after addition of 400 µg/ml 
(black symbols) or 800 µg/ml (white symbols) spectinomycin (A) or without (gray symbols) addition of 

spectinomycin (B). 
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3.3.3 Analysis of the integrated luciferase system 

3.3.3.1 Growth and luminescence of C. glutamicum luxIN_paceA 

In order to introduce the lux-reporter genes in C. glutamicum, the vector pK19luxInsert 

was constructed allowing the integration of the reporter genes into the genome of                 

C. glutamicum (see 2.6). As locus of integration, the 16S rDNA was chosen since                 

C. glutamicum possesses six copies of the 16S rDNA and it previously was shown that the 

loss of one copy did not result in changes of the phenotype (Tauch et al., 2001). After 

successful integration of the reporter genes, it was verified that integration has occurred only 

in one copy of the 16S rDNA and that the remaining 5 copies are still intact. For this purpose, 

PCRs were performed with chromosomal DNA of C. glutamicum luxIN. Each PCR assay 

contained the reverse primer (luxA-NdeI-rev), specifically binding to the luxA gene, whereas 

the forward primers (cgr01-for, cgr04-for, cgr07-for, cgr12-for, cgr15-for or cgr18-for) were 

specific for the respective copy of the 16S rDNA. Thus, only the PCR on the 16S rDNA copy 

containing the terminator-mcs-luxAB-fre sequence should result in a product. A PCR product 

with a size of around 3480 bp appeared solely in lane B of Fig. 34 according to the expected 

fragment (3471 bp) which results from the integration of the terminator-mcs-luxAB-fre 

sequence in copy B of the 16S rDNAs (cgr04) in C. glutamicum. No product was observed in 

all other lanes (Fig. 34), indicating that these 16S rDNA copies were still intact. After 

localization of the reporter genes in the genome of C. glutamicum luxIN, this strain was used 

as a basis strain for integration of test promoters.  

 

 
 
Fig. 34: PCRs with genomic DNA of C. glutamicum luxIN for identification of the reporter genes 
integration locus. Lane 1: PCR on 16S rDNA (copy A); lane B: PCR on 16S rDNA (copy B); lane C: 
PCR on 16S rDNA (copy C); lane D: PCR on 16S rDNA (copy D); lane E: PCR on 16S rDNA (copy E); 
lane F: PCR on 16S rDNA (copy F); M: GeneRuler 1kb DNA Ladder (Fermentas). 
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As the plasmid-based system, also the integrated luciferase system was first tested with 

the aceA promoter. In order to integrate the aceA promoter into the genome of                      

C. glutamicum luxIN, the vector pK19luxInsert_paceA was transformed into this strain. 

Intergrants were screened for sucrose insensibility and integration of the aceA promoter was 

verified by PCR. Positive integrants were called C. glutamicum luxIN_paceA. With one of the 

resulting strains of C. glutamicum luxIN_paceA, growth experiments were performed to 

analyze whether the integration of the reporter genes and their expression influences growth 

behavior. In Fig. 35, the growth of C. glutamicum luxIN_paceA in minimal medium containing 

0.8% glucose (A), 0.25% glucose plus 1% potassium acetate (B) or 1% potassium acetate 

(C) is compared to the growth of C. glutamicum WT on the respective substrates. The results 

show that C. glutamicum luxIN_paceA showed very similar growth behavior on all carbon 

sources when compared to the WT strain (Fig. 35).  

 

 
Fig. 35:  Growth of C. glutamicum WT (black squares) and C. glutamicum luxIN_paceA (white circles) 
in minimal medium containing 0.8% glucose (A), 0.25% glucose plus 1% potassium acetate (B) or 1% 
potassium acetate (C). All measurements were performed for three biological replicates per condition 
tested. 
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Besides the growth behavior of the new test strain, the luminescence patterns of              

C. glutamicum luxIN_paceA were of special interest. Consequently, samples were taken in 

the course of the growth experiments and luciferase activities were determined. During 

growth on glucose as single carbon source, luminescence levels of C. glutamicum 

luxIN_paceA were in the range of 0.2 x 104 RLU/OD600 to 0.4 x 104 RLU/OD600 (Fig. 36). In 

contrast, C. glutamicum luxIN_paceA reached up to 1.1 x 104 RLU/OD600 after 6 h of growth 

on glucose plus potassium acetate. The highest luciferase activities were achieved during 

growth on potassium acetate as single carbon source. As shown in Fig. 36, C. glutamicum 

luxIN_paceA showed a maximum luminescence of 1.7 x 104 RLU/OD600 after 6 h of 

cultivation in minimal medium with 1% potassium acetate. As expected, the luminescence of 

C. glutamicum luxIN_paceA was lower compared to that of C. glutamicum pET2_luxABfre_ 

paceA. In summary, the results on the growth behavior of C. glutamicum luxIN_paceA 

indicate that the negative effects on µ or final OD600 which were shown to occur with the 

pET2_luxABfre vector, was prevented by integration of the reporter genes in the 

chromosome of C. glutamicum.  

 

 

 

Fig. 36: Luciferase activities in C. glutamicum luxIN_paceA during growth on 0.8% glucose (black 
columns), 0.25% glucose plus 1% potassium acetate (gray columns) or on 1% potassium acetate 
(white columns). All determinations were performed for three biological replicates per condition tested. 
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3.3.3.2 Growth and luminescence of C. glutamicum luxIN_prbtT 

Due to the fact that the plasmid-based luciferase system could interfere with growth or 

with the expression patterns of the host strain, analysis of the integrated system using the 

rbtT promoter was evident. Therefore, the promoter sequence of rbtT was integrated 

upstream of the promoterless luxA gene in C. glutamicum luxIN. Then, the resulting strain    

C. glutamicum luxIN_prbtT was analyzed regarding its growth characteristics in comparison 

to the growth behavior of the WT strain. For this purpose, C. glutamicum WT and                  

C. glutamicum luxIN_prbtT were cultivated in minimal medium with either 0.8% (w/v) glucose 

or with 0.8% (w/v) D-arabitol. As depicted in Fig. 37, on both carbon sources µ and final 

ODs600 of C. glutamicum luxIN_prbtT were identical to those of the WT strain. 

