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1 Summary 

1.1. Summary English 

Since the early 20th century, microbes have written a success story as hosts for the production 
of various small molecules. Traditional approaches for strain development or analysis are, 
however, typically based on bulk measurements, which do not interface with high-throughput 
technologies and provide average data for the whole population. Current efforts in the field of 
biotechnology aim at the development of novel techniques enabling the detection and 
quantification of metabolites in single microbial cells.      
 In the present work, a genetically-encoded single cell biosensor was developed, which 
enables the detection of L-methionine and the branched-chain amino acids in the industrial 
amino acid producer Corynebacterium glutamicum. The principal design of the biosensor is 
based on the native Lrp-BrnFE module of C. glutamicum. In response to cytosolic 
accumulation of L-methionine and the branched-chain amino acids, the transcriptional 
regulator Lrp was shown to activate expression of the brnFE operon, encoding the transport 
system for these amino acids. For the construction of the biosensor, a sensor module including 
lrp, the intergenic region of lrp and brnF, and a transcriptional fusion of brnF to the reporter 
gene eyfp was designed. Characterization of the biosensor performance features revealed the 
highest sensitivity of the Lrp-sensor towards L-methionine followed by L-leucine, L-
isoleucine, and L-valine. In the case of L-methionine, the minimal linear range of detection 
extended from <1 mM up to 25 mM (>78-fold dynamic range) and, thus, covered a range, 
which is relevant to the development of production strains.     
 In the following, the biosensor was implemented in FACS-(fluorescence-activated cell 
sorting) based high-throughput screenings of C. glutamicum mutant libraries for the isolation 
of amino acid producing strains. A secondary uHPLC screen for the measurement of amino 
acid levels in the supernatant of isolated strains revealed about 20% positive clones producing 
branched-chain amino acids. Further screening attempts, aiming in particular at the isolation 
of L-methionine producing mutants, emphasized the strong impact of the strain background, 
medium composition, and FACS gating strategy on the screening outcome. For example, 
screening of mutagenized C. glutamicum ΔmcbR, lacking the master regulator of L-
methionine and L-cysteine synthesis, resulted in about 50% positive clones, which exhibited 
at least a 100% improvement in L-methionine production in comparison to the parental strain 
(up to 8 mM). Whole genome sequencing of selected mutants revealed mutations in genes 
contributing to L-methionine biosynthesis as well as in pathways supplying building blocks, 
precursors (C1- and sulfur metabolism), redox power (pentose phosphate pathway), and 
transcriptional regulators involved in the control of sulfur utilization (SsuR and CysR). 
 In further studies the Lrp-sensor was successfully applied for online monitoring of L-
valine production strains based on pyruvate dehydrogenase-deficient C. glutamicum strain 
ΔaceE and was shown to provide information with respect to production start and course of 
metabolite production over time. Furthermore, the sensor was suitable to reveal different 
levels of productivity in basic as well as in high yield production strains. In order to 
investigate the phenotypic structure of L-valine production strains, isogenic microcolonies of 
C. glutamicum strains were grown under constant environmental cultivation conditions in 
microfluidic chip devices. The studies displayed cell-to-cell variation with respect to cell size, 
doubling time, and metabolite production, which significantly depends on the particular 
growth conditions. Altogether, the obtained results emphasize suchlike sensor systems as 
convenient and valuable tool for strain development and single cell analysis and reveal 
versatile applications for future studies.  
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1.2. Summary German 

Seit Beginn des 20. Jahrhunderts werden Mikroben erfolgreich zur Produktion von 
verschiedenen Molekülen eingesetzt. Traditionelle Methoden in der Stammentwicklung oder 
Analyse basieren jedoch auf Messungen, welche nicht mit Hochdurchsatz-Technologien 
kompatibel sind und lediglich Durchschnittswerte der gesamten Population liefern. 
Gegenwärtige Bemühungen auf dem Feld der Biotechnologie verfolgen die Entwicklung von 
neuen Technologien, welche die Detektion und Quantifizierung von Metaboliten auf 
Einzelzellebene ermöglichen.         
 In der vorliegenden Arbeit wurde ein genetisch-kodierter Biosensor entwickelt, 
welcher die Detektion von L-Methionin und den verzweigtkettigen Aminosäuren in dem 
industriell eingesetzten Aminosäure-Produzenten Corynebacterium glutamicum ermöglicht. 
Das Design des Biosensors beruht auf dem nativen Lrp-BrnFE Modul aus C. glutamicum. Bei 
intrazellulärer Akkumulation von L-Methionin oder den verzweigtkettigen Aminosäuren 
aktiviert der Transkriptionsregulator Lrp die Expression der brnFE Gene, welche für das 
Transportsystem für die zuvor genannten Aminosäuren kodieren. Zur Konstruktion des 
Biosensors wurde ein Modul gebaut, welches lrp, die intergene Region zwischen lrp und 
brnFE sowie eine transkriptionelle Fusion von brnFE mit dem Reportergen eyfp umfasst. In 
Charakterisierungsstudien zeigte der Lrp-Biosensor die höchste Affinität gegenüber L-
Methionin gefolgt von L-Leucin, L-Isoleucin und L-Valin. Hierbei reichte der minimale 
Bereich zur linearen Detektion von L-Methionin von <1 mM bis 25 mM (>78-facher 
dynamischer Messbereich), welcher somit den Messbereich abdeckte, der für die Entwicklung 
von Produktionsstämmen relevant ist. Im Folgenden wurde der Biosensor in FACS-
(fluorescence-activated cell sorting) basierten Hochdurchsatz Screenings von C. glutamicum 
Mutanten-Bibliotheken zur Isolation von Aminosäure-produzierenden Stämmen eingesetzt. 
Ein zweites uHPLC Screening zur Messung der Aminosäurekonzentration im Überstand der 
isolierten Stämme, ergab 20% positive Klone, welche eine Produktion der verzweigtkettigen 
Aminosäuren zeigten. Weitere Screening Versuche, welche insbesondere die Isolation von L-
Methionin produzierenden Mutanten verfolgten, stellten heraus wie stark der 
Ausgangsstamm, die Medienzusammensetzung und die FACS gating Strategie das Screening 
Resultat beeinflussen. So resultierte zum Beispiel das Screening ausgehend von einer 
C. glutamicum ΔmcbR Mutanten-Bibliothek in 50% positiven Mutanten, die mindestens eine 
um 100% gesteigerte L-Methionin Produktion im Vergleich zum Ausgangsstamm zeigten. 
Die Sequenzierung des vollständigen Genoms dieser Mutanten offenbarte Mutationen in 
Genen, welche in der Biosynthese von L-Methionin involviert sind, sowie in Genen der 
Stoffwechselwege zur Bereitstellung von Ausgangssubstraten und Vorläufermolekülen (C1- 
und Schwefelmetabolismus) oder Reduktionsenergie (Pentosephosphatweg). Zudem konnten 
auch Mutationen in Genen identifiziert werden, die für die Transkriptionsregulatoren des 
Schwefelstoffwechsels, CysR und SsuR, kodieren.  In weiteren Studien wurde der Lrp-Sensor 
erfolgreich zum Online Monitoring in L-Valin Produktionsstämmen eingesetzt, bei welchen 
er Information über den Produktionsstart sowie über den zeitlichen Verlauf der Produktion 
lieferte. Desweiteren eignete sich der Sensor dazu verschiedene Produktionslevel in einfachen 
und leistungsstarken Produktionsstämmen aufzuzeigen. Um die komplexe Populationsstruktur 
von L-Valin Produktionsstämmen näher zu untersuchen, wurden weitere Versuche in 
Mikrofluidik-Vorrichtungen durchgeführt, welche konstante Kultvierungsbedingungen bieten. 
Diese Untersuchungen zeigten Heterogenitäten auf Einzelzellebene in Bezug auf die 
Zellgröße, Verdopplungszeit sowie die Metabolitproduktion, welche sehr stark von den 
Kultivierungsbedingungen abhängig waren. Zusammenfassend stellen diese Arbeiten 
Biosensoren als geeignetes und nützliches Werkzeug zur Einzelzell-Analyse und 
Stammentwicklung heraus und zeigen deren vielseitige Applikationen für künftige Studien. 
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2 Introduction 

2.1. Corynebacterium glutamicum - A versatile microbial factory 

In the search for L-glutamate-producing bacteria Udaka and Kinoshita isolated the facultative 

anaerobic, Gram-positive soil bacterium Corynebacterium glutamicum in 1957 (Kinoshita et 

al., 1957). With this important discovery amino acid fermentation industry and a remarkable 

success story was born. Today C. glutamicum represents one of the most important platform 

organisms in industrial biotechnology contributing to an annual production of 2.6 million 

metric tons of L-glutamate and 1.5 million metric tons of L-lysine (Ajinomoto Co., 2012; 

Ajinomoto Co., 2011). Due to its significant industrial importance, the genome of 

C. glutamicum was sequenced and published to date in three independent projects (Yukawa et 

al., 2007; Kalinowski et al., 2003; Ikeda & Nakagawa, 2003). This set a milestone in research 

of this organism since it prepared the ground for the development of new molecular tools such 

as targeted gene deletion and replacement or the construction of various vectors for cloning 

and expression. Furthermore, the development of new powerful omic techniques, including 

transcriptomic, proteomic, metabolomic, and fluxomic analysis, allow systems level 

investigations of this important platform organism and enabled the integration of synthetic 

biology approaches into metabolic engineering of C. glutamicum (Becker & Wittmann, 2012; 

Vertès et al., 2012). A detailed summary of the current knowledge of physiology and pathway 

regulation in C. glutamicum is provided in two monographs (Eggeling & Bott, 2005; 

Burkovski, 2008).  

Nowadays, C. glutamicum strains are available, engineered for production of a broad 

spectrum of diverse biotechnological relevant chemicals, materials, and fuels, such as ethanol 

(Inui et al., 2004a), isobutanol (Blombach et al., 2011; Smith et al., 2010; Blombach & 

Eikmanns, 2011), 1,2 propanediol (Niimi et al., 2011), 1-butanol and 1-propanol formed as 

byproduct of isobutanol production (Smith et al., 2010), xylitol (Sasaki et al., 2010), 

diamines, e.g. putrescine (Schneider & Wendisch, 2010) and cadaverine (Mimitsuka et al., 

2007; Kind et al., 2011), organic acids, e.g. pyruvic (Wieschalka et al., 2012), lactic (Okino et 

al., 2008b; Inui et al., 2004b), 2-ketoisovaleric (Krause et al., 2010), and succinic acid 

(Litsanov et al., 2012a; Litsanov et al., 2012b; Okino et al., 2008a), pantothenate (Hüser et 

al., 2005), and polymers, e.g. poly-3-hydroxybutyrate (Jo et al., 2006; Matsumoto et al., 

2011).  
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Post-genomic approaches using rational engineering for strain improvement additionally 

contributed to high yield amino acid production of L-glutamate (Sawada et al., 2010), L-

lysine (Ikeda et al., 2006; Becker et al., 2011), L-alanine (Jojima et al., 2010), L-serine (Lai et 

al., 2012; Peters-Wendisch et al., 2005), L-valine (Blombach et al., 2008; Hasegawa et al., 

2013), aromatic amino acids (Ikeda, 2006; Zhao et al., 2011; Li et al., 2009) and even non-

proteinogenic amino acids (Stäbler et al., 2011).  

While L-glutamate is mainly used as flavor enhancer and L-aspartic acid together with L-

tryptophan for production of the artificial sweetener aspartame, applications of further amino 

acids are the pharmaceuticals and cosmetics industry as well as the medical sector, where they 

are mainly supplied in infusion solutions (Leuchtenberger et al., 2005). The largest market of 

amino acids, however, represents the fast growing animal feed industry. In order to improve 

feed efficiency and to enhance animal growth, essential amino acids, in particular L-lysine, 

D/L-methionine, L-threonine, and L-tryptophan, have to be supplied as feed additives in 

animal farming. Here, L-methionine represents the first limiting amino acid in the nutrition of 

poultry. On the basis of an increasing consumption of animal protein, poultry in particular, the 

global world market for L-methionine as a food additive is expected to grow by 2% over the 

next decade (Novus International, 2010). Currently, about 685-700 kilo metric tons of D/L-

methionine are produced on a petrochemical basis (Novus International, 2010). Despite its 

great demand, no fermentative production process could be established for L-methionine so 

far, which is in contrast to all other industrially relevant amino acids produced at large-scale. 

Since C. glutamicum proved as versatile cell factory for overproduction of amino acids, 

several efforts focused on engineering of this organism to set up a competitive 

biotechnological process for microbial production of L-methionine (Kumar & Gomes, 2005).  

 

2.2. Biosynthesis of L-methionine in C. glutamicum  

L-methionine synthesis represents a challenging target as it is strictly regulated at the 

transcriptional as well as at the enzymatic level. Moreover, it demands incorporation of 

reduced sulfur and precursors from C1-metabolism which requires high energy cost (7 mol 

ATP and 8 mol NADPH) and makes it the most expensive amino acid for the cell (Neidhardt 

et al., 1990; Figge, 2007). In C. glutamicum the aspartate family of amino acids comprises L-

methionine, L-lysine, L-threonine, and L-isoleucine. The biosynthetic pathway of L-

methionine and L-threonine share the first reactions steps transforming L-aspartate to L-
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homoserine, which is catalyzed by the aspartate kinase (lysC), aspartate semialdehyde 

dehydrogenase (asd) and homoserine dehydrogenase (hom) (Figure 1). Homoserine 

transacetylase (metX) catalyzes the first specific reaction towards L-methionine synthesis by 

activation of the γ-hydroxyl group of L-homoserine via acetylation (Park et al., 1998). The 

next step presents the incorporation of reduced sulfur, which is accomplished in two parallel 

pathways in C. glutamicum. Acetyl-homoserine sulfhydrylase (metY) directly catalyzes the 

synthesis of L-homocysteine from O-acetyl-L-homoserine and hydrogen sulfide (Hwang et 

al., 2002). Alternatively, cystathionine γ-synthase (metB) catalyzes the γ-replacement reaction 

of O-acetyl-L-homoserine and L-cysteine, forming γ-cystathionine (Hwang et al., 1999; 

Hwang et al., 2002). Cystathionine-β-lyase (aecD/metC) cleaves the C-S bond of γ-

cystathionine yielding L-homocysteine, pyruvate and ammonia (Kim et al., 2001; Rossol & 

Pühler, 1992). The terminal step in L-methionine synthesis is the transfer of the C5-methyl 

group to L-homocysteine, which is catalyzed by cobalamin (B12)-independent methionine 

synthase (metE) or alternatively by cobalamin (B12)-dependent methionine synthase (metH) 

(Rückert et al., 2003). Methyl groups are provided by N5,N10-methylenetetrahydrofolate 

reductase (metF) an enzyme that reduces N5,N10-methylenetetrahydrofolate (CH2–THF) to 

CH3–THF (Rückert et al., 2003). In turn, N5,N10-methylenetetrahydrofolate is formed by 

transfer of a methylene group from L-serine to tetrahydrofolate catalyzed by serine 

hydroxymethyltransferase (glyA).  

Apart from its role in protein biosynthesis, L-methionine is degraded to yield S-adenosyl-

methionine (SAM), which is the central donor for methyl groups in the cell, e.g. for 

methylation of DNA (Schäfer et al., 1997; Cantoni, 1953; Lu, 2000). SAM is formed by 

adenylation of L-methionine catalyzed by methionine adenosyltransferase encoded by metK 

(Grossmann et al., 2000). 

The transport of L-methionine in C. glutamicum has been studied in detail by the group of 

Reinhard Krämer. Import of L-methionine is accomplished by the high affinity ABC 

transporter MetQNI and a secondary uptake system MetP which is characterized by a lower 

affinity (Trötschel et al., 2008). BrnFE, originally described for export of the branched-chain 

amino acids, L-leucine, L-isoleucine, and L-valine (Kennerknecht et al., 2002), was identified 

as the dominant export system for L-methionine (Trötschel et al., 2005). However, studies 

provided evidence for a second transporter with low affinity but high capacity, which has not 

been identified so far.  
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Figure 1. L-methionine biosynthesis in C. glutamicum. 
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2.3. Strategies for strain development 

The high diversity of microbes provides a broad spectrum of metabolic pathways and 

platforms for the production of valuable products. However, naturally or microbially 

produced metabolite amounts are in general too low and do not exceed levels required for 

cellular growth and maintenance. Thus, efficient strategies for strain engineering and 

development are required to enhance metabolic capabilities of microbes for successful 

overproduction of target metabolites and to establish biotechnological production processes 

which are economically competitive to petrochemical-based production. Traditionally, 

approaches for strain improvement relied on random mutagenesis using chemical mutagens 

(e.g. alkylating agents, base analogs) or physical mutagenesis (e.g. UV-radiation, X- or 

gamma rays) and an appropriate and efficient selection strategy for the isolation of promising 

clones among millions of cells (Parekh et al., 2000). Iterative mutagenesis and screening 

procedures were applied, until a strain with the maximal, desired productivity and yield was 

obtained.  

Two decades ago advanced genetic engineering methods enabled strategies of strain 

development to shift to a more rational design, termed metabolic engineering (Bailey, 1991; 

Stephanopoulos & Vallino, 1991). By definition "Metabolic engineering is the directed 

improvement of product formation or cellular properties through the modification of specific 

biochemical reaction(s) or introduction of new one(s) with the use of recombinant DNA 

technology" (Stephanopoulos et al., 1998). In contrast to classical strain development, precise 

modifications were implemented to construct well-defined genetic backgrounds. Application 

of molecular biology and DNA recombination techniques allowed the targeted introduction of 

genetic changes by e.g., heterologous expression of genes in new host organisms, deletion or 

overexpression of endogenous genes or modulation of enzymatic activities (Koffas et al., 

1999; Adrio & Demain, 2006). Further manipulations were carried out once the physiological 

and biochemical impact of first implemented genetic modifications was thoroughly assessed. 