 

 
 
Fig. 37:  Growth of C. glutamicum WT (black squares) and C. glutamicum luxIN_prbtT (white circles) 
in minimal medium containing 0.8% glucose (A) or 0.8% D-arabitol (B). All determinations were 
performed for three biological replicates per condition tested. 

 

 

The luminescence behavior of C. glutamicum luxIN_prbtT was analyzed by determination 

of the luciferase activities with cells grown on 0.8% (w/v) glucose or on 0.8% (w/v) D-arabitol. 

As shown in Fig. 38, luciferase activities in C. glutamicum luxIN_prbtT did not exceed the 

level of 0.3 x 104 RLU/OD600 when grown on glucose. In contrast, with D-arabitol as carbon 

source, the maximum luciferase activity was about 1.1 x 104 RLU/OD600, which is 4 times 

higher when compared to that of glucose-grown cells. These results are in accordance with 

the results obtained with C. glutamicum (pET2_luxABfre_prbtT), which showed low luciferase 

activities (0.4 x 105 RLU/OD600) when grown on glucose and high luciferase activities         

(1.0 x 105 RLU/OD600) when grown on D-arabitol. However, it is noteworthy to mention that 

A BA B

1

10

0 5 10 15 20 25

G
ro

w
th

 [
O

D
6
0
0
]

Time [h]

1

10

0 5 10 15 20 25

G
ro

w
th

 [
O

D
6
0
0
]

Time [h]



 
80 Results 

luminescence of D-arabitol-grown cells only increased after 4 h, indicating a very slow 

transcriptional answer of the prbtT promoter to the substrate D-arabitol.  

 

 

Fig. 38: Luciferase activities in C. glutamicum luxIN_prbtT during growth on 0.8% glucose (black 
columns) or 0.8% D-arabitol (white columns). All determinations were performed for three biological 
replicates per condition tested. 

 

 

3.3.3.3 Specific D-arabitol dehydrogenase (AraDH) activities in C. glutamicum 

luxIN_prbtT 

Since there were strong indications that the high copy number of the plasmid-located 

prbtT promoter in C. glutamicum (pET2_luxABfre_prbtT) interfered with the regulation of the 

chromosomal rbtT promoter and thus resulted in an altered expression of the mtlD gene, it 

was analyzed whether integration of the luciferase system into the genome prevents such 

effects on gene expression in the host strain. Hence, specific AraDH activities were 

determined in cell-free extracts of C. glutamicum luxIN_prbtT cells grown on 1% (w/v) 

glucose or on 1% (w/v) D-arabitol. For a direct comparison, the specific AraDH activities of   

C. glutamicum WT and C. glutamicum (pET2_luxABfre_prbtT) cells presented in chapter 

3.3.2.3 are additionally listed in Table 13. In contrast to the specific AraDH activities in          

C. glutamicum (pET2_luxABfre_prbtT), which significantly deviate from those of the WT 

strain, the specific AraDH activities in C. glutamicum luxIN_prbtT showed levels similar to 

those of the WT strain (Table 13).  
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Table 13: Specific activities of D-arabitol dehydrogenase (AraDH) in cell extracts of C. glutamicum 
WT, C. glutamicum (pET2_luxABfre_prbtT) and C. glutamicum luxIN_prbtT grown in minimal medium 
containing glucose or D-arabitol. 

 

As shown in Table 13, C. glutamicum WT and C. glutamicum luxIN_prbtT displayed 

specific AraDH activities < 0.01 U/mg protein on glucose as carbon source. This result 

suggests that repression of the chromosomal rbtT promoter in C. glutamicum luxIN_prbtT is 

still sufficient despite the presence of an additional target promoter for the AtlR protein. In    

D-arabitol-grown C. glutamicum luxIN_prbtT cells, the specific AraDH activities were slightly 

higher (1.3 U/mg protein) compared to the AraDH activities of C. glutamicum WT grown on 

D-arabitol (1.2 U/mg protein), however the standard deviations do not indicate a significant 

difference (Table 13). Thus, the absorption of the effector molecules by the test promoter 

prbtT in C. glutamicum luxIN_prbtT seems to be lowered to a level which does not affect the 

induction of the chromosomal promoter. 

Taken together, the employment of the rbtT promoter as a test promoter for the luciferase 

system showed that effects of the plasmid-based luciferase system on the growth behavior of 

the test strain seemed to be not due to a high expression of the reporter genes. Furthermore, 

the results of the specific AraDH activities in C. glutamicum luxIN_prbtT suggest that 

reduction of the reporter genes copy number prevents effects on growth behavior. 

Furthermore, the effects on the expression patterns of the host strain are diminished by 

integration of the reporter genes into the genome of C. glutamicum. 

 

 

  

Strain 
specific AraDH activity 

[U/mg protein] 

 1% (w/v) glucose 1% (w/v) D-arabitol 

C. glutamicum WT 0.002 ± 0.003 1.204 ± 0.135 

C. glutamicum (pET2_luxABfre_prbtT) 0.034 ± 0.010  0.772 ± 0.167 

C. glutamicum luxIN_prbtT 0.008 ± 0.003  1.327 ± 0.085 
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4 Discussion 

This study continues former work on D-mannitol metabolism in C. glutamicum (Auchter, 

2009; Auchter et al., 2011b; Laslo, 2009). At the beginning of this work, it was not clear why 

C. glutamicum WT is not able to use D-mannitol although the genes for enzymes essential 

for D-mannitol consumption are obviously present in the genome of the WT strain. The 

assumption arose that the intrinsic functions of the genes rbtT, mtlD, sixA and xylB are not in 

D-mannitol metabolism but in metabolism of another sugar or sugar alcohol. As it was 

already reported from ManDHs in some other organisms that they use besides D-mannitol 

also D-arabitol as a substrate (Kuykendall and Elkan, 1977; Schneider and Giffhorn, 1989; 

Haghighatian et al., 2008), D-arabitol came into closer focus and the present work was 

initiated. Most results of this work have been published (Laslo et al., 2012) and represent the 

first report on D-arabitol metabolism and its regulation in C. glutamicum.  