In order to redirect or enhance fluxes towards the target metabolite, the focus extended from 

the analysis of individual reactions to metabolic flux analysis of entire pathways considering 

pathway synthesis, thermodynamic feasibility, pathway flux and its control (Stephanopoulos, 

1999). In the post-genomic era, strain improvement strategies extensively applied powerful 

omic-techniques to consider modifications based on an expanded view of the cell and a 

systematic understanding of the broad molecular landscape (Yadav et al., 2012; 

Stephanopoulos et al., 2004; Alper & Stephanopoulos, 2004). 
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Metabolic engineering as well as classical strain development, including random mutagenesis, 

screening and selection, have written remarkable success stories represented in the production 

of antibiotics, amino acids, organic acids, vitamins, nucleotides and biofuels in the last 

decades (Figure 2) (Wendisch, 2007; Alper & Stephanopoulos, 2009; Leuchtenberger et al., 

2005; Lee et al., 2009; Marienhagen & Bott, 2013). 

 

 
 
Figure 2. Timeline: Biotechnology. 
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2.4. Genetically-encoded biosensors  

Current efforts in industrial biotechnology aim for the development of new techniques 

enabling the detection and quantification of specific metabolites at the single cell level. Since 

the discovery and popularization of autofluorescent proteins two decades ago, significant 

progress towards single cell interrogation has been made by the use of fluorescent tags 

enabling the measurement of expression profiles and protein localization with single cell 

resolution. However, only a few studies report on the visualization of metabolites. This, in 

fact, represents a unique challenge considering their rapid dynamics compared to proteins in 

cellular environments. In this context, the use of genetically-encoded biosensors, transforming 

the specific and sensitive detection of inconspicuous, small molecules into an optical readout 

(e.g. fluorescence output), provides a powerful toolbox for the visualization of metabolites in 

single bacterial cells. In the last 10-20 years, extensive research contributed to the 

development of an ever-expanding number of biosensors allowing monitoring of small 

molecules with single cell resolution. Various classifications of biosensors are described and 

resumed in several reviews as for example based i) on the source of signal (e.g. small or 

macromolecules, pH, temperature, light) (Zhang & Keasling, 2011), ii) the sensory device 

used (e.g. RNA, proteins) (Michener et al., 2012) or iii) biosensors design and application 

(van der Meer & Belkin, 2010; Dietrich et al., 2010).  

Nature provides an extensive repertoire of sensor devices in form of e.g. riboswitches, RNA-

aptamers, transcription factors, and enzymes to detect a broad spectrum of metabolites. Sensor 

constructs which are based on these devices linked to fluorescence proteins enable the 

detection of small, inconspicuous molecules by providing an optical readout. In the following 

three categories of genetically-encoded biosensors using different types of sensor devices will 

be outlined.  

RNA-based biosensors use natural or engineered RNA switches as the key biosensor 

component. Typically, RNA switches consist of an input domain, i.e. an RNA aptamer, and 

an output domain, an RNA gene regulatory component e.g. ribozyme. Win et al. described a 

xanthine sensing RNA-switch, which allows correct folding of only one domain at any given 

time (Win & Smolke, 2007). In response to effector binding, the modular assembly of RNA 

switches enables stringent control of target gene expression. In principle, the output domain 

cleaves itself once it is correctly folded. As a result the mRNA of the target gene is degraded. 

Binding of the effector molecule, however, stabilizes proper folding of the RNA aptamer and 

prevents folding of the output domain. For biosensor construction the RNA switch can be 



11 | I N T R O D U C T I O N  
 

placed upstream of a fluorescent reporter gene, thus binding of the effector molecule results in 

increased reporter gene expression (Michener & Smolke, 2012; Michener et al., 2012). 

Biosensors, based on transcriptional regulators, represent a further class of biosensors which 

can be used for the design of a regulatory circuit where the expression of a reporter gene is 

under direct control of the metabolite-sensing regulator. Typically, transcription factors 

undergo a molecular switch upon ligand binding resulting in transcriptional activation of the 

cognate regulatory DNA element. Transcriptional or translational fusion of the target 

promoter to a promoterless fluorescent reporter gene provides in turn, a measurable optical 

readout, which displays cytosolic accumulation of the effector molecule. 

FRET-based biosensors (förster (fluorescence) resonance energy transfer) represent well 

established sensor systems which exploit the molecular recognition specificity of several 

protein classes. Typically, in FRET-based sensors an acceptor and donor domain within the 

same protein or of two different proteins are linked to a pair of fluorophores differing in their 

emission and excitation wavelengths. Binding of the target molecule conducts conformational 

changes of the sensor domain bringing donor and acceptor fluorophore in close vicinity, and 

thus leading to FRET (Frommer et al., 2009; Okumoto et al., 2012). 

In the last decades, biosensors, based on transcriptional regulators, have been extensively 

exploited in microbial sensing systems for the detection of environmental pollutants (van der 

Meer & Belkin, 2010; Harms et al., 2006). Whereas FRET-based or RNA-based biosensors 

have been applied in studies mainly focusing on fundamental biological questions by specific 

detection of several molecule classes such as sugars, ions, vitamins, antibiotics and many 

more not noted herein (Okumoto et al., 2012; Michener et al., 2012). In industrial 

biotechnology the great potential of biosensors for the detection and quantification of small 

molecules at single cell resolution has not been harnessed so far. However, some striking 

studies in the group of C. Smolke highlight RNA-based sensors as powerful tool for screening 

of biotechnologically interesting molecules (Michener & Smolke, 2012; Michener et al., 

2012). Overall, the implementation of the different types of biosensors might facilitate high-

throughput screenings in future, and thus contributes to new breakthroughs in microbial strain 

development. 
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2.5. Population heterogeneity in bacterial monocultures 

Nowadays, phenotypic variation within clonal populations of bacterial cells is a well-

described and accepted phenomenon. New technologies facilitating single cell measurement 

such as flow cytometry and technical advances in automated microscopy and lab-on-chip 

devices have provided fundamental new insights into population dynamics (Diaz et al., 2010; 

Tracy et al., 2010; Müller & Nebe-von-Caron, 2010; Schmid et al., 2010; Szita et al., 2010; 

Gulati et al., 2009; Fritzsch et al., 2012; Vinuselvi et al., 2011). Classical examples for 

phenotypical heterogeneity observed in bacterial populations are, for example, chemotaxis in 

Escherichia coli, genetic competence, motility and sporulation of Bacillus subtilis or the 

occurrence of persister cells upon antibiotic treatment (Korobkova et al., 2004; Maamar et al., 

2007; Haijema et al., 2001; Kearns, 2005; Gonzalez-Pastor et al., 2003; Balaban et al., 2004). 

Phenotypical heterogeneity can have diverse origins such as differences in cell age or cell 

cycle, or simply stochastic effects in gene expression (Lidstrom & Konopka, 2010; Elowitz, 

2002; Cai et al., 2006; Kærn et al., 2005; Müller et al., 2010).  

Random fluctuations in biochemical reactions result in a stochastic variation, so-called noise. 

Noise is regarded as a key determinant for cell-to-cell variation within clonal populations. 

Stochastic fluctuations are notably enhanced when the number of involved reactants is small. 

Therefore, in particular gene expression is influenced by stochasticity, due to the typically low 

number of transcription factor molecules in the cell (Kærn et al., 2005; Swain et al., 2002). 

Amplification of a noisy signal by positive feedback can result in bimodal distribution in gene 

expression referred as bistability. In response to environmental changes, some genes may 

exhibit a bistable expression resulting in the formation of two distinct subpopulations, which 

display altered phenotypic traits within a clonal population (Dubnau & Losick, 2006; Veening 

et al., 2008).  

"Randomization of phenotype", i.e. cell-to-cell variation within genetically identical 

populations and occurrence of subpopulations are considered to be beneficial for the 

population in unpredictable environments, since distinct phenotypes might be pre-adapted or 

allow rapid adaption to sudden changes in environment (Acar et al., 2008; Kussell & Leibler, 

2005). Despite the knowledge of its common occurrence, little attention is paid to the 

phenomenon of population heterogeneity in biotechnological processes. Obviously, cell-to-

cell variation in regard to physiological states and productivity and the formation of 

inefficient subpopulations within a production culture can adversely affect production 

processes (Lencastre Fernandes et al. 2011; Müller et al. 2010). Particularly in large-scale 
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bioreactors, cell cultures are confronted with environmental heterogeneity during cultivation, 

such as gradients in oxygen, pH, or carbon source concentration (Lara et al., 2006; Liden, 

2002; Takors, 2012; Hewitt & Nienow, 2007; Enfors et al., 2001). Nevertheless, optimization 

strategies for bioprocesses still rely on the measurement and interpretation of average data, 

which obviously mask cell-to-cell variation and give no information about the complex 

phenotypic structure of microbial populations. Thus, biological phenomena might be 

misinterpreted and result in wrong decisions regarding further improvement strategies for 

production process and strain engineering (Figure 3) (Lidstrom & Konopka, 2010). The key 

challenge to finally perform efficient microbial bioprocesses in future, hence, demands on in-

depth investigations and detailed understanding of complex phenotypical structures of 

biotechnological production strains (Müller et al., 2010; Lencastre Fernandes et al., 2011).  

 

 

Figure 3. Measurement of populations average does not allow to distinguish between a production process 
where all cells are averagely producing (left) from one where some cells are highly or not producing (right) 
(adapted from Lidstrom & Konopka, 2010). 
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2.6. Aims of this work  

The first aim of this work was the development of a single cell biosensor capable of detecting 

cytosolic amino acid accumulation in C. glutamicum. For this purpose, the transcriptional 

regulator Lrp (leucine-responsive protein) was chosen as a potential "sensor protein". 

Previous studies suggested that C. glutamicum Lrp might respond to elevated cytosolic 

amounts of the branched-chain amino acids and L-methionine. To provide a basis for sensor 

construction, promoter binding and effector molecule specificity of Lrp has to be analyzed in 

detail. Once a convenient sensor is constructed, the capability of the biosensor to distinguish 

between increased and wild type levels of cytosolic amino acid concentrations has to be 

assessed. To enhance artificially the intracellular concentration of effector amino acids, the 

previously well-described feeding strategy can be applied to C. glutamicum wild type cells 

containing the biosensor. Supplied dipeptides are uptaken and hydrolysed by C. glutamicum 

increasing the intracellular pool of free amino acids. 

In order determine under which conditions the biosensor performs robust and reproducible 

measurements, a calibration of the biosensor has to be performed which describes the relation 

between input, i.e. cytosolic amino acid concentration, and output signal, i.e. specific 

fluorescence signal of the cells. Here, again the dipeptide feeding strategy can be applied to 

calibrate intracellularly different amino acid concentrations. In order to measure the 

fluorescence output of the cells, experiments could be performed in a microplate reader 

capable of fluorescence measurements. Various applications of the biosensor are conceivable 

in approaches aiming for strain development and screening strategies in industrial 

biotechnology. For example, the biosensor can be implemented in FACS (fluorescence-

activated cell sorting) based high-throughput screenings of C. glutamicum mutant libraries. 

Cells which show an increased production of the effector amino acids after e.g. random 

mutagenesis should exhibit a higher fluorescence signal compared to non-producing mutants. 

Thus, rapid screening of these cells and accurate isolation via FACS is enabled. Further, the 

biosensor can be applied to monitor amino acid formation in C. glutamicum production strains 

in live cell imaging studies. For this, the sensor can be integrated into available L-valine 

production strains of C. glutamicum. Biosensor-based live cell imaging of these strains, 

cultivated in microfluidic devices, should allow investigation of single cell growth and 

productivity in a time-resolved manner. 
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3 Results 

The major topic of this PhD thesis was the development and application of a single cell 

biosensor for detection of L-methionine and branched-chain amino acids in C. glutamicum. 

The results allocated to this research field have been summarized in three publications and 

two further manuscripts which will be submitted in near future. 

The first publication "Lrp of Corynebacterium glutamicum controls expression of the brnFE 

operon encoding the export system for L-methionine and branched-chain amino acids" 

describes the analysis of the transcriptional control of the brnFE operon in C. glutamicum by 

the transcriptional regulator Lrp. My contribution to this work was essentially the 

investigation of the promoter binding of Lrp and the influence of putative effector molecules 

on Lrp binding affinity. In electrophoretic mobility shift assays, the transcriptional regulator 

Lrp was shown to bind to the intergenic region between lrp and brnFE and to activate 

transcription of brnFE in the presence of increased levels of branched-chain amino acids or L-

methionine. Thus, Lrp controlled activation of BrnFE avoids inhibitory effects of intracellular 

amino acid accumulation. These data and further results on expression analysis of brnFE 

obtained in the group of our collaboration partner Prof. V. Wendisch (University of Bielefeld, 

Germany) were published in the above mentioned publication. 

Based on the transcriptional regulator Lrp, a novel single cell biosensor was developed, which 

enables the intracellular detection of L-methionine and branched-chain amino acids at single 

cell resolution and transforms this information into an optical readout (eYFP fluorescence). 

This work was presented in the publication "The development and application of a single-cell 

biosensor for the detection of L-methionine and branched-chain amino acids". A detailed 

characterization of the biosensor revealed highest sensitivity for L-methionine followed by L-

leucine, L-isoleucine and L-valine; a linear relationship of fluorescence output and 

intracellular concentrations of the effector amino acids was observed. The biosensor was 

successfully implemented in FACS-based high-throughput screenings for the enrichment of 

amino acid producing bacteria and was applied in first live cell imaging studies of 

C. glutamicum in microfluidic chip devices. 

Fluorescent proteins are used as versatile tools to report on gene expression or protein 

localization. However, the extreme high stability of native fluorescent proteins (GFP > 24 h) 

hampers dynamic measurements. In order to provide valuable tools for the monitoring of 

dynamic gene expression in C. glutamicum, unstable variants of the GFP derivate GFPuv and 

http://www.ncbi.nlm.nih.gov/pubmed/21683740
http://www.ncbi.nlm.nih.gov/pubmed/21683740
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eYFP were presented in the article "Destabilized eYFP variants for dynamic gene expression 

studies in Corynebacterium glutamicum". SsrA-mediated peptide tagging was used to 

construct destabilized fluorescence proteins with significantly reduced half-lives. First 

application of the unstable eYFP variants in transient gene expression studies showed their 

general suitability for dynamic measurements. This study was performed under my 

supervision within the diploma thesis of Eva Hentschel. Results obtained by the group of 

Prof. A. Burkovski on destabilization of GFP were obtained within the master thesis of Conni 

Will and also included in the abovementioned report. 

Since L-methionine is currently of major interest for biotechnological strain development, 

further studies focused on adaption of the biosensor-based screening procedure to isolate in 

particular L-methionine producing mutants. For this reason, mutant libraries based on 

different strain backgrounds, harboring genetic modifications assumed to be beneficial for L-

methionine production, were screened in following studies. The manuscript "L-methionine 

producing mutants of Corynebacterium glutamicum isolated by biosensor-based high-

throughput screening" describes the successful isolation of L-methionine producing strains. 

The best mutant strains were found to accumulate up to 8 mM L-methionine in the 

supernatant. Whole genome sequencing of selected mutant strains revealed novel mutations in 

genes of central metabolism and pathways contributing to L-methionine biosynthesis. 

First application of the Lrp-biosensor in live cell imaging studies revealed variations in 

doubling time, cell size, and most interestingly, single cell productivity in C. glutamicum 

∆aceE during L-valine production. The manuscript "Application of a genetically-encoded 

biosensor for the single cell analysis of Corynebacterium glutamicum L-valine production 

strains" describes in depth investigation of phenotypic structure in gradually engineered 

C. glutamicum L-valine production strains based on C. glutamicum ∆aceE. In order to access 

population dynamics during production processes, multiparameter FACS analysis of fed-

batch cultures cultivated in lab-scale bioreactors were performed as well as live cell imaging 

studies of cells grown in microfluidic devices. 

The last part of this section is a book chapter with the title "Development and application of 

genetically-encoded biosensors for strain development and single cell analysis of 

Corynebacterium glutamicum" which will be published in "Corynebacterium glutamicum: 

Systems Biology, Biotechnological Applications and Control" edited by Prof. A. Burkovski. 

This article introduces the general design and characterization of biosensor performance 

features focusing on sensors which are based on regulatory circuits. Furthermore, an overview 
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of currently available C. glutamicum biosensors and their application in biosensor-driven 

strain development and single cell analysis is provided.  

 



R E S U L T S  | 18 
 

 



19 | R E S U L T S  
 

 



R E S U L T S  | 20 
 

 



21 | R E S U L T S  
 

 



R E S U L T S  | 22 
 

 



23 | R E S U L T S  
 

 



R E S U L T S  | 24 
 

 



25 | R E S U L T S  
 

 



R E S U L T S  | 26 
 

 



27 | R E S U L T S  
 

 



R E S U L T S  | 28 
 



29 | R E S U L T S  
 

Name of the journal:     Journal of Biotechnology   

Impact factor:      3.045 

Contribution of own work:    20% 

2. author:      Experimental work and writing of the manuscript 

  



R E S U L T S  | 30 
 

 



31 | R E S U L T S  
 

 



R E S U L T S  | 32 
 

 



33 | R E S U L T S  
 

 



R E S U L T S  | 34 
 

 



35 | R E S U L T S  
 

 



R E S U L T S  | 36 
 

 



37 | R E S U L T S  
 

 



R E S U L T S  | 38 
 

 



39 | R E S U L T S  
 

Name of the journal:    Metabolic Engineering  

Impact factor:      5.614 

Contribution of own work:    80% 

1. author:      Experimental work and writing of the manuscript 

  



R E S U L T S  | 40 
 

 



41 | R E S U L T S  
 



R E S U L T S  | 42 
 



43 | R E S U L T S  
 



R E S U L T S  | 44 
 



45 | R E S U L T S  
 



R E S U L T S  | 46 
 

Name of the journal:    Microbial Biotechnology 

Impact factor:      2.534 

Contribution of own work:    30% 

3. author:      Supervision of the study 

 



47 | R E S U L T S  
 

L-methionine producing mutants of Corynebacterium glutamicum 
isolated by biosensor-based high-throughput screening

Nurije Mustafi1, Christian Rückert2, Jörn 
Kalinowski2, Michael Bott1, and Julia Frunzke1*                                                     
1Institute of Bio- and Geosciences, IBG-1: 
Biotechnology, Research Centre Jülich, Germany.                                                     
2Center for Biotechnology, CeBiTec, University of 
Bielefeld,Germany.                                  
*Corresponding author, j.frunzke@fz-juelich.de                                              

 

Summary 

Currently, the development of strains for the 
production of L-methionine is of major interest for 
industrial biotechnology. In the present work, we 
isolated L-methionine producing strains by high- 
throughput screening of Corynebacterium 
glutamicum mutant libraries using fluorescence-
activated cell sorting (FACS). The screening 
approach relied on implementation of the recently 
presented Lrp-biosensor, which enables the 
intracellular detection of L-methionine and 
branched-chain amino acids at single cell 
resolution transforming this information into an 
optical readout (eYFP fluorescence). The outcome 
of the screen was significantly influenced by the 
genetic background of the strain used for mutant 
library construction and cultivation conditions of 
the mutants. The isolated strains produced up to 
7.6 mM L-methionine after 48 h cultivation in 
microtiter plates. Whole genome sequencing of the 
best producing mutants revealed novel mutations 
in genes of the central metabolism and pathways 
contributing to L-methionine biosynthesis as well 
as in genes encoding transcriptional regulators 
involved in sulfur utilization, SsuR and CysR, and 
genes coding for proteins of the L-methionine 
transport, BrnFE. Overall, this study illustrates 
how biosensor-based high-throughput screening 
combined with whole genome sequencing enables 
efficient isolation of L-methionine producing 
strains and rapid access to novel mutations, thus, 
contributing successfully to microbial strain 
development. 

Introduction 

The Gram-positive soil bacterium Corynebacterium 
glutamicum represents nowadays one of the most 
important platform organisms of industrial 
biotechnology dominating the global large-scale 
production with more than three million tons of L-
glutamate and L-lysine per year (Eggeling & Bott, 
2005; Burkovski, 2008). Increased meat consumption 

and the fast growth of the poultry segment are 
predicted to drive the consumption of amino acids in 
the near future. In particular, there is a high demand of 
L-methionine being the first limiting amino acid in 
poultry farming. Currently, about 685-700 kilo metric 
tons of the racemic mixture D/L-methionine are 
produced. But in contrast to other industrial relevant 
amino acids, it is still produced on petrochemical basis 
(Novus International, 2010). Despite several efforts to 
set up a competitive biotechnological process for 
microbial production, a breakthrough towards 
commercial relevant yield levels has not been 
achieved so far (Kumar & Gomes, 2005). Currently 
available strains were obtained traditionally by random 
mutagenesis and subsequent selection using L-
methionine analogues. Park et al. harnessed 
successful overproduction of L-lysine, which shares 
the common precursor L-aspartate, by redirecting 
carbon flux of the genetically undefined L-lysine 
producer C. glutamicum MH20-22B towards L-
methionine synthesis, yielding production of 2.9 g l-1 L-
methionine (Park et al., 2007; Menkel et al., 1989). 
Elementary flux mode analysis predicted a high 
metabolic potential of C. glutamicum for L-methionine 
production (0.49 (C-mol) (C-mol)-1) (Krömer et al., 
2006). Recently, we reported on a novel biosensor-
based high-throughput screening approach for the 
isolation of amino acid producing mutants of 
C. glutamicum (Mustafi et al., 2012). The presented 
biosensor is based on the transcriptional regulator Lrp 
(leucine-responsive protein) of C. glutamicum, which 
was shown to activate the expression of brnFE 
encoding an amino acid export system in the presence 
of increased levels of the branched-chain amino acids 
(L-leucine, L-isoleucine and L-valine) or L-methionine 
(Lange et al., 2012; Trötschel et al., 2005; 
Kennerknecht et al., 2002). By setting eyfp expression 
under the control of PbrnFE the sensor transforms the 
intracellular levels of the effector amino acids into an 
optical readout (eYFP fluorescence). Visualization of 
amino acid production at the single cell level combined 
with flow cytometrical high-throughput techniques 
enabled rapid screening of large C. glutamicum mutant 
libraries and resulted in the successful isolation of 
numerous mutants producing branched-chain amino 
acids. Binder et al. reported on a similar approach 
using a biosensor for L-lysine detection, which resulted 
in effective isolation of L-lysine production strains and 
the identification of novel mutations serving to increase 
L-lysine production in C. glutamicum (Binder et al., 
2012). However, no L-methionine producing mutants 
were obtained in the initial screening using the Lrp-
biosensor, thus, we focused in this study on adaption 
of the high-throughput screening procedure to isolate 
in particular L-methionine producing mutants.  
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Results and discussion 

Alternative cultivation conditions and strain 
backgrounds  

Typically, product formation strongly depends on the 
medium composition used for cultivation. Studies by 
Krömer et al. predicted a strongly increased theoretical 
potential for L-methionine production when alternative 
sulfur sources are provided. Basically, the assimilation 
of conventionally used sulfate requires 2 ATP and 4 
NADPH. In contrast, sulfur compounds with a high 
degree of reduction, such as thiosulfate (+II) or sulfide 
(-II) offer a reduced NADPH demand. In the case of 
methanethiol (-II) or its dimeric form dimethlyldisulfide 
(-II), additionally the terminal methylation step is 
avoided resulting in an increase of the theoretical L-
methionine yield (Krömer et al., 2006). However, 
comparatively high costs, inefficient MetY activity 
catalyzing their incorporation, and depletion of the 
MetY substrate O-acetylhomoserine make 
methanethiol and dimethyldisulfide less suitable as 
sulfur source in screening media (Bolten et al., 2010). 
In our studies, we used alternatively sulfate in 
combination with thiosulfate as sulfur source. Unless 
stated otherwise, all cultivations within the screening 
system were performed in CaCO3-buffered medium 
containing glucose. Further nutrients and compounds 
were based on reported media composition for L-
methionine production (Kase & Nakayama, 1974; 
Deutenberg, 2003; Reershemius, 2008).  

Besides the cultivation conditions, the background 
strain used for library construction can have a strong 
impact on the screening outcome. First screenings 
based on the Lrp-sensor used the C. glutamicum wild 
type strain as parental background and resulted in the 
isolation of mutants producing exclusively the 
branched-chain amino acids (Mustafi et al., 2012). 
Hence, we started following screenings based on 
C. glutamicum strains harboring genetic modifications 
assumed to be beneficial for L-methionine production. 
McbR, a TetR-type regulator, acts as global repressor 
of L-methionine and L-cysteine synthesis in 
C. glutamicum (Rey et al., 2003; Rey et al., 2005). Due 
to its stringent transcriptional control on biosynthesis 
genes, deletion of mcbR is regarded as important 
prerequisite for the successful overproduction of L-
methionine. Further deletions of metQNI and metP 
coding for the described L-methionine uptake systems 
were proposed to enhance L-methionine yield, since 
reuptake of L-methionine is prevented (Trötschel et al., 
2008). In previous studies, Park et al. could show that 
excreted extracellular L-methionine is depleted, when 
the carbon source in the media is consumed, indicating 
a reuptake of L-methionine (Park et al., 2007).  

In C. glutamicum biosynthesis of L-methionine 
branches from L-lysine synthesis at the shared 
precursor L-aspartate with the transformation of 

aspartate semialdehyde to L-homoserine. The 
biosynthetic pathway of L-lysine and L-threonine share 
the same first reactions steps, catalyzed by the L-
lysine and L-threonine feedback controlled aspartate 
kinase (lysC), aspartate semialdehyde dehydrogenase 
(asd) and homoserine dehydrogenase (hom) 
(Kalinowski et al., 1991; Cremer et al., 1988). 
Successful overproduction of L-lysine in C. glutamicum 
was achieved by abolishing feedback inhibition of the 
respective enzymes (lysCT311I, homV59A, homG378Q) 
(Ohnishi et al., 2002; Reinscheid et al., 1991). Further 
strain modifications for L-lysine production focused on 
the increased supply with oxaloacetate as direct 
precursor of L-aspartate. This was realized by point 
mutation in pyc (pycP458S) encoding pyruvate 
carboxylase, the major anapleurotic enzyme in 
C. glutamicum, and deletion of pck coding for PEP-
carboxykinase, which uses oxaloacetate as substrate 
and, thus, competes with synthesis of L-aspartate-
derived amino acids (Ohnishi et al., 2002; Petersen et 
al., 2001).  

Since L-lysine and L-methionine derive from the same 
precursor L-aspartate, successful engineering of the L-
lysine producer C. glutamicum MH20-22B towards L-
methionine synthesis showed that available L-lysine 
producers represent a well-founded starting point for 
construction of L-methionine production strains (Park 
et al., 2007). Therefore, Rückert et al. constructed 
different basic strains for the overproduction of L-
methionine based on the described modifications for L-
lysine synthesis and deletions of mcbR, metQNI, and 
metP (Rückert et al., unpublished). Furthermore, the 
activity of S-adenosylmethionine (SAM)-synthetase 
(metK) was reduced in order to decrease conversion of 
L-methionine to SAM (Deutenberg, 2003). Two strains 
harboring the listed modifications, termed CgN371 and 
CgN373, were implemented in following biosensor-
based screenings for mutants with increased L-
methionine productivity. In order to understand to what 
extent rational metabolic engineering prior to random 
mutagenesis influences screening outcomes, 
C. glutamicum ΔmcbR, C. glutamicum ΔmetP 
ΔmetQNI and the L-lysine producer C. glutamicum 
DM1730 were used additionally as parental strains. 
Another approach focused on the effector sensitivity of 
the biosensor by utilizing C. glutamicum ΔilvE ΔavtA, a 
strain auxotrophic for branched-chain amino acids 
(Marienhagen et al., 2005). Mutant library construction 
based on this strain should significantly reduce the 
isolation of mutants accumulating L-valine, L-
isoleucine or L-leucine and, thus, was proposed to lead 
to an enrichment of L-methionine producing mutants. 
To provide a basis for the following experiments, we 
first measured L-methionine production of all strains 
used for mutagenesis and screening. Under chosen 
cultivation conditions (48 h, 30°C, microtiter plate, 990 
rpm) C. glutamicum ΔmcbR showed a production of 
0.9 mM and CgN371 of 1.7 mM L-methionine, whereas 
CgN373 did not accumulate L-methionine. In the 
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supernatant of C. glutamicum ΔmetP ΔmetQNI, 
C. glutamicum ΔilvE ΔavtA and DM1730, L-methionine 
was not detected after 48 hours of cultivation.  

Screening of mutant libraries 

The plasmid-encoded Lrp-sensor was transformed into 
the different background strains described above. 
Resulting strains were randomly mutagenized using N-
methyl-N'-nitro-N-nitrosoguanidine (MNNG). According 
to the selection strategy presented in Mustafi et al., 
cells of the constructed mutant libraries were screened 
for their fluorescence output via FACS. Cells with 
enhanced fluorescence emission displaying enhanced 
cytosolic accumulation of the effector amino acids 
were sorted on agar plates and re-cultivated in minimal 
medium in microtiter plates (Mustafi et al., 2012). After 
48 h of cultivation, amino acid concentrations of the 
supernatant were assayed by uHPLC analysis. 
Mutants producing 20% more L-methionine than the 
parental strain were defined as positive clones. 
Further, positive clones had to show at least 20% more 
L-methionine in the supernatant than provided by the 
yeast extract component in the medium (at the 
beginning of cultivation).  

The screening approach based on C. glutamicum 
ΔmcbR, CgN371 and CgN373 resulted in 63.5%, 8.3% 
and 12.5% positive clones, respectively. Mutants 
derived from C. glutamicum ΔmcbR produced up to 7.6 
mM L-methionine, mutants of CgN371 up to 5.9 mM, 
and mutants of CgN373 up to 3.4 mM L-methionine 
(Table 1). Taken together, about 50% of C. glutamicum 
ΔmcbR mutants produced twice as much L-methionine 
as the parental strain (Figure 1). Screening of libraries 
based on C. glutamicum ΔmetP ΔmetQNI resulted in 
isolation of only two positive clones which produced up 
to 0.8 mM L-methionine. No positive clones were 
obtained after mutagenesis of C. glutamicum ΔilvE 
ΔavtA and DM1730. All analyzed mutants accumulated 
the branched-chain amino acids (Table 1). 
Remarkably, mutants derived from the auxotrophic 
strain C. glutamicum ΔilvE ΔavtA showed low 
accumulation of branched-chain amino acids. To 
exclude that the isolated clones represent revertant 
mutants, growth assays were performed on defined 
CGXII agar plates. None of the 96 analyzed mutants 
showed growth without the supplementation of the 
  

Table 1: Maximal amino acid production of mutants of the 
respective C. glutamicum strain. 

Strain L-Met 
(mM) 

L-Val 
(mM) 

L-Leu 
(mM) 

L-Ile 
(mM) 

ΔmcbR 7.6 n.d. 19.9 27.1 
ΔmetP ΔmetQNI 0.8 13.2 4.4 4.0 
ΔilvE ΔavtA 0 n.d. 3.7 2.4 
CgN371 5.9 10.0 3.8 10.0 
CgN373 3.4 13.0 4.1 6.0 
DM1730 0 13.9 3.3 5.1 

 

Figure 1. L-methionine production of isolated C. glutamicum 
ΔmcbR mutants. For random mutagenesis, C. glutamicum ΔmcbR 
containing the Lrp-sensor was grown in complex medium (brain heart 
infusion with 0.5 M sorbitol, BHIS) to an OD600 of 5 and subsequently 
incubated with N-methyl-N'-nitro-N-nitrosoguanidine (MNNG, 0.125 
mg ml-1) for 15 minutes. After mutagenesis, the cells were cultivated in 
BHIS medium for 24 h and then analyzed by FACS. Mutants exhibiting 
enhanced fluorescence emission compared to C. glutamicum ΔmcbR 
untreated cells were sorted on BHI agar plates. 96 mutants were used 
to inoculate a microtiter plate (Flowerplate, m2p-labs GmbH, Aachen, 
Germany) containing 1 ml minimal medium with 7% (w/v) glucose and 
1% (w/v) yeast extract. After 48 h, amino acid concentrations in the 
supernatant were measured by uHPLC (Agilent 1290 Infinity LC 
ChemStation, Santa Clara, USA). The diagram shows L-methionine 
production of 72 mutants (black bars) (96 analyzed in total) and the 
parental strain C. glutamicum ΔmcbR (red bar).  

branched-chain amino acids, thus, revertant mutations 
can be precluded. In this case, it seems highly 
probable that isolated mutants represented false 
positive clones with defects in export (brnFE), 
detection of amino acids (lrp) or reporter output (eyfp). 
Figure 2 summarizes the screening outcomes and the 
viability after sorting of the different strain 
backgrounds. Mutants originating from C. glutamicum 
ΔmcbR (5.6%) and CgN373 (1.7%) featured a 
considerably low survival rate. This was ascribed to the 
deletion of mcbR, which was reported to have a 50% 
reduced growth rate (Krömer et al., 2008). Additionally, 
CgN371 mutants showed a strong decreased viability 
(6.0%), which might be caused by the deregulated 
SAM-synthetase of this strain (Satishchandran et al., 
1990). However, the reduced survival rate of 
C. glutamicum ΔmetP ΔmetQNI remains unexplained, 
since no effect on growth was reported for the deletion 
of the importer proteins (Trötschel et al., 2008). The 
described results clearly emphasize a strong impact of 
the parental background on the success, e.g. isolation 
of L-methionine producing mutants. Overall, the screen 
of C. glutamicum ΔmetP ΔmetQNI, C. glutamicum 
ΔilvE ΔavtA and the previously reported screen of the 
wild type demonstrate that isolation of L-methionine 
producing mutants is almost impossible without 
previous modifications on the biosynthesis genes in 
the strain background (Mustafi et al., 2012). 
Modifications beneficial for L-lysine production, as 
present in DM1730, did not have a positive impact on 
the screening achievements. Only when combined with 
further strain engineering towards regulation of L-
methionine biosynthesis, as in CgN371 and CgN373, 
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Figure 2. Impact of the strain background on the survival rate and 
isolation of positive clones in biosensor-based FACS screenings. 
Shown is the percentage of positive clones (green bars), those 
excreting minimally twofold higher L-methionine concentrations than 
the parental strain (red bars) and the survival rate of mutants after 
sorting (blue bars). Mutagenesis of the different C. glutamicum strains, 
screening and cultivation of mutants, and amino acid determination 
were performed as described for C. glutamicum ΔmcbR in the legend 
of Figure 1.  

positive clones were obtained. However, the best 
screening results were achieved with the strain 
harboring exclusively the single deletion of mcbR, thus, 
underlying the importance of removing transcriptional 
repression of the biosynthesis genes for 
overproduction of L-methionine in C. glutamicum. 