D-arabitol is a pentitol and has been found in several fungi where it acts as a protectant 

against osmotic or oxidative stress or as carbohydrate storage compound (Fredlund et al., 

2004; Diano et al., 2006; Dragosit et al., 2010; Tekolo et al., 2010). Furthermore, D-arabitol 

was found to be a metabolite in pathogens such as Streptococcus pneumoniae and Candida 

albicans and therefore is assumed to play an important role in virulence of these pathogens 

(Kiehn et al., 1979; Wang et al., 2012). Up to now, D-arabitol has not been reported to be a 

substrate for the growth of and amino acid production by C. glutamicum. In this work, it could 

be demonstrated that C. glutamicum is able to use D-arabitol as a single carbon and energy 

source and that it grows quite well on this substrate (µ = 0.32 h-1, biomass yield = 0.3 g dw/g 

D-arabitol). In order to validate that D-arabitol metabolism is in fact based on the gene 

products of rbtT, mtlD, sixA and xylB, each of these genes was deleted in C. glutamicum WT 

and the phenotypes of the resulting deletion mutants were investigated. Deletions of mtlD 

and xylB completely prevented the growth of C. glutamicum on D-arabitol. Also the deletion 

of rbtT led to a distinct growth deficiency of C. glutamicum when cultivated in minimal 

medium with D-arabitol. Solely the sixA deletion mutant of C. glutamicum did not show any 

phenotype differing from that of the WT strain under all conditions tested. Furthermore, 

increased activities of the MtlD and the XylB proteins in cell extracts of D-arabitol-grown cells 

were demonstrated. It could be shown that the mtlD gene product converts D-arabitol to D-

xylulose with specific activities of up to ~2.1 U/mg protein in D-arabitol-grown cells and MtlD 

therefore acts as an AraDH. The specific activities of the XylB protein were also increased 

(~1 U/mg protein) in D-arabitol-grown cells compared to a negligible activity (< 0.01 U/mg 

protein) in glucose-grown cells. 
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Taken together all these results, a model of the D-arabitol metabolism in C. glutamicum 

can be proposed as displayed in Fig. 39. The major transport of D-arabitol into the                

C. glutamicum cell proceeds via the RbtT transporter, which shows 29% amino acid 

sequence identity to the DalT protein of Klebsiella pneumoniae and 28% identity to the AtlT 

transporter of the E. coli C strain. Both proteins, DalT and AtlT, have been shown to be 

responsible for D-arabitol-uptake in these organisms (Scangos and Reiner, 1978; Heuel et 

al., 1997). Since the rbtT-negative strain of C. glutamicum displayed only a partial growth 

deficiency (µ = 0.13 h-1) and only reduced D-arabitol consumption (1.9 mmol·g-1·h-1), it can 

be assumed that there might be another up to now unknown mechanism for D-arabitol-

uptake in C. glutamicum. However, it remains unclear whether D-arabitol enters the cell by a 

carrier or just by diffusion. 

 

 

Fig. 39: Proposed model of the pathways for D-arabitol- and D-mannitol- (and glucose-) uptake and 
metabolism in C. glutamicum (Laslo et al., 2012). GAP, glyceraldehyde-3-phosphate; MtlD, gene 
product of the mtlD gene, possessing D-arabitol and D-mannitol dehydrogenase activities; Pts

Glc
 and 

Pts
Frc

, phosphoenolpyruvate phosphotransferase systems, specific for glucose and fructose, 
respectively; RbtT, gene product of rbtT, responsible for D-arabitol transport; XylB (xylulokinase), gene 
product of xylB; PPP, pentose-phosphate pathway. 

Xylulose

Arabitol

NAD+

NADH+

MtlD

Xylulose-5-P

ATP

ADP

XylB

Glucose-6-PMannitol

Fructose

NAD+

NADH+

MtlD

Fructose-1-P

Fructose-6-P

Fructose-1,6-PP

GAP

ArabitolMannitol Glucose

PtsFrc

Fructose

central metabolism

PtsGlc RbtT?

¿ 

G
ly

c
o

ly
s

is

P
P

P

Fructose



 
84 Discussion 

Once entered the cell, D-arabitol is subsequently oxidized by MtlD in a NAD+-dependent 

reaction to give D-xylulose (Fig. 39). Comparison of the amino acid sequence of the MtlD 

protein with the sequences of polyol dehydrogenases of other organisms revealed that MtlD 

displays striking identities (up to 68%) to other ManDHs (Laslo et al., 2012) but comparably 

low identities (26% and 28%) to the AraDHs of K. pneumoniae (DalD) and E. coli strain C 

(AtlD), respectively. However, the C. glutamicum MtlD accepts both sugar alcohols,              

D-arabitol and D-mannitol, as substrates, which is also the case with AraDHs of                    

K. pneumoniae, E. coli C strain or Rhizobium meliloti (Martinez de Drets and Arias, 1970; 

Scangos and Reiner, 1978; Heuel et al., 1998). The fact that the mtlD-negative strain of        

C. glutamicum WT does not possess AraDH and ManDH activities and is not able to 

consume D-arabitol anymore, as well as that deletion of mtlD in C. glutamicum ∆atlR 

prevents growth on D-mannitol, shows that the mtlD gene product is responsible for             

D-arabitol and D-mannitol oxidation in C. glutamicum.  