Verification of isolated producers 

Re-cultivation (n=3) of 24 positively tested 
C. glutamicum ΔmcbR mutants revealed significant 
variations in L-methionine production, as it was 
described in previous studies (Deutenberg, 2003). In 
total, only 12 of 24 reanalyzed mutants reconfirmed L-
methionine accumulation. In some cases, L-methionine 
production was about twofold decreased compared to 
the yields obtained in the first screening. In five 
independent cultivations, clones of mutant no. 62, for 
example, showed an L-methionine titer ranging from 

1.7 mM to 7.5 mM L-methionine. Among all isolated 
mutants, no. 62 and no. 58 showed the highest 
production on average. For a detailed characterization, 
mutant no. 62 and no. 58 were cultivated in 50 ml 
shake flasks and amino acid concentrations were 
assayed after 24 h and 48 h (Figure 3). Both mutants 
showed strongly affected growth rate and a lower final 
OD600 of 43.6 (no. 62) and 20.8 (no. 58), respectively. 
This is in accordance with published data of 
C. glutamicum ΔmcbR exhibiting a 30% reduced 
biomass yield compared to the wild type (Krömer et al., 
2008). However, L-methionine could not be detected in 
culture supernatant of mutant no. 58 when cultivated in 
shake flasks, whereas mutant no. 62 produced 2.3 mM 
L-methionine and 1 mM L-valine within 24 h. Further 
cultivation for 24 h did not result in a higher L-
methionine accumulation (2.1 mM). In contrast, re-
cultivation (n=3) of selected CgN373 mutants, showed 
a lower variability in L-methionine accumulation. 
Mutant no. 16 (1.3 mM), 33 (2.5 mM) and 75 (3.0 mM) 
showed the highest titer after 48 h. Remarkably, no L-
methionine accumulation could be detected when the 
mutants were cultivated in CGXII minimal medium or 
modified CGXII medium containing CaCO3 instead of 
MOPS (data not shown). This proved to be true for all 
tested mutants independent of the strain background. 

Genome sequence of C. glutamicum ΔmcbR and 
CgN373 mutants  

Whole genome sequencing of the best producing 
mutants, C. glutamicum ΔmcbR mutant no. 58, 62, and 
63, as well as of CgN373 mutant no. 16, 33, and 75 
(Table 2) was performed on a Illumina Miseq 
sequencing platform yielding a total of 8,434,942 
reads. Mapping was performed using the program 
SARUMAN with an error rate of 8% allowing ~95% of 
the reads to be mapped to the reference genome of 
C. glutamicum ATCC 13032 (Blom et al., 2011).  

 

 

Figure 3. Characterization of C. glutamicum ΔmcbR mutants. (A) Growth of C. glutamicum ΔmcbR mutant no. 58 (●) and no. 62 (♦) in CaCO3-
buffered medium containing 7% (w/v) glucose and 1% (w/v) yeast extract. Cells were pre-cultivated in BHI complex medium for 24 h and used to 
inoculate 50 ml minimal medium in shake flasks to an OD600 of 1. (B) Amino acid concentrations of the respective strains were assayed after 24 h 
and 48 h cultivation, L-methionine (black bars), L-isoleucine (red bars), L-leucine (green bars), and L-valine (blue bars). 
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This resulted in a mean coverage of the reference 
genome of 35.6- to 60.1-fold with 99.8% of the 
reference genome covered at least tenfold. In total, the 
analysis revealed a genome-wide distribution of up to 
459 single-nucleotide polymorphisms (SNPs), two 
deletions, and six insertions within CgN373 mutants. 
Moreover, up to 332 SNPs, two deletions and one 
insertion were detected within C. glutamicum ΔmcbR 
mutants (see Figure S1 in SI). The majority of SNPs 
consisted of transitions (G·C→A·T), as it is expected 
when using MNNG for mutagenesis (Ohnishi et al., 
2008). We screened the sequencing data for mutations 
in genes specific for L-methionine biosynthesis as well 
as pathways supplying building blocks, precursors and 
redox power (Figure 4). In silico analysis for rational 
design of L-methionine production predicted a high flux 
through pentose phosphate pathway (PPP) to 
generate the required high amount of NADPH (8 mol 
NADPH per mol L-methionine) (Krömer et al., 2006). 
Mutations in the PPP gene gnd (6-phosphogluconate 
dehydrogenase) making it less sensitive to feedback 
inhibition, as well as overexpression of the entire 
transketolase (tkt) operon (zwf, opcA, tkt and tal) has 
already been proven to be of benefit for L-lysine 
overproduction (Becker et al., 2011; Ohnishi et al., 
2005). Sequencing revealed undescribed mutations in 
gndR376C, tktA191T, and tktG415D. Enhanced activities of 
anapleurotic or glyoxylate shunt enzymes improve the 
availability of oxaloacetate, the direct precursor of L-
aspartate. This can strongly increase the production of 
the L-aspartate-derived amino acids (Sauer & 
Eikmanns, 2005; Peters-Wendisch et al., 2001; 
Litsanov et al., 2012). Several mutations in pyc 
(pycG1133D, pycS1070F), ppc coding for phospho-
enolpyruvate carboxylase (ppcA543V, ppcR6C, ppcT432I), 
aceA coding for isocitrate lyase (aceAL216F, aceAG197D) 
and odx encoding a putative oxaloacetate 
decarboxylase (odxE114K, odxG158D, odxA224T) were 
found in the sequenced mutants. Reducing feedback 
control of aspartate kinase (lysC) has been proven to 
be an important prerequisite for L-lysine production in 
C. glutamicum. Various mutations of lysC are reported; 
our sequencing revealed a novel one (lysCP276S) in the 
regulatory subunit of aspartate kinase (Cremer et al., 
1991; Follettie et al., 1993; Kalinowski et al., 1991; 
Sugimoto et al., 1997; Yoshida et al., 2010). In the 
pathway leading from L-homoserine to L-methionine, 
mutations resulting in amino acid exchange occurred 
only in metH (metHA740V) encoding a vitamin B12-
dependent methionine synthase, which incorporates 
the methyl group into homocysteine yielding L-
methionine (Rückert et al., 2003). Mutations in SAM 
and L-methionine feedback controlled metX 
(homoserine O-acetyltransferase), metY (O-acetyl-
homoserine sulfhydrylase) and metB (cystathionine γ-
synthase) were not found. However, a mutation was 
identified in cg2344 (cg2344V54A) coding for a 
hypothetical cystathionine β-synthase, which is 
proposed to be involved in a pathway degrading L-
methionine to L-cysteine by converting homocysteine 

to L-cystathionine (Rückert & Kalinowski, 2008). 
Furthermore, several mutations in genes involved in 
sulfur metabolism were identified: e.g. in seuA 
(seuAP162L) and seuC (seuCR393H) encoding FMNH2-
dependent monooxygenases involved in sulfonate 
ester utilization (Koch et al., 2005b); cysH (cysHT201I) 
encoding an adenosine phosphosulfate reductase 
involved in reduction of sulfate to sulfite; in fpr1 
(fpr1S213F) and fpr2 (fpr2E184K) encoding putative 
NADP(+)–ferredoxin reductases, described to be 
involved in reduction of sulfite to sulfide; and in cysG 
(cysGG91E, cysGG47E), a putative uroporphyrinogen III 
synthase, and thtR (thtRA229T), a thiosulfate 
sulfurtransferase, described to be involved in siroheme 
biosynthesis, which is an essential cofactor of sulfite 
reductase (Rückert & Kalinowski, 2008). In the 
pathway of L-serine synthesis, two mutations were 
revealed in serC (serCV274I, serCA152V) (phosphoserine 
transaminase) catalyzing the amino transfer from L-
glutamate to generate 3-phosphoserine (Peters-
Wendisch et al., 2002). L-serine plays an important 
role in L-methionine biosynthesis since it represents 
the direct precursor of L-cysteine and acts as donor of 
the methyl group for formation of methyl-
tetrahydrofolate (THF). In the downstream pathway 
leading from L-serine to L-cysteine, mutations in cysK 
(cysKE193K) encoding cysteine synthase, which 
catalyzes L-cysteine formation by sulfhydrylation of O-
acetyl-L-serine, were identified (Wada et al., 2004). 
Additionally, mutations in genes coding for the L-
methionine export system brnFE (brnFP48S, brnEG97D) 
were found. Manipulated transport systems increasing 
the export of target amino acids proved to enhance 
significantly L-isoleucine yields in C. glutamicum (Xie 
et al., 2012). However, identified modifications relied 
on deletion or overexpression of the respective genes. 
Mutations affecting transport rates are not described 
for BrnFE so far. As increased concentrations of 
intermediates of the sulfur metabolism can be toxic to 
the cell and as L-methionine biosynthesis demands on 
high energy costs, pathways involved in sulfur 
metabolism are tightly regulated on the transcriptional 
level (Rückert & Kalinowski, 2008). Besides McbR 
acting as master regulator of L-methionine and  
 

Table 2: L-methionine production of selected mutant 
strains and the respective parental strains CgN373 and 
C. glutamicum ΔmcbR which were analyzed by whole 
genome sequencing.  

Strain 
L-Met  
(mM) 

CgN373 0 
CgN373 mutant no. 16 1.3 
CgN373 mutant no. 33 2.5 
CgN373 mutant no. 75 3.4 
C. glutamicum ΔmcbR 1.0 
C. glutamicum ΔmcbR mutant no. 58 7.6 
C. glutamicum ΔmcbR mutant no. 62 7.5 
C. glutamicum ΔmcbR mutant no. 63 3.3 
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Figure 4. Schematic illustration of central metabolism and pathways involved in L-methionine biosynthesis in C. glutamicum. Pathways 
are shown according to Droste et al. including glycolysis (EMP), pentose-phosphate pathway (PPP), tricarboxylic acid cycle (TCA), glyoxylate 
cycle (GLX), and anaplerotic fluxes (ANA) (Droste et al., 2011). Mutations resulting in amino acid exchanges (■) or stop codons (x) in genes of the 
respective genome are indicated. Silent mutations are not implemented. The sequencing libraries were created from 50 ng genomic DNA per 
sample using the Nextera library preparation kit (Epicentre Biotechnologies, Madison, WI, USA) according to the manufacturer's protocol, including 
the introduction of a barcode for each sample. Afterwards, equal molar amounts of the eight libraries were pooled and this pool was used for 
sequencing on a Illumina Miseq sequencing platform. The run (151+8+151 bp) yielded a total of 8,434,942 reads post filtering and de-multiplexing 
(2x 4,217,471 read pairs). Per sample, 825k to 1,389k were obtained corresponding to 247.6 to 416.9 Mbases of data. Mapping was performed 
using the program SARUMAN with an error rate of 8% allowing ~95% of the reads to be mapped to the reference genome (C. glutamicum ATCC 
13032) (Blom et al., 2011). This resulted in a mean coverage of the reference genome of 35.6- to 60.1-fold with 99.8% of the reference genome 
covered at least tenfold. MT*=SAM-dependent methyltransferases.  
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L-cysteine biosynthesis, two further regulators of the 
ROK-type family were identified in C. glutamicum, 
SsuR and CysR. Both regulators control a subset of 
genes of the McbR regulon involved in sulfonate 
(ester) utilization (SsuR) and sulfate reduction in 
response to the availability of sulfide acceptor 
molecules (CysR) (Koch et al., 2005a; Rückert et al., 
2008). Mutations were identified in ssuR (ssuRP143L, 
ssuRS230N) as well as in cysR (cysRA5V, cysRG161D). 
Though, no mutations were found in the mcbR gene 
itself or in identified binding sites of McbR target genes 
(Rey et al., 2005). Mampel et al. isolated a cg3031 
deficient strain by transposon mutagenesis and 
reported on a twofold improved L-methionine 
production compared to the wild type strain (Mampel et 
al., 2005). Cg3031 was postulated to act as regulatory 
element on expression of the cys-operon. However, 
direct transcriptional regulation could not be proven 
and no transcriptional regulatory domains were 
predicted for this protein. Interestingly, cg3031 
mutations in three sequenced mutants were found: two 
resulting in a stop codon (cg3031Q348, cg30131W125) 
and cg3031G241D. Table 1 in SI summarizes all 
mutations which were identified in (putative) 
transcriptional regulators in our screenings.  

 

Concluding remarks and future perspectives  

Biosensor-based FACS high-throughput screening of 
C. glutamicum mutant libraries enabled rapid isolation 
of L-methionine producing mutants. Different strain 
backgrounds used for mutant library construction 
revealed deletion of mcbR as key modification for 
overproduction in C. glutamicum. Sequencing analysis 
of the isolated mutants provided first insights into 
genomic constitution of L-methionine producing 
strains. Overall, a large number of novel mutations was 
revealed, distributed in metabolic pathways channeling 
carbon flux from central metabolism to L-aspartate and 
finally to L-methionine, as well as in genes encoding 
regulatory proteins. Future studies will focus on 
transcriptome analysis of the isolated mutants in order 
to analyze the impact of the identified mutations on the 
global gene expression pattern of sulfur metabolism. In 
order to gain a defined L-methionine production strain, 
harboring only biotechnologically useful mutations 
without accumulation of undefined ones, selected 
mutations will systematically be introduced into the wild 
type strain and analyzed for their individual influence 
on L-methionine production. 

The successful isolation of L-methionine producing 
mutants by implementation of the Lrp-sensor in 
fluorescence-activated cell sorting, proved the sensor 
technology as powerful tool for novel high-throughput 
screenings of bacterial production strains. So far, our 
studies focused on screening of mutant libraries 
derived from C. glutamicum. In silico analysis of 

metabolic pathways for L-methionine production 
revealed an even higher theoretical, optimal L-
methionine yield of Escherichia coli compared to 
C. glutamicum (Krömer et al., 2006). Thus, future work 
will focus on the development of a suitable biosensor 
for E. coli and its application in high-throughput 
screenings of E. coli based mutant libraries. Detailed 
genomic and transcriptome analysis of new mutants 
should permit targeted engineering of L-methionine 
overproducing strains viable in commercial production 
processes in the near future. 
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Abstract 

Metabolite sensing biosensors transforming the detection of inconspicuous, small molecules into an optical 
readout (e.g. fluorescence) present powerful tools for single cell quantification of metabolites. However, their 
versatile potential for analysis of metabolite production in biotechnological processes has rarely been exploited 
so far. In this study, the recently developed Lrp-biosensor, capable of monitoring amino acid production in single 
bacterial cells, was applied to investigate population dynamics of gradually engineered L-valine producing 
Corynebacterium glutamicum strains. Strains under study are based on the pyruvate dehydrogenase complex-
deficient strain C. glutamicum ∆aceE. Multiparameter flow cytometry analysis of lab-scale fed-batch cultures 
revealed not only differences in single cell productivity, but also showed the occurrence of several 
subpopulations with significant loss in metabolic activity and viability during the cultivation process. To study 
these observations in a time-resolved manner, we performed growth and production studies of single cells in 
microfluidic systems, providing constant environmental cultivation conditions. These investigations revealed 
typical Gaussian distribution regarding single cell fluorescence. However, live cell imaging studies displayed the 
appearance of different types of non-producing cells within isogenic microcolonies. These findings prove the 
Lrp-biosensor as a valuable tool for single cell monitoring and quantification of phenotypic variability in 
production processes.  

 

1. Introduction  

Often isogenic bacterial cultures are regarded as 
homogenous populations, neglecting upcoming 
evidence for substantial variation in diverse 
phenotypical traits. This common occurrence of 
multimodal heterogeneity can originate, for example 
from differences in cell age or cell cycle, epigenetic 
variation or simply stochastic effects in gene 
expression (Lidstrom & Konopka, 2010; Elowitz et 
al., 2002; Cai et al., 2006; Kærn et al., 2005). In 
recent literature, examples of population heterogeneity 
include heterologous protein expression in e.g. 
Bacillus megaterium, occurrence of subpopulations in 
batch cultures of Lactobacillus rhamnosus, Bacillus 
licheniformis, and Pseudomonas taetrolens (David et 
al., 2011; da Silva et al., 2009; Alonso et al., 2012). In 
natural environments inherent cell-to-cell variation 

within isogenic populations and resulting formation of 
subpopulations are considered to be beneficial, as their 
occurrence allows rapid adaption to sudden changes in 
environment (Kussell & Leibler, 2005; Acar et al., 
2008; Veening et al., 2008). In regard to 
biotechnological systems, however, arising phenotypic 
variation and resulting formation of insufficient 
producing subpopulations can adversely affect the 
entire production process (Müller et al., 2010; 
Lencastre Fernandes et al., 2011). Besides its 
biological origin heterogeneity within cultivation 
processes is enforced by microenvironmental 
variations in e.g. dissolved gases, pH and nutrient 
concentrations caused by insufficient mixing or 
formation of biofilms (Lara et al., 2006; Liden, 2002; 
Takors, 2012). This occurs even in well-mixed 
laboratory scale-cultures, and can severely impact 
large-scale cultivations (Hewitt & Nienow, 2007; 
Enfors et al., 2001; Brognaux et al., 2013; Brognaux 
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et al., 2012). However, in most bioprocesses 
monitoring is typically restricted to bulk approaches 
delivering average values for the whole population, 
but masking occurring variations at the single cell 
level and thus possibly resulting in incorrect 
interpretations of biological phenomena (Lidstrom & 
Konopka, 2010).   

In depth investigations and detailed understanding of 
heterogeneity and its impact on the efficiency and 
metabolite productivity of microbial productions 
strains would therefore be the first goal for finally 
performing efficient bioprocesses (Müller et al., 
2010). Especially, the investigation of cell-to-cell 
heterogeneity in regard to metabolite production is of 
major interest. However, this demands on the 
development of novel tools and techniques for single 
cell quantification and real-time monitoring of 
inconspicuous, small metabolites (Fritzsch et al., 
2012; Heinemann & Zenobi, 2011; Müller & Hiller, 
2013; Dietrich et al., 2010). In this context, the 
application of genetically-encoded biosensors capable 
of detecting molecules and transforming this 
information into an optical readout can provide 
valuable insights into production process with single 
cell resolution (Lencastre Fernandes et al., 2011; 
Zhang & Keasling, 2011; Dietrich et al., 2010). Flow 
cytometry proved as valuable technique to access 
multiple parameters in single cells, such as cell size, 
cell granularity, DNA content, membrane potential 
and integrity (Díaz et al., 2010; Tracy et al., 2010; 
Müller & Nebe-von-Caron, 2010; Brehm-Stecher & 
Johnson, 2004). The application of metabolite sensing 
biosensors in flow cytometrical studies thus, provides 
a powerful tool to investigate population 
heterogeneities regarding productivity and 
physiological states of single cells by high throughput 
analysis of large cell populations (Hewitt & Nebe-
Von-Caron, 2001; Lewis et al., 2004; Nebe-von-Caron 
et al., 2000). While flow cytometry based analysis 
provide a snapshot, the implementation of metabolite 
biosensors in live cell imaging studies offers the 
advantage of long time observation of single cell 
growth and productivity with high temporal resolution 
(Locke & Elowitz, 2009). Novel microfluidic reactor 
systems enable bacterial cultivation at environmental 
constant and defined conditions, hence allowing in 
particular investigation of biological heterogeneity, 
excluding cell-to-cell variability caused by highly 
fluctuating cultivations conditions using lab-scale 
reactors or shake-flasks (Schmid et al., 2010; Szita et 
al., 2010; Gulati et al., 2009; Fritzsch et al., 2012; 
Vinuselvi et al., 2011; Grünberger et al., 2012).  

Corynebacterium glutamicum represents one of the 
most important platform organisms in industrial 
biotechnology; dominating the global, large-scale 
production of amino acids (e.g. L-glutamate, L-lysine, 
and L-valine) (Eggeling & Bott, 2005; Burkovski, 
2008; Wendisch, 2007). Studies of our lab using 
multiparameter flow cytometry revealed phenotypic 
heterogeneity in terms of viability, membrane 
potential and growth activity of C. glutamicum wild 
type cells (Neumeyer et al., 2013). However, 
population heterogeneity in particular during 
production processes has not been studied in detail for 
this species yet. Recently, our group reported on the 
development of a genetically-encoded biosensor (Lrp-
sensor), which enables the cytosolic detection of 
branched-chain amino acids or L-methionine in 
C. glutamicum. The sensor was successfully applied in 
FACS (fluorescence-activated cell sorting) high 
throughput (HT) screenings for the isolation of amino 
acid producing mutants (Mustafi et al., 2012) and in 
first live cell imaging studies of the L-valine 
production strain C. glutamicum ∆aceE. Deletion of 
the aceE gene, coding for E1p subunit of the pyruvate 
dehydrogenase complex (PDHC) in C. glutamicum 
results in acetate-dependent growth of this strain and 
growth-decoupled L-valine production. Blombach et 
al. showed that enhanced precursor availability, i.e. 
pyruvate, achieved by deletion of the genes encoding 
pyruvate:quinone oxidoreductase (pqo) and pyruvate 
carboxylase (pyc) further increased L-valine 
production in C. glutamicum (Blombach et al., 2008). 
Enhanced supply with NADPH obtained by deletion 
of pgi (phosphoglucose isomerase), redirecting carbon 
flux from glycolysis to the pentose phosphate 
pathway, and plasmid-bound overexpression of the L-
valine biosynthesis genes (ilvBNCE) resulted in a 
drastic increased L-valine production and yields 
achieving maximal theoretical YP/S.  

In this work, we assessed the performance of the Lrp-
biosensor to investigate population dynamics with 
respect to single cell productivity, plasmid content and 
viability in C. glutamicum production strains. 
Therefore, the biosensor was implemented in 
multiparameter FACS analysis and live cell imaging 
studies of gradually engineered C. glutamicum L-
valine production strains, cultivated at different scales, 
ranging from lab-scale bioreactors, cultivation in 
microtiter plates to cultivation in microfluidic picoliter 
bioreactors (PLBR). 
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2. Material and methods 

2.1. Bacterial strains, media, and growth conditions 

Bacterial strains and plasmids used or constructed in 
this work are listed in Table 1. Unless stated 
otherwise, pre-cultures of C. glutamicum were 
inoculated with single colonies from a fresh brain 
heart infusion (BHI) agar plate containing 51 mM 
acetate and incubated in 4 ml BHI complex medium 
with 51 mM acetate for 6 h at 30°C and 170 rpm. This 
first pre-culture was used to inoculate a 100 ml shake 
flask containing 20 ml CGXII minimal medium with 
222 mM glucose and 154 mM acetate added as carbon 
source (Keilhauer et al., 1993). The cells of the second 
pre-culture were cultivated overnight at 30°C and 
120 rpm, washed twice with 0.9% (w/v) saline and 
then used to inoculate the main culture to an optical 
density at 600 nm (OD600) of 1. If not stated different, 
cells in the main culture were cultivated under the 
same conditions as in the pre-culture. Escherichia coli 
DH5  was grown aerobically in LB medium on a 

rotary shaker (120 rpm) or on LB agar plates at 37°C 
(Sambrook et al., 2001). Where appropriate, the media 
contained kanamycin (25 µg ml-1 for C. glutamicum or 
50 µg ml-1 for E. coli) or isopropyl β-D-1-
thiogalactopyranoside (IPTG). Culture conditions in 
microtiter plate cultivations in the BioLector (m2p-
labs GmbH, Aachen, Germany) system for online 
monitoring of growth and fluorescence were 
performed as described before (Kensy et al., 2009; 
Mustafi et al., 2012).  

2.2. Recombinant DNA work 

Standard methods like PCR, DNA restriction or 
ligation were carried out according to standard 
protocols (Sambrook et al., 2001). Synthesis of 
oligonucleotides and sequencing analysis have been 
performed by Eurofins MWG Operon (Ebersfeld, 
Germany). The vector pE2-Crimson was derived by 
Clontech Laboratories (Mountain View, CA, USA). 
For the construction of pJC4-ilvBNCE-E2-Crimson 
e2-crimson under transcriptional control of Ptac was 
amplified using oligonucleotides lacI-fw and E2-
Crimson-rv (Strack et al., 2009). The PCR product 
was cloned into the vector pJC4-ilvBNCE by using 
the Bst1107I restriction site (Radmacher et al., 2002). 
For chromosomal integration of the Lrp-sensor, the 
sensor cassette was cloned into the intergenic region 
of cg1121, cg1122 by using pK18-mobsacB-
cg1121,cg1122 (Mustafi et al., 2012). The transfer of 
the integration plasmid into C. glutamicum and 
selection of the first and second recombination events 
were performed as described previously (Niebisch & 

Bott, 2001). The integration at the chromosomal locus 
was verified by colony PCR using primers Int-cg1121-
fw and Int-cg1122-rv. 

2.3. L-valine production in fed-batch mode 

Fed-batch fermentations were performed at 30°C in a 
1.4 l glass bioreactor (Multifors Multi-Fermenter 
System) with six independently controllable bio-
reactors (Infors, Einsbach, Germany). Cells of an 
50 ml overnight pre-culture grown in BHI complex 
medium supplemented with 85 mM acetate in 500 ml 
shake flasks were harvested, washed twice with 
0.9% (w/v) saline and then used to inoculate 450 ml 
CGXII minimal medium containing 0.5% BHI, 
254 mM acetate and 222 mM glucose to an OD600 of 
1. The bioreactors were sparged with 0.9 l min-1 air. 
Oxygen saturation was measured online using a 
polarimetric oxygen electrode (Mettler Toledo, 
Giessen, Germany) and adjusted permanently to 30% 
by gradually increasing stirrer speed from 600 rpm up 
to 1000 rpm. The pH was online measured using a 
standard pH electrode (Mettler Toledo, Gießen, 
Deutschland) and adjusted to pH 7 with 4 M 
potassium hydroxide and 4 M hydrochloric acid. 
Foam development was suppressed automatically by 
titration of 25% (v/v) silicon antifoam 204/water 
suspension (Sigma Aldrich, Steinheim, Germany). 
During the fed-batch processes, adequate amounts of 
50% (w/v) glucose and 50% (w/v) acetate were 
injected.  

2.4. Quantification of amino acids, glucose, and 
acetate  

For determination of amino acids, glucose and acetate 
concentrations in the supernatant, samples of the 
cultures were harvested by centrifugation 
(13,000 rpm, 10 min, 4°C). Amino acids were 
quantified as their ortho-phthalaldehyde derivatives 
via ultra-high pressure liquid chromatography by 
automatic pre-column derivatization and separation by 
reversed-phase chromatography on an Agilent 1290 
Infinity LC ChemStation (Santa Clara, USA) with 
fluorescence detection (λex=230 nm and λem=450 nm). 
As eluent, a gradient of 0.01 M Na2HPO4, 0.01 M 
Na2B4O7 buffer pH 8.2 with increasing concentrations 
of methanol was used. Glucose and acetate 
concentrations were quantified using an Agilent 1100 
liquid chromatogra-phy (LC) system (Santa Clara, 
USA). Isocratic elution was performed with 100 mM 
sulfuric acid. Glucose was detected via an Agilent 
1100 refractive index detector, and acetate was 
detected via an Agilent 1100 diode array detector at 
215 nm.  
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2.5. Microfluidic chip cultivation  

Microfluidic PDMS-glass chips were fabricated 
according to Grünberger et al. (Grünberger et al., 
2012). The microfluidic picoliter bioreactor system 
(PLBR) used in this study is intended for microcolony 
growth and growth-coupled phenotypic studies at the 
single cell level (Grünberger et al., 2013; Grünberger 
et al., 2012). The device features several arrays of 
PLBRs (1 µm x 40 µm x 40 µm) allowing for high-
throughput observation of cells grown in a monolayer 
under environmental constant conditions. The 
principle is similar to the previous reported systems by 
Grünberger et al. and was adapted in particular to trap 
efficiency and reduced convectional flow within the 
chambers (Grünberger et al., 2012). The microfluidic 
PDMS-glass chip was placed inside an in-house 
manufactured incubator for temperature and 
atmosphere control and connected to 1 ml disposable 
plastic syringes (Omnifix 40 Duo, B. Braun 
Melsungen AG, Melsungen, Germany) for continuous 
media supply. Media flow was controlled with high 
precision syringe pumps (neMESYS, Cetoni GmbH, 
Korbussen, Germany). The incubator was mounted 
onto a fully motorized inverted Nikon Eclipse Ti 
microscope (Nikon GmbH, Düsseldorf, Germany) 
suitable for time-lapse live cell imaging. In detail, the 
setup was equipped with a focus assistant (Nikon PFS) 
compensating for thermal drift during long term 
microscopy. The CFI Plan Apo Lambda DM 100X Oil 
phase contrast objective was additionally heated with 
an objective heater (ALA OBJ-Heater, Ala Scientific 
Instruments, USA). A cell suspension with an OD600 
between 0.5 and 1, transferred from a pre-culture at 
exponential growth phase, was infused to the system. 
After successful cell seeding with bacteria suspension, 
the growth medium was infused at approx. 100 nl 
min1 per channel to initiate the cultivation. If not 
stated differently, cells were grown for around 5 to 
20 h in standard CGXII medium.  

2.6. Live cell imaging and image analysis 

For image analysis, the system was equipped with 
ANDOR LUCA R DL604 camera (Andor Technology 
plc., Belfast, UK) and a Xenon fluorescence light 
source for fluorescence excitation. The YFP filters 
used were HQ 500/20 (excitation filter; Chroma), 
Q515 (dichroic; Chroma), and HQ 535/30 (emission; 
Chroma). The E2-Crimson filters used were HQ 
600/37 (excitation filter; Chroma), Q630 (dichroic; 
Chroma), and Q675/67 (emission; Chroma). If not 
stated differently, the fluorescence exposure time was 
200 ms for E2-Crimson and 200 ms for eYFP with a 

fluorescence intensity set to 100% of maximal power. 
Phase contrast and fluorescence microscopy images of 
several arrays of cells were captured in 15 min time 
intervals and resulting time-lapse images were 
recorded. The fluorescence exposure time and frame 
rate was chosen in that way that the illumination did 
not cause noticeable effects on cellular growth over 
cultivation period. Typically between 10 and 20 
colonies of the same experimental setting were 
followed in one experiment. Only isogenic colonies 
originating from one single cell, which did not lose 
cells during cultivation, were taken for analysis; 
reactors filled with more than one cell were excluded. 
Differences of colony size to the time of medium 
change could not be prevented, as they originated 
from single cell variations in individual lag-phase and 
growth rate. For fluorescence analysis (Figure 3, 4, 6) 
the mean fluorescence value (eYFP and/or E2-
Crimson) for each cell was measured at distinct times. 
For all obtained fluorescence values the background 
fluorescence (measured at the cell-free space between 
different PLBRs) of the same frame was subtracted. 
Image analysis was performed with the Nikon NIS 
Elements AR software package. The visualization of 
the lineage tree (Figure 6B) was realized using in-
house Python based software.  

2.7. Flow cytometry  

Flow cytometrical measurements and sorting were 
performed on a FACSAria II (Becton Dickinson, San 
Jose, USA) with excitation at 488 nm from a blue 
solid-state laser or at 633 nm from a red-diode laser at 
13 mW. Forward scatter characteristics (FSC) and side 
scatter characteristics (SSC) were detected as small- 
and large-angle scatters of the 488 nm laser, 
respectively. Fluorescence was detected using 
following filter sets, eYFP (502 nm long-pass and a 
530/30 nm band-pass filter), PI (595 nm long-pass and 
a 610/20 nm band-pass filter), and E2-Crimson 
(660/20 nm band-pass filter) (Neumeyer et al., 2013). 
All analyses were performed while thresholding on 
FSC to remove noise. For flow cytometry (FC) 
analysis, C. glutamicum culture samples were diluted 
to an OD600 of 0.05 in FACSFlow™ sheath fluid 
buffer (BD, Heidelberg, Germany). For analysis of 
cell viability, cell samples diluted to an OD600 of 0.05 
were incubated with 20 µM propidium iodide (PI) 
(Molecular Probes, Leiden, Netherlands) for 15 min at 
room temperature. Sorting was performed with 4-way 
purity as the precision mode at a threshold rate up to 
10,000 events/sec. Cells were sorted on BHI agar 
plates supplemented with 51 mM acetate and 
25 μg ml-1 kanamycin.  
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3. Results 

3.1. Online monitoring of L-valine production 

Previously, we presented the Lrp-biosensor as 
convenient tool to discriminate between low yield L-
valine production strains (<30 mM), such as ∆aceE, 
and non-producing wild type cells. In this study, we 
assessed the performance of the biosensor to monitor 
the course of L-valine production over time and to 
differentiate between high yield and basic production 
of gradually engineered C. glutamicum L-valine 
production strains. For this purpose, the Lrp-sensor 
was chromosomally integrated in the different strains 
in order to avoid plasmid-bound effects, such as 
fluctuating copy numbers or plasmid loss. Strains 
under study were ∆aceE::Lrp-sensor/pJC4-ilvBNCE-
E2-Crimson, ∆aceE ∆pqo::Lrp-sensor/pJC4-ilvBN-
CE-E2-Crimson, ∆aceE ∆pqo ∆pgi::Lrp-sensor/pJC4-
ilvBNCE-E2-Crimson, and ∆aceE ∆pqo ∆pgi 
∆pyc::Lrp-sensor/pJC4-ilvBNCE-E2-Crimson, hence-
forth referred to as ∆aceE/pJC4-ilvBNCE-E2-
Crimson, ∆aceE ∆pqo/pJC4-ilvBNCE-E2-Crimson, 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson, and 
∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson. 
The strains were cultivated in CGXII minimal medium 

supplied with 154 mM acetate and 222 mM glucose in 
microtiter plates (0.75 ml filling volume) in the 
BioLector cultivation system, enabling online 
measurement of biomass (backscatter, given in a.u.) 
and eYFP fluorescence (Kensy et al., 2009). The 
strains grew exponentially within the first 12 to 15 
hours, exhibiting decreasing fluorescence in time 
(Figure 1A, B). Since the cells where pre-cultivated 
over night in CGXII minimal medium containing 
222 mM glucose and 254 mM acetate, the residual 
fluorescence signal resulted from L-valine production 
in the pre-cultures and is subsequently diluted by cell 
growth in the log phase. C. glutamicum ∆aceE/pJC4-
ilvBNCE-E2-Crimson (µmax=0.32) and ∆aceE ∆pqo/ 
pJC4-ilvBNCE-E2-Crimson (µmax=0.29) showed 
comparatively faster growth; ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson (µmax=0.27) and ∆aceE ∆pqo 
∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson (µmax=0.24) 
exhibited a lower growth rate. As soon as cells entered 
the stationary phase, eYFP fluorescence was detected 
indicating initiation of the growth-decoupled L-valine 
production of the strains (Figure 1B). In previous 
studies, the fluorescence output was shown to 
correlate with increasing L-valine production of 
∆aceE (Mustafi et al., 2012). At the early production 
phase, all strains exhibited similar fluorescence of the 

 

Table 1: Bacterial strains, plasmids and oligonucleotides used in this study.  