The next step of D-arabitol metabolism in C. glutamicum is the phosphorylation of             

D-xylulose to D-xylulose-5-phosphate, catalyzed by XylB (Fig. 39). Low XylB activities in      

C. glutamicum WT cells grown on complex medium were previously detected by Meiswinkel 

et al. (2013). The authors showed that simultaneous overexpression of xylB from                  

C. glutamicum and of the xylose isomerase gene xylA from Xanthomonas campestris 

enables C. glutamicum to grow on and to produce amino acids from xylose. Since many 

fungi possess an AraDH capable to oxidize D-arabitol to D-ribulose the question arose, 

whether in C. glutamicum, D-arabitol might be metabolized via D-ribulose which is 

phosphorylated to ribulose-5-phosphate by XylB (Weimberg, 1962; Ingram and Wood, 1965; 

Quong et al., 1993; Wong et al., 1993; Hallborn et al., 1995). However, analysis of the 

specific XylB activities in D-arabitol-grown C. glutamicum cells exhibited no XylB activity 

when D-ribulose was used as a substrate. These results indicate that XylB in fact functions 

as a xylulokinase and that D-arabitol metabolism in C. glutamicum proceeds via D-xylulose 

to D-xylulose-5-phosphate, which subsequently is channeled into the PPP. In some bacteria, 

D-ribulose is generated by the oxidation of D-ribitol as shown for example in Enterobacter 

aerogenes, K. pneumoniae and E. coli strain C (Charnetzky and Mortlock, 1974; Scangos 

and Reiner, 1978; Heuel et al., 1997). Interestingly, these organisms possess a D-arabitol as 

well as a D-ribitol degrading pathway. The genes of both pathways are clustered on the 

chromosomes in two operons (Scangos and Reiner, 1978; Heuel et al., 1997). The tight 

clustering of these operons and their bipolar transcription, as well as the similarity of the 

catabolic pathways of D-arabitol and D-ribitol in these organisms have prompted the 

speculation that the two operons have evolved by gene duplication (Inderlied and Mortlock, 

1977; Neuberger and Hartley, 1981). However, there is no evidence for a D-ribitol degrading 

pathway in C. glutamicum. The genes of the D-arabitol pathway in C. glutamicum are 
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clustered in two operons, i.e., the atlR-xylB and the rbtT-mtlD-sixA operon that are organized 

in a divergent orientation (see Fig. 3). This genomic arrangement in C. glutamicum appears 

to be unique for this genus. A similar genomic organization of the rbtT, mtlD, and xylB genes 

is be found in C. variabile, C. ammoniagenes and C. bovis, however, an atlR homologue was 

found only in C. variabile and a sixA homologue was found only in C. efficiens among the 

species of corynebacteria with annotated genomes (http://www.ncbi.nlm.nih.gov 

/genomes/lproks.cgi). 5’-RACE experiments revealed the TS site of the rbtT-mtlD-sixA 

operon to be located 179 bp upstream of the rbtT start codon ATG. In case of atlR, TS site 

and the first base of the translation initiation codon were found to be identical. Such 

leaderless transcripts apparently lacking the Shine-Dalgarno sequence are relatively frequent 

in C. glutamicum (Pátek, 2005). So far, the translation mechanism of leaderless transcripts is 

not completely understood but it has been suggested that the secondary structure of the 

coding region immediately downstream of the start codon can profoundly affect the 

translational efficiency of a leaderless transcript (Moll et al., 2002).  

Up to now, the function of sixA remains unclear, since the deletion of sixA had no distinct 

effect on the growth behavior or on the substrate consumption of C. glutamicum on all 

carbon sources tested. The amino acid sequence of SixA shows 85% identity to the 

phosphohistidine phosphatase SixA of E. coli. In this organism, SixA dephosphorylates the 

His-containing phosphotransfer domain of ArcB, the aerobic respiration control sensor 

protein ArcB of the ArcAB system in E. coli (Matsubara and Mizuno, 2000). However, no 

proteins with similarity to ArcB of E. coli have been identified in C. glutamicum (Kalinowski et 

al., 2003), although, it might well be that SixA is involved in the function of one of the 13 

identified two-component systems in C. glutamicum (Kočan et al., 2006). However, the 

failure to detect any obvious phenotype of the ∆sixA strains and the lack of a sixA gene or a 

homologue in most corynebacteria argue for the minor importance of SixA under the 

conditions tested. 

Fig. 39 also shows the proposed mannitol metabolism of C. glutamicum. Peng et al. 

(2011) recently proposed RbtT to act as a D-mannitol transporter, however, in this work an 

effect of rbtT deletion on D-mannitol consumption was not observed under the conditions 

tested. Thus, it is proposed that D-mannitol transport in C. glutamicum proceeds via an 

unknown transporter. The intracellular D-mannitol is oxidized to fructose by the MtlD protein 

(Fig. 39). The accumulation of fructose in the supernatant of D-mannitol-grown                     

C. glutamicum ∆atlR cultures argues for the export of fructose and the subsequent reimport 

by the fructose-specific PTS (Fig. 39). Fructose liberation is due to the lack of a fructokinase 

in C. glutamicum and already known from sucrose metabolism in this organism (Dominguez 

and Lindley, 1996). Correspondingly, Peng et al. (2011) proposed the re-import of the 
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excreted fructose in D-mannitol growing C. glutamicum ∆atlR cells since they could show 

that deletion of the ptsF gene in C. glutamicum ∆atlR prevents the growth of this double 

mutant on D-mannitol.  

C. glutamicum WT is not able to utilize D-mannitol. However, when pre-grown on             

D-arabitol or when cultivated in the presence of D-arabitol plus D-mannitol, C. glutamicum 

WT is able to grow on and to consume D-mannitol. When grown on a mixture of D-arabitol 

and D-mannitol, C. glutamicum WT showed a sequential utilization of these carbon sources 

with complete D-arabitol consumption in the first phase and afterwards D-mannitol 

consumption. Diauxic growth of C. glutamicum has been described only for mixtures of 

glucose and ethanol, acetate and ethanol (Arndt and Eikmanns, 2007; Kotrbova-Kozak et al., 

2007; Arndt and Eikmanns, 2008; Arndt et al., 2008) and of glucose and glutamate (Krämer 

et al., 1990; Kronemeyer et al., 1995). Due to the carbon catabolite repression of the 

glutamate-uptake system (gluABCD cluster) or of the ADH and ALDH genes (adhA and ald) 

in the presence of glucose or acetate, respectively, C. glutamicum utilizes glucose or acetate 

in the first growth phase (Kronemeyer et al., 1995; Arndt and Eikmanns, 2007; Kotrbova-

Kozak et al., 2007). In contrast, ManDH activity is not downregulated in the first growth 

phase of D-arabitol plus D-mannitol-grown C. glutamicum cells. Moreover, the MtlD protein 

showed similar affinities for D-arabitol and D-mannitol (Km values of 7.9 mM and 6.4 mM, 

respectively) and relatively high specific activities with both D-arabitol and D-mannitol as 

substrates (von Zaluskowski, 2010). Therefore, a substrate competition as a reason for the 

D-arabitol preference seems very unlikely. It is conceivable that the phenotype is due to an 

inhibition of the D-mannitol transporter by the presence of D-arabitol or the D-arabitol-

induced repression of the respective gene(s). However, the nature of the D-mannitol 

transporter or of its gene has not been identified so far.  

Unlike the previous assumption that the AtlR protein in C. glutamicum is involved in 

regulation of D-mannitol metabolism (Peng et al., 2011), this work revealed the main function 

of AtlR to be in the regulation of D-arabitol metabolism in C. glutamicum. The fact that the 

atlR-negative strain is able to grow on D-mannitol is rather due to the auxiliary ManDH 

activity of the MtlD protein which is present in this strain due to deregulated expression of the 

respective gene. Auchter et al. (2011b) already demonstrated the autoregulation of AtlR 

(formerly called SucR) by binding to the intergenic region of atlR and rbtT. They identified 

four binding sites of AtlR in the intergenic region and therefore proposed the consensus 

binding sequence YYAACAWMAW (base pair code: Y = C or T; W = A or T; M = A or C). 

Thereby, the authors revised the binding site ACTCTAGGGG of AtlR found previously in the 

sucCD promoter sequence (Cho et al., 2010).  
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The results of the quantitative RT-PCR showed high expression of the D-arabitol 

metabolism genes xylB, rbtT and mtlD in C. glutamicum ∆atlR grown on glucose which is in 

complete agreement with the results of the DNA microarray experiment comparing the 

transcriptomes of C. glutamicum WT and C. glutamicum ∆atlR during growth on glucose 

(Auchter, 2009). Together with the fact that specific AraDH and XylB activities were 

increased in C. glutamicum WT cells when grown in the presence of D-arabitol or D-xylulose 

this led to the assumption that an intermediate of the D-arabitol metabolism might act as an 

effector of the D-arabitol metabolism gene expression. Thus, D-arabitol, D-xylulose and        

D-xylulose-5-phosphate were tested for their capability to abolish AtlR binding to the 

promoter sequences of atlR and rbtT. However, none of these tested metabolites released 

the AtlR protein from its target DNA fragment. One possible explanation is that there might 

be another intermediate of the D-arabitol metabolism which acts as an effector of the xylB-

atlR and the rbtT-mtlD-sixA operons. In favour of this hypothesis are the findings of Frunzke 

et al. (2008). These authors performed comparative DNA microarray experiments with DNA 

of C. glutamicum WT and C. glutamicum ∆gntR1∆gntR2. The two functionally redundant 

regulators GntR1 and GntR2 were not only shown to strongly repress genes involved in 

gluconate catabolism but also to weakly repress PPP genes organized in the tkt-tal-zwf-

opcA-devB cluster as well as the mtlD and rbtT genes (Frunzke et al., 2008). Due to the 

derepression of the tkt-tal-zwf-opcA-devB cluster in C. glutamicum ∆gntR1∆gntR2, an 

increased carbon-flux through the PPP in this strain would be likely. This would result in the 

derepressed expression of mtlD and rbtT in C. glutamicum ∆gntR1∆gntR2, if an intermediate 

of the PPP acts as the effector of the D-arabitol metabolism genes. Andreas Schwentner 

showed that the gntR1gntR2-negative mutant in fact displays faster growth and substrate 

consumption rates compared to C. glutamicum WT when grown on D-arabitol (Schwentner, 

2012). This result suggests a beneficial effect of gntR1gntR2 deletion for growth of               

C. glutamicum on D-arabitol which might be due to an increased carbon flux through the PPP 

or due to a derepression of the mtlD and rbtT genes.  

Although the deletion of atlR enables C. glutamicum to grow on D-mannitol as single 

carbon source due to the deregulated mtlD gene, this strain exhibits distinct growth 

deficiencies when cultivated in the presence of D-arabitol. It became obvious that                 

C. glutamicum ∆atlR is even restricted in glucose consumption as long as D-arabitol is 

present in the medium. This inhibitory effect of D-arabitol on the growth of C. glutamicum 

∆atlR could be prevented by additional deletion of the xylB gene. When grown on D-arabitol 

plus glucose, C. glutamicum ∆atlR∆xylB consumed D-arabitol and glucose simultaneously. 

The consumption rate for glucose in this case was even higher than that of C. glutamicum 

WT when grown on D-arabitol and glucose. Thus, it was conceivable that the product of the 

XylB reaction exhibits a toxic effect on C. glutamicum. Since C. glutamicum ∆atlR showed 
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notably higher (up to 2.5-times) XylB activities compared to D-arabitol-grown WT cells, an 

excessive intracellular concentration of D-xylulose-5-phosphate in case of cultivation of        

C. glutamicum ∆atlR in the presence of D-arabitol is conceivable. A likewise growth inhibition 

caused by overproduced xylulose kinases in Saccharomyces cerevisiae was previously 

observed by Jin et al. (2003). The authors showed that with increasing xylulose kinase 

activities growth inhibition increased whereas ethanol production decreased when                

S. cerevisiae was cultivated on D-xylose. In contrast, with glucose as carbon source, 

overexpression of the xylulose kinase genes did not affect the growth behavior of                  