Strains, plasmids Relevant characteristics Source or reference 
Strains   
E. coli DH5α supE44, ΔlacU169 (ϕ80lacZDM15), hsdR17, recA1, endA1, 

      gyrA96,thi1,relA1 
Invitrogen 

C. glutamicum ATCC13032 Biotin-auxotrophic wild type (Kinoshita et al., 1957) 
ΔaceE::Lrp-sensor  C. glutamicum wild type with deletion of the aceE gene, coding for the       

      E1p subunit of the pyruvate dehydrogenase complex (PDHC) 
(Schreiner et al., 2005) 

ΔaceE Δpqo::Lrp-sensor ΔaceE strain with deletion of the pqo gene, coding for pyruvate:quinone    
      oxidoreductase 

(Schreiner et al., 2006) 

ΔaceE Δpqo Δpgi::Lrp-sensor ΔaceE Δpqo strain with deletion of the pgi gene, coding for the                  
      phosphoglucose isomerase 

(Blombach et al., 2008) 

ΔaceE Δpqo Δpgi Δpyc::Lrp-sensor ΔaceE Δpqo Δpgi strain with deletion of the pyc gene, coding for the 
      pyruvate carboxylase  

(Blombach et al., 2008) 

Plasmids    
pJC1 E. coli-C. glutamicum shuttle vector, KanR, oriVEc, oriVCg. (Schäfer et al., 1997) 
pJC1-lrp-brnF’-eyfp KanR; pJC1derivative containing Lrp-sensor cassette, which consists of 

      lrp (cg0313), the intergenic region of lrp brnF (cg0314) and a 
      transcriptional fusion of brnF with eyfp. 

(Mustafi et al., 2012) 

pJC4-ilvBNCE KanR; pJC1derivative carrying the ilvBNCE genes coding for the L-  
      valine biosynthetic enzymes acetohydroxyacid synthase, 
      isomeroreductase and transaminase B. 

(Radmacher et al., 
2002) 

pJC4-ilvBNCE-E2-Crimson Similiar to pJC4-ilvBNCE, containing e2-crimson under transcriptional 
      control of Ptac. 

This work 

pK18-mobsacB-cg1121,cg1122-
Lrp-sensor 

KanR; oriVEc sacB lacZα; vector for genomic integration of the Lrp- 
      sensor in the intergenic region of cg1121-cg1122 in C. glutamicum. 

This work 

Oligonucleotides Sequence (5` → 3`)  
lacI-fw TCAAGCCTTCGTCACTGGTCC This work 
E2-Crimson-rv CTACTGGAACAGGTGGTGGCG This work 
Int-cg1121-fw TTGGCGTGTGGTTGGTTAG This work 
Int-cg1122-rv CGCATCAAGCAGATCTCTG This work 
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L-valine biosensor, but split up in the course of 
cultivation and differed significantly between high 
yield producers ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson, ∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-
Crimson and basic producers ∆aceE/pJC4-ilvBNCE-
E2-Crimson, ∆aceE ∆pqo/pJC4-ilvBNCE-E2-Crim-
son twelve hours after entrance into the production 
phase (Figure 1B, C). While fluorescence outputs of 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo/ 
pJC4-ilvBNCE-E2-Crimson reached within three 
hours a maximum value, suggesting constant internal 
L-valine concentrations, fluorescence intensities of 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson and 
∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson 
increased for about ten hours, thus, displaying the 
higher potential for L-valine production of these 
strains. Determination of amino acid concentrations in 
the supernatant confirmed different levels of L-valine 
production, ranging from 30 mM L-valine in average 
for ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson and 
∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson 
to 23 mM in average for ∆aceE/pJC4-ilvBNCE-E2-
Crimson and ∆aceE ∆pqo/pJC4-ilvBNCE-E2-Crim-
son (Figure 1C). These results show that the Lrp-
sensor is suitable to discriminate not only a ON/OFF 
response (wild type versus production strain), but can 
be applied for online monitoring of production 
processes in basic as well as high yield production 
strains, since (i) information about initiation of the 
production process is provided, (ii) the course of 
metabolite production process is displayed over time, 
and (iii) different levels of productivity are revealed. 

3.2. FACS-based multiparameter analysis of 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE 
∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson 

In the following, the sensor was applied to display 
population dynamics of C. glutamicum strains during 
large-scale production processes at the single cell 
level. In order to compare population structures of 
basic and high yield production strains, we choose 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo 
∆pgi/pJC4-ilvBNCE-E2-Crimson for investigation. 
FACS analysis of the strains were performed during 
fed-batch cultivations in lab-scaled bioreactors 
(450 ml filling volume) with 25 µM IPTG, 222 mM 
glucose, 254 mM acetate, and 0.5% (w/v) BHI. To 
allow growth to high cell densities, adequate amounts 
of acetate were added two times to the growing cells. 
C. glutamicum ∆aceE/pJC4-ilvBNCE-E2-Crimson 
showed linear growth to an OD600 of 40 within 14 h 
cultivation (µmax=0.35); ∆aceE ∆pqo ∆pgi/pJC4-

ilvBNCE-E2-Crimson reached within 21 hours an 
OD600 of 40 (µmax=0.24) (Figure 2A, B).  

 

 

 

Figure 1. Biosensor-based online monitoring of L-valine 
production in C. glutamicum L-valine production strains with 
chromosomally integrated Lrp-sensor. Growth (A) and Lrp-
sensor output, eYFP fluorescence, (B) of ∆aceE/pJC4-ilvBNCE-E2-
Crimson (diamond), ∆aceE ∆pqo/pJC4-ilvBNCE-E2-Crimson 
(circle), ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (triangle), 
and ∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson (square) 
cultivated in CGXII minimal medium containing 222 mM glucose 
and 254 mM acetate. Data represent average values of two 
independent cultivations. (C) EYFP fluorescence of respective 
strains at the beginning of the production phase (black bars) and 
twelve hours after the initiation of L-valine production (grey bars). 
L-valine concentration (mM) in the supernatant of the respective 
strain 26.5 h after beginning of cultivation is indicated above the 
grey bars. 
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In addition to acetate and BHI, about 13 g glucose/l 
was consumed during the growth phase by 
∆aceE/pJC4-ilvBNCE-E2-Crimson and about 6 g 
glucose/l by ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson. Immediately after the depletion of the last 
acetate pulse, both strains stopped growing and started 
to produce L-valine. Three pulses of 222 mM glucose 
to time points 15 h, 30 h and 50 h were added to the 
stationary cells to allow high productivity by 
providing the cells with sufficient carbon source. In 
comparison to the published data of Blombach et al. 
both strains showed a more than twofold reduced L-
valine production, ∆aceE/pJC4-ilvBNCE-E2-Crimson 
accumulated about 73 mM L-valine within 49 h and 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson about 
77 mM (Blombach et al., 2008). Additionally, both 
strains showed a significantly decreased glucose 
consumption rate compared to the previously reported 
data. 

Multiparameter FACS analysis was applied to provide 
detailed insights into phenotypic traits of the cells 
during production process. The analysis included 
measurements of morphological characteristics as the 
relative cell size (forward scatter=FSC) and the 
relative cell granularity (side scatter=SSC), 
fluorescence measurements of eYFP, displaying 
biosensor detected L-valine production of the cells and 
fluorescence measurement of propidium iodide (PI) to 
label cells with an impaired membrane integrity. In 
order to gain information about plasmid content, e2-
crimson coding for far-red fluorescing E2-Crimson 
was inserted under control of Ptac into the vector pJC4-
ilvBNCE (Strack et al., 2009). This vector, encoding 
L-valine biosynthesis genes ilvBNCE for over-
expression, was introduced into all strains under study. 
Thus, fluorescence measurements of E2-Crimson, 
displayed presence of pJC4-ilvBNCE-E2-Crimson in 
the cells. As it is demonstrated in Figure 2C, F 
immediately after the depletion of acetate and the start 
of L-valine production (∆aceE/pJC4-ilvBNCE-E2-
Crimson, 20 h; ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson, 24 h) cells exhibited an increased eYFP 
signal. Due the rather low L-valine production of 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson, no 
significant difference in fluorescence output compared 
to ∆aceE/pJC4-ilvBNCE-E2-Crimson was detected 
over time (Figure 2C, F). Interestingly, measuring 
eYFP and E2-Crimson fluorescence revealed the 
occurrence of several subpopulations within the 
fermentation culture of ∆aceE/pJC4-ilvBNCE-E2-
Crimson and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson (Figure 2E, H). Obviously, cells displaying a 
high eYFP and E2-Crimson signal represented the 

productive subpopulation (12-14% for ∆aceE/pJC4-
ilvBNCE-E2-Crimson, 7% for ∆aceE ∆pqo ∆pgi/ 
pJC4-ilvBNCE-E2-Crimson) within the culture. 
Sorting of these cells on agar plates revealed a high 
survival rate of 91% for ∆aceE/pJC4-ilvBNCE-E2-
Crimson cells and of 80% for ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson cells. The largest population 
(83-85% for ∆aceE/pJC4-ilvBNCE-E2-Crimson, 
~90% for ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crim-
son) was represented by cells showing a relatively low 
eYFP signal, indicating a low internal L-valine level, 
despite presence of pJC4-ilvBNCE-E2-Crimson and 
thus, overexpression of L-valine biosynthesis genes in 
the cells, which was displayed by a high E2-Crimson 
fluorescence. The relative low survival rates of 59% 
for ∆aceE/pJC4-ilvBNCE-E2-Crimson and 32% for 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson sug-
gest, that this population represented energetically 
exhausted cells, being partially metabolic active. In 
addition, a subpopulation of E2-Crimson negative 
cells was observed and cells of this population showed 
almost no growth on plates. Strikingly, decrease in 
E2-Crimson fluorescence was accompanied by a 
strongly decreased eYFP signal, hence indicating a 
correlation between the biosensor signal and the 
plasmid marker. A fraction of this population (≤ 14% 
for ∆aceE/pJC4-ilvBNCE-E2-Crimson, ≤ 28% for 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson) dis-
played higher density compared to the main 
population in FSC vs. SSC plots, indicating shrinkage 
of cells. However, a small number of E2-Crimson 
negative cells showed high eYFP fluorescence. Since 
these cells formed no viable colonies after sorting, 
they rather represented eYFP fluorescing cell debris of 
lysed cells than metabolic active cells with a disturbed 
E2-Crimson synthesis. Yet, they showed no variations 
in FCS and SSC signals compared to the majority of 
the culture. The results obtained by measuring eYFP 
and E2-Crimson fluorescence were well supported by 
staining of the cells with the fluorescent dye PI, a 
commonly accepted marker indicating loss of 
membrane integrity and viability. In the production 
phase a large PI positive subpopulation (about 10% of 
the entire population) was detected, which was less 
pronounced in the log phase (Figure 2D, G). In fact, 
all PI positive cells were also eYFP negative, but 
negative and positive for E2-Crimson (data not 
shown).  

3.3. Live cell imaging of L-valine production 
                                                                                           
We presented the Lrp-biosensor as versatile tool for 
online monitoring of L-valine production processes 
performed at different scales. However, results 
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Figure 2. Multiparameter FACS analysis of ∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson 
with chromosomally integrated Lrp-sensor in lab-scale bioreactor cultivation. Representative fed-batch cultivation of ∆aceE/pJC4-
ilvBNCE-E2-Crimson (A) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (B), showing growth of the cells (diamonds), glucose 
(squares), acetate (triangles), and L-valine (circles) concentrations in the supernatant. FACS generated histograms displaying eYFP 
fluorescence (ratio eYFP/FSC) of ∆aceE/pJC4-ilvBNCE-E2-Crimson (C) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (F) to different 
times, density plots displaying FSC and PI signal of ∆aceE/pJC4-ilvBNCE-E2-Crimson (D) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson (G) in the production phase (t=32 h), and density plots displaying E2-Crimson and eYFP signal of ∆aceE/pJC4-ilvBNCE-E2-
Crimson (E) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (H) in the production phase (t=32 h). 

 

obtained from cultivation in microtiter-based 
cultivation systems (e.g. BioLector system) provide 
average data for the entire culture. In contrast, FACS 
measurements allow the HT analysis of the respective 
population at single cell resolution, but provide a 
snapshot insight into the phenotypic distribution. To 
investigate growth, physiology, and productivity states 
of single cells in a time-resolved manner, 
C. glutamicum L-valine production stains were 
cultivated in microfluidic PLBR chambers under 
constant environmental conditions (Grünberger et al., 
2012). Therefore, ∆aceE/pJC4-ilvBNCE-E2-Crimson 
and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson 

were grown in CGXII minimal medium, containing 
154 mM acetate, 222 mM glucose in growth and 
222 mM glucose in production phase on a 
microfluidic chip system, consisting of arrays of 
picoliter cultivation chambers (Figure 3A). Using 
automated time-lapse microscopy growth and 
production studies were performed in parallel manner.  

Figure 3C shows two representative colonies of 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo 
∆pgi/pJC4-ilvBNCE-E2-Crimson during growth (t1, 
t2) and L-valine production phase (t3-t5). In general, 
∆aceE/pJC4-ilvBNCE-E2-Crimson showed a higher 
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growth rate (µmax=0.21+/-0.02 (n=12)) than 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (µmax= 
0.15+/-0.02 (n=12)). In order to initiate L-valine 
production, the carbon source in the medium, i.e. 
acetate (154 mM), was replaced by glucose (222 mM) 
after 18.5 hours. After medium switch cells gradually 
stopped growing and simultaneously exhibited 
progressively increasing eYFP fluorescence. The 
average fluorescence signal of three microcolonies 
(fluorescence signal per colony area) of ∆aceE/pJC4-
ilvBNCE-E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson during growth and production 
phase is depicted in Figure 3B. In contrast to ∆aceE 
∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson colonies of 
∆aceE/pJC4-ilvBNCE-E2-Crimson displayed a low 
eYFP signal already during the growth phase. As soon 
as the medium was changed and the cells were 
supplied with glucose, the eYFP signal increased in 
colonies of both strains, indicating growth-decoupled 
L-valine production. Although ∆aceE ∆pqo 
∆pgi/pJC4-ilvBNCE-E2-Crimson colonies displayed 
lower fluorescence emission compared to 
∆aceE/pJC4-ilvBNCE-E2-Crimson colonies before 
the beginning of the production phase (t=18.5 h), 
levels of fluorescence intensities increased comparable 
when L-valine production was initiated. In agreement 
with the results obtained by cultivations in the 
BioLector system (see Figure 1) colonies of the high 
yield producer ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson showed an overall higher, final fluorescence 
signal in comparison to colonies of ∆aceE/pJC4-
ilvBNCE-E2-Crimson. Interestingly, the time until the 
strains exhibited maximal fluorescence was about two 
to three times higher during cultivation in the 
microfluidic system. In addition to average measure-
ments of colony growth and productivity, monolayer 
cultivation systems allow investigation of individual 
cells within the entire population. As a proof of 
principle we measured the fluorescence development 
of single cells during the production phase (Figure 
3D), which revealed typical Gaussian distribution 
regarding single cell fluorescence of the respective 
strains. Similarly to results shown in Figure 3C ∆aceE 
∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson exhibited 
higher fluorescence emission in average on single cell 
level.  