S. cerevisiae (Jin et al., 2003). Thus, the authors considered beneath the excessive ATP 

consumption by the activity of the overproduced xylulose kinase, the toxicity of D-xylulose-5-

phosphate as the most probable reason for the growth deficiencies (Jin et al., 2003). It is 

noteworthy to mention that also deletion of gntR1gntR2 in C. glutamicum ∆atlR reduced the 

growth inhibition of the atlR-negative mutant on D-arabitol (Schwentner, 2012). In the case of 

the triple mutant C. glutamicum ∆gntR1∆gntR2∆atlR, growth and consumption rates were 

only slightly impaired compared to them of the WT strain when grown on D-arabitol whereas 

C. glutamicum ∆atlR showed severe growth deficiencies on this substrate (Schwentner, 

2012). Since C. glutamicum ∆gntR1∆gntR2∆atlR possesses a functional XylB and therefore 

D-xylulose-5-phosphate can be produced from D-arabitol, the D-xylulose-5-phosphate might 

be metabolized faster due an increased flux through the PPP in this strain and thus the 

harmful effect of D-xylulose-5-phosphate might be prevented.  

Up to now, bacterial luciferases were employed as reporter in several organisms, e.g. 

Listeria monocytogenes, Staphylococcus aureus, E. coli, Yersinia pseudotuberculosis, 

Acinetobacter baylyi, Bacillus anthracis, Haemophilus influenza, Agrobacterium tumefaciens 

or in Mycobacteria (reviewed in Waidmann et al., 2011). However, the application of the 

luciferase reporter in C. glutamicum has not been reported so far. In this work, it was shown 

that the luciferase is a suitable reporter for in vivo and real-time analysis of transcriptional 

responses in C. glutamicum. The initial investigations of C. glutamicum (pET2_luxAB_paceA) 

revealed the successful expression of luciferase genes of P. luminescens in C. glutamicum 

and the functionality of the enzyme. Furthermore, it was shown that the external addition of 

n-decanal facilitates the elimination of the fatty reductase complex. The activity of this 

complex was supposed to inhibit the growth of C. glutamicum.  

Luminous bacteria, e.g. P. luminescens, Photobacterium phosphoreum, P. leiognathi, 

Vibrio harveyi and V. fischeri, possess beneath the luciferase and the fatty acid reductase 

complex also flavin reductases which provide reduced FMN (Duane and Hastings, 1975; 

Swartzman et al., 1990; Lee et al., 1991; Zenno and Saigo, 1994; Zenno et al., 1994; 

Nijvipakul et al., 2008). As the results of this work showed, the availability of FMNH2 in        
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C. glutamicum appears to be limited. FMN/FMNH2 functions particularly as prosthetic group 

for the L-lactate dehydrogenase in C. glutamicum (Bott and Niebisch, 2005). However, for a 

constant luciferase reaction, the amount of FMNH2 in C. glutamicum (pET2_luxAB_paceA) 

obviously is not sufficient as revealed by the rapid decay of luciferase activities immediately 

after n-decanal addition. The major drawback is the auto-oxidation of non-bound FMNH2, 

which proceeds quickly compared to the luciferase reaction (Meighen and Hastings, 1971; 

Wilson and Hastings, 1998). Thus, the enzyme realizes only one turnover at which the 

intensity of emission reaches a maximum (Hastings and Gibson, 1963; Meighen and 

Hastings, 1971; Zavilgelsky et al., 2002). Because of the lack of FMNH2, the following 

emission decreases exponentially (Hastings and Gibson, 1963; Meighen and Hastings, 1971; 

Zavilgelsky et al., 2002). This problem was overcome by either addition of DTT, which acts 

as a reducing agent and thus reduces FMN, or by co-expression of a flavin reductase gene 

(in this case fre). Both, DTT addition and co-expression of fre, resulted in higher luciferase 

activities and in a more constant level of luminescence. Reduction of FMN by DTT in 

luciferase assays was already applied previously e.g. by Hosseinkhani et al. (2005). 

However, co-expression of the flavin reductase gene appears more convenient since there is 

no need for addition of DTT and above all, the effect of DTT on the cell’s proteins is 

prevented. Campbell and Baldwin (2009) identified the Fre protein of E. coli, which showed 

73% amino acid sequence identity to the FMN reductase of P. luminescens and 52% identity 

to LuxG, the minor FMN reductase of V. fischeri (Zenno and Saigo, 1994), and showed it to 

promote bioluminescence in E. coli cultures due to its FMN reductase activity. The high and 

stable luminescence levels in C. glutamicum (pET2_luxABfre_paceA) allowed the 

establishment of the test system which resulted in reliable and reproducible data.  

Interestingly, C. glutamicum (pET2_luxABfre_paceA) exhibited 2-fold higher luciferase 

activities when grown on a mixture of acetate plus glucose compared to the luminescence 

when grown on acetate as single carbon source. This ratio (acetate plus glucose vs. acetate) 

is in accordance to the aceA promoter activities determined by CAT assays, showing 1.6-fold 

higher activities in acetate plus glucose-grown cells compared to those of acetate-grown 

cultures (Gerstmeir et al., 2004; Cramer et al., 2006). However, the specific ICL activities, in 

contrast, were highest when C. glutamicum WT cells were grown on acetate. On acetate plus 

glucose, C. glutamicum WT showed 1.5-fold lower specific ICL activities (Gerstmeir et al., 

2003). Since the CAT assay as well as the luciferase assay is based on the vector pET2, it 

was supposed that the presence of the pET2 vector affects the expression patterns of the 

host strain. Altered gene expression became even more evident in C. glutamicum 

(pET2_luxABfre_prbtT). On glucose, this strain displayed increased specific AraDH activities 

compared to that of the WT, whereas on D-arabitol, the specific activities were lower in the 

test strain than in C. glutamicum WT. The most probable explanation of this effect is the 
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competition of chromosomal- and plasmid-located promoters for repressor and/or effector 

molecules. Since in the cell the concentration of regulators is rather low, the titration of 

regulator or effector by the high copy number of the plasmid-located promoter appears 

plausible. However, this effect does not explain the growth inhibition observed when the test 

strains were grown in the presence of acetate. The growth deficiency also occurs with the 

strain carrying the promoterless reporter plasmid pET2_luxABfre. Plasmid-based growth 

inhibition of the host strain is not always due to a detrimental influence of the high dosage of 

an overexpressed gene. Altered metabolic fluxes, expression profiles or growth inhibition can 

occur from the presence of plasmids without overexpression of further genes as 

demonstrated by Wang et al. (2006). These authors showed that with higher copy numbers 

of the plasmid, the growth inhibition increased. Correspondingly, a beneficial effect on the 

growth and threonine production of C. glutamicum was observed when trying to express a 

hom allele encoding a feedback resistant homoserine dehydrogenase by reducing the copy 

numbers of the cloned genes (Reinscheid et al., 1994). Moderate expression of hom-1-thrB 

was achieved either by using a low-copy number plasmid or by chromosomal integration 

(Reinscheid et al., 1994). Integration of a reporter gene into the chromosome of                    

C. glutamicum was previously performed by Vašicová et al. (1998). These authors 

constructed the vector pRIM2 which allowed the integration of the cat reporter gene into the 

downstream located region of ppc (encoding phosphoenolpyruvate carboxylase) without 

affecting the growth behavior of the host strain.  

The effect of the test vector on the growth behavior and on the expression patterns of the 

host strain argued for reduction of the luciferase test vector’s copy number. However, all 

previously described techniques (transformation of low-copy plasmids or chromosomal 

integration) comprised an antibiotic resistance. This is also the case for the integration vector 

p16Slux, which enables integration of a synthetic lux operon derived from P. luminescens 

into the 16S rDNA of Gram-negative bacteria (Riedel et al., 2007). In order to reduce the 

reporter gene copy number to a single copy and to avoid effects caused by the presence of a 

plasmid or an antibiotic resistance, the reporter genes luxAB and fre were integrated 

markerless into the 16S rDNA of C. glutamicum. The rDNAs, encoding the three rRNAs 

(16S-23S-5S), form an operon and it has been proposed that the presence of redundant 

copies of rDNA operons is related to the need of high rRNA concentrations for rapid growth 

(Condon et al., 1995; Martin et al., 2003). Though, it could be shown that only five of the 

seven rDNA operons present in E. coli are necessary to maintain growth rates comparable to 

those of the WT strain (Ellwood and Nomura, 1980; Condon et al., 1995). Unlike E. coli,       

C. glutamicum possesses six rDNA operons whereas in its close relative C. efficiens,           

C. diphtheriae or C. jeikeium only five or three rDNA operons, respectively, are present 

(Kalinowski, 2005; Tauch et al., 2005). Tauch et al. (2001) also showed that the disruption of 
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one rDNA operon did not result in changes of the phenotype, leading to the assumption that 

integration of the luciferase reporter genes into one copy of the 16S rDNA might not be 

harmful for C. glutamicum. Indeed, none of the C. glutamicum strains harboring the 

luciferase reporter genes within the copy B of the rDNA operons differed from the WT strain 

regarding growth behavior under the conditions tested. Although the reporter gene copy 

number was reduced to one in the test strains, signal intensity was in a range of                  

104 RLU/OD600 which is still a high signal. The major advantage of the integrated luciferase 

system in comparison to the plasmid-based system was that expression patterns of the host 

strains obviously were not influenced by the presence of the reporter. This became obvious 

when C. glutamicum luxIN_paceA was grown on acetate plus glucose and on acetate as 

single carbon source. In contrast to the luminescence of C. glutamicum 

(pET2_luxABfre_paceA), luminescence of the vectorless test strain reached the highest 

levels when the strain was grown on acetate. Corresponding to the determinations of the 

specific ICL activities, maximum luminescence levels of acetate plus glucose-grown             

C. glutamicum luxIN_paceA cells were 1.5-fold lower compared to those of acetate-grown 

cells. Also the results of C. glutamicum luxIN_prbtT argue for the beneficial effect of the test 

promoter’s copy number reduction. Unlike C. glutamicum (pET2_luxABfre_prbtT), showing 

different specific AraDH activities from those of the WT strain, specific AraDH activities in     

C. glutamicum luxIN_prbtT corresponded to the AraDH activities of C. glutamicum WT when 

grown on the substrates glucose and D-arabitol. Thereby it was demonstrated that titration of 

regulator and effector from the chromosomal promoter is reduced to a negligible level.  

Another approach for in vivo and real-time analysis of transcription is the employment of 

fluorescent proteins as a reporter. Up to now, different variants of fluorescent reporters were 

used in C. glutamicum for determination of promoter activities or as intracellular metabolite 

sensors (Knoppová et al., 2007; Schröder et al., 2010, Binder et al., 2012, Hentschel et al., 

2013). Prevalently, the advantages and disadvantages of green fluorescent protein (GFP) 

and luciferase as reporters were discussed. In fact, the properties of each reporter should be 

considered in order to decide which reporter is suitable for the desired application. Whereas 

GFP needs no addition of substrates, is simple to visualize and is the reporter of choice for 

cell sorting, luciferases as reporters provide a very sensitive system, are not needed to be 

maturated and are widely used for analysis of cell populations (Cormack et al., 1996; Tsien, 

1998; Vidugiriene et al., 2008). The frequently mentioned drawback of GFP reporters is their 

extremely long half-life. The native protein was found to be stable over 24 h, but several 

approaches were done to shorten the GFP’s half-life (Corish and Tyler-Smith, 1999; Triccas 

et al., 2002; Blokpoel et al., 2003; Hentschel et al., 2013). Destabilized variants of eYFP 

(enhanced yellow fluorescent protein) for analysis of transient gene expression in                 