3.4. Correlation of single cell biosensor (eYFP 
fluorescence) and plasmid marker (E2-Crimson 
fluorescence)  

Plasmid instability in production strains represents an 
obstacle in particular during large-scale bioprocesses, 
where cultures pass a high number of generations. In 

our studies, the insertion of the plasmid marker E2-
Crimson into pJC4-ilvBNCE enabled monitoring of 
plasmid content in single cells during cultivation. In 
order to assess the correlation of plasmid content and 
L-valine production in basic and high yield production 
strains, we analyzed eYFP and E2-Crimson fluores-
cence emission at the single cell level in ∆aceE/pJC4-
ilvBNCE-E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson cultivated in microfluidic 
systems. Figure 4A shows representative colonies of 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo 
∆pgi/pJC4-ilvBNCE-E2-Crimson at the end of the 
production phase (~46h) from the same experiment 
discussed in section 3.4. Overall, a strong correlation 
between eYFP and E2-Crimson signal was observed 
for ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson 
(r=0.73+/-0.09 (n=3)) in contrast to ∆aceE/pJC4-
ilvBNCE-E2-Crimson (r=0.16+/-0.09 (n=3)) (Figure 
4B). By analogy with FACS generated dot plots, 
displaying eYFP/E2-Crimson signal ratio, eYFP and 
E2-Crimson fluorescence of single cells within the 
colonies was evaluated. Remarkably, colonies of the 
respective strain showed in general the same 
eYFP/E2-Crimson distribution. Only a minor amount 
of cells (<1 %) displayed a high E2-Crimson, but low 
eYFP signal (Figure 4A, B). Dead cells (low signal for 
eYFP and E2-Crimson) were rarely detected. 
However, their occurrence strongly depended on the 
chosen colony and time point during cultivation (see 
section 3.5). Generally, cells of ∆aceE ∆pqo 
∆pgi/pJC4-ilvBNCE-E2-Crimson exhibited significant 
higher E2-Crimson fluorescence compared to cells of 
∆aceE/ pJC4-ilvBNCE-E2-Crimson. This is 
exemplary shown for one colony of ∆aceE/pJC4-
ilvBNCE-E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson in Figure 4C. Channeling the 
carbon flux through pentose phosphate pathway by 
deletion of pgi significantly enhances intracellular 
NADPH concentrations in ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson compared to ∆aceE/pJC4-
ilvBNCE-E2-Crimson (sevenfold increase) (Bartek et 
al., 2010). Thus, the high energy level available in 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson might 
result in an increased protein synthesis, which is the 
most energy-consuming process in bacterial cells. In 
turn, this would result in an increased E2-Crimson 
production which could explain the higher 
fluorescence signal and the strong correlation between 
E2-Crimson and eYFP signal observed for ∆aceE 
∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson. 
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Figure 3. Single cell growth and production studies of C. glutamicum ∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-
ilvBNCE-E2-Crimson with chromosomally integrated Lrp-sensor in microfluidic PLBR at environmental defined conditions. (A) 
Illustration of the microfluidic picoliter bioreactor (PLBR) system. The system consists of several arrays of monolayer picoliter sized 
cultivation chambers. High magnification time-lapse microscopy can capture several microcolonies in parallel during single cell cultivation. 
(B) Fluorescence emission of three entire microcolonies (average eYFP signal per colony area) of ∆aceE/pJC4-ilvBNCE-E2-Crimson 
(triangles) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (diamonds) over time. For evaluation, every 2.5 h the fluorescence was 
measured. (C) Growth (t1-t2) and production phase (t3-t5) of isogenic microcolonies of ∆aceE/pJC4-ilvBNCE-E2-Crimson (upper row) and 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (lower row). (D) Histograms illustrating fluorescence signal distribution within a 
representative microcolony of ∆aceE/pJC4-ilvBNCE-E2-Crimson (left) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (right). EYFP 
signal of single cells was measured at distinct times, t=19 h (red), t=26 h (green), t=34 h (purple), and t=46 h (blue). Average fluorescence 
values at these times are indicated above the respective peaks. All cultivations were performed in microfluidic chambers shown in (A) in 
CGXII minimal medium containing 154 mM acetate, 222 mM glucose during growth phase or 222 mM glucose and 25 µmol IPTG during 
the production phase, respectively. 
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Figure 4. Correlation of chromosomally integrated Lrp-sensor (eYFP) and plasmid marker (E2-Crimson) in ∆aceE/pJC4-ilvBNCE-
E2-Crimson and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson. (A) Overlay plot of phase-contrast, eYFP and E2-Crimson signal of 
isogenic ∆aceE/pJC4-ilvBNCE-E2-Crimson (upper panel) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (lower panel) microcolony at 
the end (~46h) of the single cell cultivation shown in Figure 3C. For better comparability, the same LUT were chosen for both colonies. (B) 
Dot plots displaying eYFP and E2-Crimson signal of single cells of three isogenic microcolonies (triangles, circles, and diamonds) of 
∆aceE/pJC4-ilvBNCE-E2-Crimson (left) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson (right). (C) EYFP (green) and E2-Crimson (red) 
fluorescence signal distribution of a microcolony of ∆aceE/pJC4-ilvBNCE-E2-Crimson (left) and ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-
Crimson (right) 27.5 hours after entrance into the production phase (see Figure 3C). All cultivations were performed as described in the 
legend of Figure 3.  
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3.5. How dead is dead? 

Strikingly, flow cytometry and microscopy revealed 
the presence of a non-viable, i.e. PI fluorescing, cell 
fraction (~10%) during the production phase of cells 
cultivated in lab-scale bioreactors. Although to a 
minor extent (<1%), we observed the occurrence of 
non-fluorescent cells also in well-controlled small 
scale cultivations performed in the microfluidic 
system. In contrast to FACS, live cell imaging studies 
offer the advantage to investigate this phenomenon in 
a time-resolved manner and to discriminate between 
different types of non-fluorescent cells: e.g. lysed dead 
cells or dormant forms which resume growth after a 
while. 

Under conditions described in section 3.3, we usually 
observed colonies showing a typical Gaussian 
distribution of eYFP; occasionally colonies with an 
increased number of non-fluorescing cells were found 
(<1% of cells) (Figure 5). We tracked different cells in 
several colonies, clustered the "dark" cells and found 
four different types of non-producing cells (Figure 5). 
The majority of cells, which undergo transition from 
growth to production, will not be discussed here. The 
first type of non-producing cells initiated L-valine 
production, but showed at a later time sudden cell 
lysis (Figure 5I, II). These cells were rarely seen at 
environmental constant conditions, but have been 
more frequently observed, when colony growth 
exceeded chamber size leading to densely packed 
colonies, thus, eventually causing unfavorable 
gradients within the chambers (data not shown). A 
second fraction of cells showed progressively 
decreasing fluorescence signal over time, potentially 
caused by a permeabilized or compromised membrane 
(Figure 5V). Both such types most likely represent 
dead cells and none of those were found to resume 
growth and production later in our experiment. 
Further, we observed cells, which neither initiated L-
valine production nor showed growth after medium 
change. These cells might either represent cells, which 
already died or lysed in the growth phase or cells in a 
kind of dormant state (Figure 5III). The fourth class of 
non-producing cells did not enter into the production 
phase as well, but continued to grow (Figure 5V), 
although no carbon source for growth, i.e. acetate, was 
provided in the medium. In this context, the question 
arises whether the cells might have adapted growth 
utilizing glucose as carbon source. 

 

 

 

Figure 5. How dead is dead - Different types of non-fluorescent 
cells during the production phase. The image at the top shows a 
microcolony of ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson 
(Lrp-sensor chromosomally integrated) with a considerably high 
number of non or low eYFP fluorescing cells. (I+II) Lysing (III) 
and dormant cells, which does not switch from growth to 
production. (IV*) Cells showing a slow growth, but no production. 
(V) Leaky cells that show progressively decreasing fluorescence 
signal over time, potentially caused by a permeabilized cell 
membrane. Images marked with an asterisk show cells of another 
microcolony of ∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson, not 
shown here. Cultivation was performed as described in the legend 
of Figure 3, but without addition of IPTG. 
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3.6. Bistability in C. glutamicum L-valine 
production strains 

Homogenous environmental conditions as given in the 
microfluidic setup are fictional and far away from 
fluctuations in bioreactor processes at larger scale. To 
simulate environmental heterogeneities, in particular 
those triggering transition of L-valine production 
strains from growth to production phase, we 
performed cultivation with constant, but non-defined 
(several carbon sources) conditions by adding 
complex medium compounds (BHI). Starting from a 
single cell growth of an isogenic microcolony of 
∆aceE/pJC4-ilvBNCE-E2-Crimson in minimal 
medium with 154 mM acetate, 222 mM glucose and 
0.5% BHI in the microfluidic cultivation system was 
followed. To trigger L-valine production, the primary 
carbon source utilized for growth, acetate, was 
removed and cells were supplied with 222 mM 
glucose and additionally 0.5% BHI. Although most of 
the cells followed the switch from growth to 
production, surprisingly in approximately 50% of the 
recorded colonies one  single  cell  continued  growing 

 

after medium switch (Figure 6A). Figure 6 shows 
exemplary two cells originating from the same mother 
cell where one cell (marked in green) divided for the 
last time and initiated L-valine production directly 
after the medium switch, while the sister cell (marked 
in blue) continued cell growth. In the following, some 
of the descendants of the blue cell also switched to L-
valine production (marked in orange and purple) or 
continued growth throughout the course of the 
experiment (marked in cyan). This experiment 
illustrates that under these conditions looking at the 
average fluorescent emission of the entire 
microcolony masks the significant variation at the 
single cell level (Figure 6C). This bistability in the 
decision of switching from growth to production was 
observed for all L-valine producing strains under 
study when the cells were grown in the presence of 
low amounts of BHI. In contrast, a continuous, 
homogenous switching behavior was observed when 
only glucose was present in the production medium 
illustrating the strong impact of slight changes in 
medium composition on the phenotypic structure of a 
particular population. 

 

 

Figure 6. Bistability of ∆aceE/pJC4-ilvBNCE-E2-Crimson with chromosomally integrated Lrp-sensor upon switch from growth to 
production phase. (A) Growth and production phase (initiated after 340 min) of an isogenic microcolony under carbon-source limiting 
conditions, (B) and lineage tree of the respective microcolony highlighting several single cell traces. EYFP fluorescence was quantified in 
single cells after 860 min. The length of the boxes indicates the length of the cells at the time of fluorescence measurement. (C) Single cell 
traces of fluorescence output of marked cells (B) and average emission of the whole colony (black, dashed line, SD=grey shading). 
Cultivation was performed in CGXII minimal medium containing 154 mM acetate, 222 mM glucose and 0.5% BHI during growth phase or 
222 mM glucose and 0.5% BHI during production phase, respectively. 
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4. Discussion  

Quantifying and understanding the origin and impact 
of cell-to-cell heterogeneity in microbial bioprocesses 
remains one major challenge for future bioprocess 
optimization (Müller et al., 2010; Lencastre Fernandes 
et al., 2011). First investigations of the basic L-valine 
production strain ∆aceE indicated cell-to-cell 
variations in respect to L-valine production in isogenic 
microcolonies (Mustafi et al., 2012). Nevertheless, 
studies aiming for detailed single cell analysis of 
population dynamics in C. glutamicum based 
bioprocesses have not been described yet. 
Technological limitations and a lack of convenient 
tools for accurate single cell analysis prevented 
systematic studies until now. In this work, we present 
the recently described Lrp-sensor, capable of detecting 
cytosolic accumulation of amino acids, as a powerful 
tool for monitoring and single cell analysis of 
biotechnological production processes.  

Proof of principle experiments assessing the 
performance of the biosensor in gradually engineered 
L-valine production strains, revealed significant 
differences in fluorescence output of basic producers 
∆aceE/pJC4-ilvBNCE-E2-Crimson and ∆aceE ∆pqo/ 
pJC4-ilvBNCE-E2-Crimson and high yield producers 
∆aceE ∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson and 
∆aceE ∆pqo ∆pgi ∆pyc/pJC4-ilvBNCE-E2-Crimson. 
This was in agreement with different levels of final L-
valine production, as it was shown by HPLC 
measurements of L-valine concentrations in the 
supernatant of the respective strains (Blombach et al., 
2008). Thus, the biosensor proved as convenient tool 
for online monitoring of metabolite production, what 
makes it highly suitable for screening of different 
cultivation conditions in order to optimize production 
processes. Further, the biosensor can be implemented 
in screening procedures aiming for the isolation of 
amino acid producing strains (Mustafi et al., 2012; 
Binder et al., 2012). However, online measurements 
of fluorescence during cultivation in microtiter plates 
provide information on productivity of the whole 
population, but mask variation at the single cell level. 
Here, multiparameter flow cytometry was applied to 
access population dynamics of C. glutamicum L-
valine producers during fed-batch cultivation in a 
bioreactor. PI measurements displayed a progressive 
loss of cellular membrane integrity during the 
production phase, resulting in a non-viable 
subpopulation of up to 10% of the entire culture. PI 
positive cells showed no eYFP signal, which might be 
caused by leakage of intracellular eYFP protein. This 
strong inverse correlation between PI and eYFP 

indicates that already the signal of the Lrp-biosensor 
provides sufficient insights into the metabolic activity 
and viability of the population and that additional 
staining procedures (here PI) are basically not 
required. Similar correlations were recently also 
described for studies based on a GFP-sensor enabling 
the detection of carbon-limited conditions in E. coli as 
well as for a reporter system in yeast, where 
expression of gfp was set under control of a ribosomal 
protein promoter (Delvigne et al., 2011; Carlquist et 
al., 2012).  

In order to investigate population dynamics of the 
C. glutamicum production strains in a time-resolved 
manner, live cell imaging studies were performed 
during defined and well-controlled cultivation 
conditions in microfluidic devices (Grünberger et al., 
2012). Strikingly, we observed a fraction of "dark", 
non-fluorescing cells during the cultivation of the four 
different strains. Tracking of these cells by time-lapse 
microscopy, revealed different types of non-producing 
cells besides the productive main population. Sudden 
and progressive cell lysis and cells in a kind of 
dormant state were observed. Further, some cells 
showed no switch from growth to production phase, 
although no carbon source for growth was provided in 
the medium. Two potential reasons explaining this 
phenomenon can be considered. First cells might 
utilize low concentrated, but by flow continuously 
supplied carbon sources. This might be carbon 
impurities in the minimal medium or carbon-
containing substances such as protocatechuic acid or 
MOPS. Alternatively, cellular metabolism might have 
been adapted to overflow of glucose; bypassing 
deletion of E1p subunit of the PDH complex (aceE) 
and pyruvate:menaquinone oxidoreductase (pqo) and 
providing acetyl-CoA as precursor for TCA-cycle. 
Studies of Litsanov et al. described that despite 
deletions of the genes for the known acetate-forming 
pathways in C. glutamicum, residual acetate formation 
in strains engineered for aerobic succinate production 
was still observed (Litsanov et al., 2012). 

Our studies revealed, depending on the medium 
composition, the emergence of non-productive, but 
growing subpopulations. These might overgrow the 
entire culture in the course of time and thus, might 
have a tremendous, negative impact on production 
process, since resources are depleted for biomass 
formation instead of being converted to the final 
product. We mimicked in microfluidic cultivations the 
actual short time of transition from growth to 
production phase in fermentation processes, where 
cells are confronted with depleting acetate 
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concentrations, the primary carbon source used for 
growth, by supplying cells with low concentrations of 
non-defined alternative carbon sources (e.g. BHI). 
Overall, these studies revealed bistability regarding 
initiation of L-valine production within the different 
production strains. Besides the expected switch from 
growth to production, cells showed either unhampered 
growth and cell division, or a time-delayed switch to 
L-valine production. This demonstrates that despite 
targeted, genetic manipulation on cells to work as 
efficient, uniform microbial factory, phenotypic 
variation might lead to the occurrence of drastic 
differences in cellular productivity even under well-
controlled cultivation conditions. In fact, further 
growth of particular cells might be based on different 
energetic states of the cells or a higher abundance of 
transporter proteins, enabling a more efficient uptake 
of residual carbon sources. 

However, in contrast to bioreactor experiments the 
majority of the population transitioned from growth 
into the production phase during cultivation in the 
PLBR. Here cells of ∆aceE/pJC4-ilvBNCE-E2-
Crimson displayed a low eYFP signal already during 
the growth phase, which could be explained by 
increased glucose uptake of this strain resulting in 
basal levels of L-valine production, i.e. low 
fluorescence output. This is well supported by the 
observed twofold higher glucose consumption of 
∆aceE/pJC4-ilvBNCE-E2-Crimson during growth in 
bioreactor experiments, which has also been described 
by Blombach et al. (Blombach et al., 2008). 
Interestingly the strains required significantly more 
time (two- to threefold) to reach the maximal 
fluorescence during cultivation in the microfluidic 
system compared to batch cultivation in microtiter 
plate. This can be explained in two ways: first, 
microfluidic is a perfusion system, removing all 
secreted L-valine, which prevents an accumulation in 
the supernatant and in turn, a feasible uptake by the 
cells. This could lead to a longer time until constant 
internal L-valine concentrations are reached. 
Furthermore, in the microfluidic system cells are 
continuously supplied with growth medium. 
Necessary nutrients that might not be available for 
production processes in batch fermentation could be 
available in the microfluidic system, leading to a 
prolonged and/or higher productivity of L-valine. In 
fact, C. glutamicum wild type cells showed a 50% 
higher growth rate during cultivation in PLBRs 
compared to cultivation in shake flasks.  

The development of a predominant population, 
exhibiting high E2-Crimson, but no eYFP 

fluorescence signal, as it was the case during large-
scale fermentation was not observed during cultivation 
in the microfluidic system. However, when expression 
of e2-crimson was strongly increased by the addition 
of IPTG, cells showed neither growth nor L-valine 
production, instead a high E2-Crimson signal during 
cultivation in the microfluidic system (data not 
shown). Referring to the results obtained by the 
bioreactor experiment, we postulate that the 
predominant E2-Crimson positive population during 
large-scale fermentation represented cells with 
reduced metabolic activity. Several studies described 
that expression of fluorescence proteins can provide a 
significant burden on cells, affecting particularly 
bacterial functions which demand high energy costs 
(Rang et al., 2003; Knodler et al., 2005; Flores et al., 
2004). Yet, we observed no influence of eYFP-
expression or Lrp-biosensor production on metabolism 
of C. glutamicum. In contrast to eyfp, which was 
chromosomally integrated with one copy per cell, 
plasmid-bound e2-crimson (~10 copies per cell) was 
expressed in high levels in the cells. Chromosomal 
integration of gfp was reported to overcome adverse 
impact of plasmid-encoded gfp expression on invasion 
of Salmonella enterica (Clark et al., 2009). Further, 
red fluorescent chromophores compared to eYFP 
require an additional equivalent of molecular oxygen 
for maturation (Gross et al., 2000). Thus, too high 
induction levels of e2-crimson expression might have 
placed a substantial burden on energetically stressed 
cells during L-valine production, resulting in the 
development of a predominant subpopulation of non-
producing cells in the bioreactor experiment. 
However, we observed no negative influence of e2-
crimson expression on cellular physiology, when 
induced in lower amounts during cultivation in the 
microfluidic system or BioLector. Initially, we 
introduced this second marker protein (E2-Crimson) 
in our studies, to assess correlation in single cells 
between L-valine production and overexpression of L-
valine biosynthesis genes (ilvBNCE), i.e. eYFP 
fluorescence emission of the Lrp-sensor and E2-
Crimson fluorescence of the plasmid marker. 
However, this has to be critically examined when 
studies under physiological conditions are aimed, 
since our results indicate that a second marker can 
provide significant metabolic burden for the cells, 
which might significantly impact the phenotypic 
pattern of the population. This aspect has to be 
addressed in future studies.  