C. glutamicum showed drastically reduced half-lives of 22 or 8 min, however the signal 
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intensity of these variants amounted to only 46% and 20%, respectively, when compared to 

the signal intensity of the native eYFP (Hentschel et al., 2013). At this point, it would be 

premature to choose the luciferase reporter due to its shorter half-life. The present work 

revealed a half-life between 6 to 8 h for the native luciferase enzyme, which is not suitable for 

dynamic gene expression studies. In order to improve the P. luminescens luciferase for 

analysis of transient gene expression, Allen et al. (2007) constructed LuxA and LuxB variants 

by inclusion of an 11-amino acid carboxy-terminal tag that is recognized by endogenous tail-

specific proteases. The addition of the C-terminal tag reduced the luciferase’s half-life from 

more than 240 min to 46 min when the tag was added to the luxA gene, but modification of 

luxB showed no significant effect (Allen et al., 2007). Another approach to destabilize the 

firefly luciferase enzyme for application in mammalian cells was the addition of a synthetic 

fragment to the firefly luciferase-coding sequence that encoded the proteolytic "PEST" signal 

from mouse ornithine decarboxylase (Leclerc et al., 2000). Thereby half-life of the firefly 

luciferase was decreased to from 220 min to 50 min, whereas the signal intensity of the 

modified protein was about 7-fold lower compared to the native variant (Leclerc et al., 2000). 

In order to improve the luciferase system in C. glutamicum, the luciferase half-life should 

be shortened. For this purpose, C-terminal tags according to those used by Hentschel et al. 

(2013) or by Allen et al. (2007) should be added to the luxA gene. Since the reporter genes 

luxAB and fre are integrated markerless in the chromosome of C. glutamicum luxIN, the 

determination of the luciferase half-life is intended to be repeated using the integrated 

luciferase system and kanamycin to inhibit the translation in C. glutamicum. Furthermore, it 

must be considered that the integration of test promoters in C. glutamicum luxIN and the 

screening for positive integrants is a time-consuming procedure. Thus, expression of the 

reporter genes in C. glutamicum on a low-copy plasmid should be investigated. Provided, 

that the plasmids copy-number is low, an effect on the expression patterns of the host strain 

might be diminished and the transformation of the plasmid would be easy to perform in 

contrast to the integration method.  

It is noteworthy to mention that besides the present work, also experiments were 

performed using the plasmid-based and the integrated luciferase system in order to analyze 

glycogen metabolism in C. glutamicum (Schnell, 2013). The results of these experiments not 

only gave insights in the promoter activities of genes for enzymes involved in glycogen 

formation and glycogen degradation, they also confirmed that the luciferase system provides 

a powerful tool to study transcription in C. glutamicum.  
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Abbreviations 

A                                           adenine 

BCA                                      bicinchoninic acid 

bp                                         base pairs 

°C                                         degree celsius 

C                                           cytosine 

Ca                                         Calcium 

cAMP                                   cyclic adenosine monophosphate 

CAT                                      chloramphenicol acetyltransferase 

cDNA                                   complementary deoxyribonucleic acid 

cm                                        centimeter 

CO2                                      carbon dioxide 

CoA                                      coenzyme A 

DNA                                     deoxyribonucleic acid 

DNase                                  deoxyribonuclease 

dw                                         dry weight 

e.g.                                       exempli gratia (= for example) 

et al.                                     et alii (= and others) 

F                                           farad 

Fig.                                       figure 

g                                           gram 

G                                           guanine 

ß-GAL                                  beta-galactosidase 

β-GUS                                  beta-glucuronidase 

h                                           hour 

HPLC                                   high performance liquid chromatography           

i.e.                                        id est (= that is)  

k                                            kilo  

kDa                                       kilodalton 

Km                                         Michaelis-Menthen constant 

l                                             liter 
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 µ                                           growth rate 

µF                                         microfarad 

µg                                         microgram  

µl                                          microliter 

µm                                        micrometer 

M                                          molar (mol/l) 

mbp                                      megabase pair 

mcs                                      multiple cloning site 

mg                                        milligram 

Mg                                        magnesium 

min                                       minute 

ml                                         milliliter 

mm                                       millimeter 

mM                                       millimolar 

mol                                       mole 

mRNA                                  messenger ribonucleic acid 

N2                                         nitrogen 

NAD+                                    nicotinamide adenine dinucleotide (oxidized) 

NADH                                   nicotinamide adenine dinucleotide (reduced) 

 NADP+                                 nicotinamide adenine dinucleotide phosphate (oxidized) 

 NADPH                                nicotinamide adenine dinucleotide phosphate (reduced) 

ng                                         nanogram 

nm                                        nanometer   

%                                          percent 

Ω                                           Ohm (electric resistance) 

OD600                                    optical density at 600 nm wavelength 

pH                                        negative decade logarithm of the proton concentration 

RACE                                   rapid amplification of cDNA ends 

rDNA                                    ribosomal deoxyribonucleic acid 

RLU                                      relative light units 

RNA                                     ribonucleic acid 
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RNase                                  ribonuclease 

RP                                        reversed phase 

rpm                                       rounds per minute 

rRNA                                    ribosomal ribonucleic acid 

RT                                        reverse transcriptase 

s                                            second 

T                                           thymine 

TL                                         translational start 

TS                                        transcriptional start 

U                                           unit 

UV                                        ultraviolet 

V                                           volt 

v                                            volume 

w                                           weight 

x g                                        acceleration in multiples of acceleration of gravity 
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C. glutamicum ∆sixA, C. glutamicum ∆xylB and of the double deletion mutant C. glutamicum 

∆atlR∆xylB and the growth experiments performed with these strains were done in 

collaboration with Philipp von Zaluskowski and Elisabeth Lodd. 

The construction of the double deletion mutants C. glutamicum ∆atlR∆rbtT, C. glutamicum 

∆atlR∆mtlD and C. glutamicum ∆atlR∆sixA were done in cooperation with Marc Auchter. 

The real-time RT-PCR experiments were performed at the Center for Biotechnology 

(CeBiTec) in Bielefeld, Germany, with the kind support of Christian Rückert. 

The determination of the specific enzyme activities of AraDH and XylB were done in 

cooperation with Philipp von Zaluskowski and Christina Gabris. 
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