We presented the amino acid sensing Lrp-sensor as 
valuable, non-invasive tool to access information of 
C. glutamicum populations in regard to productivity 
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and physiology of single cells during production 
processes. This biosensor-based approach represents a 
first step towards a better understanding of population 
dynamics in production processes of C. glutamicum. 
Future studies will aim to unravel the underlying 
molecular mechanisms of the observed phenotypic 
variation, benchmarking this approach for analysis and 
improvement of strains and biotechnological 

production processes. Promising advances are 
currently made in the development of downstream 
methods to profile subpopulations, e.g. combination of 
FACS cell sorting with mass spectrometry based 
proteomic analysis, so-called Cytomics, for the 
analysis of subpopulations (Jehmlich et al., 2010; 
Müller & Hiller, 2013). 
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Abstract 
Genetically-encoded single cell biosensors have long been used for the detection of 
pollutants and stress stimuli in the field of microengineering and bioremediation. In 
industrial microbiology their potential for the detection of various small molecules at single 
cell resolution and their implementation in strain development and high-throughput (HT) 
screenings has rarely been exploited so far. However, several recent studies revealed 
suchlike sensor systems, which transform the production of inconspicuous small molecules 
into an optical readout (e.g. fluorescence), as a powerful tool for single cell quantification of 
metabolites. Recently, two studies reported on the construction of transcription factor-based 
biosensors for the intracellular detection of amino acid production in Corynebacterium 
glutamicum. These biosensors were successfully applied for real-time monitoring of 
metabolite production and were implemented in first HT screenings for the isolation of 
amino acid producing mutants of C. glutamicum. In this chapter we will introduce the general 
design and characterization of biosensor performance features focusing on sensors based on 
regulatory circuits. Furthermore, an overview of all currently available C. glutamicum 
biosensors is provided, including several sensors for the detection of amino acids and stress 
stimuli in single cells. Finally, we introduce the emerging field of applications for metabolite 
biosensors including flow cytometry-based HT screening approaches and live cell imaging of 
metabolite production using microfluidic lab-on-a-chip devices. First results, outlined in this 
chapter, already highlight the great potential of biosensor-driven strain development and 
single cell analysis and promise the revolution of traditional approaches towards a "bright" 
future of industrial microbiology.  
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1. Introduction-Biosensors 

Corynebacterium glutamicum, isolated in 1957 due to its capability to secrete L-glutamate, 
represents nowadays one of the most important platform organisms in industrial 
biotechnology (Eggeling & Sahm, 1999; Eggeling & Bott, 2005; Burkovski, 2008; Wendisch, 
2007; Kinoshita et al., 1957). During the last decades, metabolic engineering of C. glutamicum 
revealed the great potential of this species not only for amino acid production, but also for 
the production of organic acids, polymer precursors and biofuels (Becker & Wittmann, 2012; 
Blombach & Eikmanns, 2011; Wieschalka et al., 2012). Traditional ways of strain development 
include random mutagenesis followed by diverse strategies for selection and screening for 
the desired traits, or rational approaches involving the targeted alteration of specific genetic 
elements (Bailey, 1991). The key issue of almost all these approaches is the detection and 
quantification of the particular metabolite of interest. A readily accessible phenotype, linked 
to product formation, significantly impacts success and throughput of the respective 
procedure (Dietrich et al., 2010). This is, however, given only for a minor fraction of small 
molecules such as, for instance, some antibiotics or carotenoids (Albrecht et al., 2000; An et 
al., 1991; Azuma et al., 1992). In these cases product formation can be directly observed by the 
production of a chromophore. The majority of biotechnologically-relevant metabolites are, 
however, inconspicuous small molecules, which are classically assayed by low-throughput 
bulk techniques such as liquid or gas chromatography or NMR providing average data for 
the microbial population. Measurement of metabolite production at single cell resolution is 
still hardly feasible (Kalisky & Quake, 2011; Leslie, 2011; Müller et al., 2010; Heinemann & 
Zenobi, 2011). 

In this context, the application of biosensors converting metabolite production into an 
optical readout has the potential to revolutionize the status quo of strain development and 
analysis in the field of biotechnology. During the last ten to twenty years a variety of 
biosensors based on cellular regulatory elements has been developed, allowing high 
temporal and spatial resolution of metabolites at the single cell level. Various classifications 
of biosensors are described and resumed in several excellent reviews (Dietrich et al., 2010; 
Michener et al., 2012; van der Meer & Belkin, 2010; Zhang & Keasling, 2011). In the following, 
we would like to highlight especially four different categories of biosensors designs and 
architecture, namely whole-cell biosensors, biosensors including single enzymes or multistep 
enzymatic pathways, FRET-based sensors and sensors based on genetic regulatory circuits. 

Natural or engineered auxotrophic strains for specific molecules represent whole-cell 
biosensors providing an easy accessible phenotype: cellular growth (Figure 1A) (Burkholder, 
1951; Payne et al., 1977). Several studies addressed this idea and developed whole-cell 
biosensors by introducing constitutively expressed reporter genes (e.g. gfp) into auxotrophic 
bacterial strains (Chalova et al., 2007; Bertels et al., 2012; Erickson et al., 2000; Kim et al., 2010). 
This approach enables a direct correlation of reporter output (e.g. fluorescence) to the 
concentration of the molecule of interest in the environment of the sensor strain. The second 
class of biosensors is based on in vivo single- or multistep enzymatic pathways which 
transform the presence of a colorless molecule of interest into a detectable optical readout of 
the cell (Figure 1B). In most cases, this is linked to the synthesis of natural chromophores as 
end or intermediate product of the enzymatic pathway (Bernhardt et al., 2007; de la Pena 
Mattozzi et al., 2006; Santos & Stephanopoulos, 2007). Here, in contrast to other biosensor 
constructs, no classical reporter markers (such as fluorescence proteins) are required to 
access a phenotype for small molecule detection. Despite the successful application of the 
described biosensors in various studies, several drawbacks remain unsolved. One major 
bottleneck is the limited versatility of these biosensor constructs. In fact, a rather small 
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fraction of biological, biotechnological, or medical interesting molecules is essential for 
cellular growth, represents natural chromophores or can be linked to the synthesis of ones.  

A broad spectrum of metabolites is detected in vivo by an extensive repertoire of 
natural sensor devices (e.g. riboswitches, RNA-aptamers, transcription factors, enzymes, or 
periplasmic-binding proteins). Molecular constructs which make use of these biological 
molecules, linked to the optical readout of fluorescence proteins, represent versatile tools for 
small molecule detection. One approach to exploit the molecular recognition specificity of 
several protein classes is the development of FRET-based metabolite sensors. The modular 
architecture of FRET-sensors consists of an acceptor and a donor domain linked to a pair of 
fluorescent proteins differing in their emission and excitation wavelengths. Binding of a 
molecule to the acceptor or sensor domain conducts a conformational change which brings 
the chromophores of the fluorescence proteins into close proximity and enables Förster 
(fluorescence) resonance energy transfer (FRET) from the donor chromophore to the acceptor 
chromophore (Figure 1C). Thus, effector binding can be detected and measured as change in 
the ratio of the emitted fluorescence intensities. Nowadays, a large diversity of FRET-based 
sensors is available for imaging of intrinsic and extrinsic conditions, such as pH, redox 
potential, ATP:ADP ratio, several sugars and metabolites, various ions, kinase activities and 
many more (Frommer et al., 2009). However, a major drawback of FRET-based sensors is 
their inherent high sensitivity towards ionic strength and pH, which can significantly 
influence affinity parameters and fluorescence response of the sensor (Okumoto et al., 2012). 

Finally, genetic regulatory circuits have been extensively exploited for the 
construction of biosensors especially in the field of microengineering and bioremediation 
(van der Meer, 2010; van der Meer & Belkin, 2010). Classically, the construction of these 
sensors is based on i) a sensor protein, e.g. a transcription factor, ii) a molecular switch which 
occurs upon ligand binding and results in transcriptional activation of the cognate regulatory 
DNA element of the transcription factor, and iii) production of a reporter protein (e.g. GFP) 
as sensor readout (Figure 1D) (van der Meer & Belkin, 2010). This type of biosensors has a 
long tradition in microbial sensing systems for the detection of environmental pollutants 
(Belkin, 2003; van der Meer & Belkin, 2010; Harms et al., 2006). For example, a biosensor for 
toluene-based environmental contaminants was developed by putting the luc gene for firefly 
luciferase under the control of the transcriptional activator XylR. In field tests, the sensor was 
shown to accurately detect the pollutants on deep aquifer water and soil samples with a 
sensitivity of about 40 µM (Willardson et al., 1998). Despite the versatile applications in the 
field of chemical compounds and toxicity detection, only a few studies describe the use of 
transcription factor based biosensors to report on production of industrially important 
metabolites.  

Two recent studies presented the construction of transcription factor-based 
biosensors for monitoring of amino acid production in C. glutamicum (Binder et al., 2012; 
Mustafi et al., 2012). These studies represent the first examples of the use of genetically-
encoded biosensors for this important platform organism and indicate the high potential of 
this novel approach for strain development, HT screening and single cell analysis. In the 
following chapter, we provide an overview of the recently developed C. glutamicum sensor 
systems and briefly sketch current efforts on single cell analysis including live cell imaging 
and flow cytometry-based approaches. 
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Figure 1. Categories of biosensors design. (A) Cellular growth of auxotrophic whole-cell biosensors 
reports on the bio-availability of the target molecule. (B) In biosensors based on single- or multistep 
enzyme pathways detection of the target molecule and reporter output is provided through enzymatic 
activities. (C) In FRET-based sensors binding of the target molecule conducts conformational changes 
of the sensor domain which enables a fluorescence readout by energy transfer from the donor to the 
acceptor chromophore. (D) In sensors based on genetic regulatory circuits the target molecule is 
detected by a sensor molecule (RNA, DNA or protein) which in turn induces expression of its target 
gene fused to a reporter gene (adapted from Dietrich et al., 2010). 

 

2. Design of Biosensors Based on Regulatory Circuits  

Biosensors based on regulatory circuits essentially consist of a target promoter responsive to 
a specific stimulus of interest fused to a promoterless reporter protein, which turns the 
particular response into a measurable output. The input signal can either be recognized by a 
single sensor protein or RNA or the promoter underlies control from a complex signal 
transduction network acting as an integral part of the particular cellular response. The latter 
principle has been successfully applied e.g. for the construction of stress-responsive 
bioreporters (see section 4.2.) (van der Meer & Belkin, 2010). 

2.1. Signal integration 

In this section, we want to highlight particularly the use of transcription factors as versatile 
molecular devices to report on small molecule production in C. glutamicum. In fact nature 
provides a variety of appropriate sensor devices in form of transcription factors. Typically, 
transcriptional regulators undergo a conformational change upon binding of their effector 
molecules which in turn results in an altered binding affinity of the regulator for its target 
DNA sequence. Depending on the biosensors final application, the affinity of the sensor 
element towards its effector molecule is of major importance for assay design. In some cases, 
however, specificity and/or ligand affinity are not directly suitable for biosensor 
construction. Here, synthetic biology approaches can be applied to generate variants with 
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altered specificity or transfer parameters (section 5.1.2.). This has been, for example, 
demonstrated by the work of Galvao et al. who were able to select mutated variants of the 
transcriptional regulator XylR, sensing toluene in its native form, that are responsive to 2,4-
dinitrotoluene (DNT) for the detection of explosives (Galvao et al., 2007). Even sensors with 
completely new effector specificities can be engineered as proven by the example of AraC, 
which was switched from a L-arabinose-induced regulator into a mevalonate-responsive 
protein (Tang & Cirino, 2011). Thus, the multitude of naturally available sensor devices in 
combination with current achievements in synthetic biology offers a broad, but almost 
unexploited spectrum of opportunities for biosensor construction.  

In order to decrease the rate of false-positives, a positive readout is desirable for the 
implementation of biosensors in FACS-(fluorescence-activated cell sorting) screenings. This 
can be easily achieved by setting the expression of the reporter protein under the control of a 
transcriptional activator. However, the response of a repressor protein can also be easily 
converted into a positive readout via the design of a coupled sensor. Here, the insertion of a 
strong, non-native repressor and its tightly regulated promoter can be used to invert the 
signal polarity. A striking example was reported by Ohlendorf et al. who inverted the native 
light-repressed gene expression of the photoreceptor system YF1/FixK by the insertion of the 
λ phage repressor cI and promoter pR in front of the respective target gene fixK (Ohlendorf et 
al., 2012). 

2.2. Promoter fusion 

A detailed knowledge of promoter architecture, transcription factor binding sites and 
translation start is an important prerequisite for successful sensor design. In general the level 
of reporter gene expression and thus, reporter output can strongly be influenced by 
transcription and translation initiation rates. Therefore, choosing an adequate type of fusion 
between target promoter and reporter gene is a further crucial aspect. In general two types of 
reporter gene fusions can be distinguished: In transcriptional fusions, a promoterless 
reporter gene is fused to the target promoter of the transcription factor. An effective 
ribosome binding (native or artificial) site is included in the construct (Figure 2A). Thus, 
reporter output ideally reflects the transcriptional regulation of the target gene. In a 
translational fusion, the promoterless reporter gene is fused in frame to the target gene (first 
5-10 codons or even whole open reading frame (orf) and its upstream genomic region (Figure 
2B). This design principle is especially of relevance when dealing with the high frequency of 
leaderless transcripts (approx. 30%) which are present in C. glutamicum (Patek, 2005). In these 
cases, the mRNA completely lacks the binding region of the 16rRNA of the ribosomes, the so 
called Shine-Dalgarno sequence, which is normally located 5-13 base pairs upstream of the 
initiation codon in the untranslated mRNA sequence. In leaderless transcripts, as it is the 
case for example for the mRNA of brnF and lysE in C. glutamicum, the transcriptional start 
point is either identical with the first nucleotide of the start codon or is located in close 
proximity (1-3 bases). Regions downstream of the initiation codon were assumed to interact 
with the 16rRNA of the ribosomes (Moll et al., 2002; Giliberti et al., 2012; Patek, 2005). For this 
reason, the biosensor constructs of pSenLys and the Lrp-sensor, two recently described 
C. glutamicum sensors (see section 4.1.1. and 4.1.2.), were designed including the upstream 
promoter region, the first few codons of the respective orf (lysE and brnF, respectively) and a 
linker sequence introducing a ribosome binding side in front of the reporter gene eyfp (Figure 
2C) (Binder et al., 2012; Mustafi et al., 2012). 

2.3. Choice of reporter protein 

Finally, the construction of a biosensor demands an appropriate reporter protein, that 
provides an easy measureable signal output and is, ideally, compatible with single cell 
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analysis (van der Meer & Belkin, 2010). In order to prevent a high background signal, a non-
toxic reporter protein should be chosen which is not naturally occurring in the host cell, and 
which is not interfering with cellular reactions. Several reviews outline the variety of 
available reporter proteins, their applications and characteristics, their advantages and 
disadvantages (Hakkila et al., 2002; Daunert et al., 2000; Ghim et al., 2010; Shaner et al., 2005). 
Classical reporter systems which have been used in numerous promoter studies in 
C. glutamicum are, for example β-galactosidase (Cho et al., 2012) and chloramphenicol 
acetyltransferase (Vasicova et al., 1999). In recent years, autofluorescent proteins proved in 
practice as appropriate reporters for monitoring gene expression patterns in C. glutamicum. 
Among others, this has successfully been shown for GFP, CFP, and eYFP in studies of 
protein localization and interaction with DNA (Donovan et al., 2010; Burmann et al., 2012; 
Frunzke et al., 2008), protein secretion (Teramoto et al., 2011), and for eYFP and E2-Crimson 
in biosensors reporting on amino acid production (Binder et al., 2012; Mustafi et al., 2012; 
Strack et al., 2009). Recently, Hentschel et al. described the construction of unstable variants 
of eYFP and GFPuv by using SsrA-mediated peptide tagging (Hentschel et al., 2012; Keiler, 
2008; Andersen et al., 1998). In comparison to the extremely long half-life of native 
fluorescent proteins (GFP>24 h), the two presented eYFP-variants revealed protein half-lives 
of 22 and 8 min, respectively. First applications in transient gene expression analysis showed 
the general suitability of the destabilized eYFP variants for dynamic measurements in 
C. glutamicum.  

 A drawback of GFP-derived fluorescent reporter proteins is their dependency on 
molecular oxygen for chromophore maturation as well as time-consuming protein folding. 
Recently, flavin mononucleotide (FMN)-binding fluorescent proteins (FbFPs) were described 
as alternative option allowing quantitative real-time in vivo assays (Drepper et al., 2007; 
Drepper et al., 2010). These novel class of reporter proteins exhibits cyan-green fluorescence 
and does not depend on oxygen for chromophore formation. First proof of principle studies 
revealed their general suitability for in vivo studies in C. glutamicum (Nanda and Frunzke, 
unpublished).  

                                                                                        
Figure 2. Architecture of reporter gene 
constructs. (A) Transcriptional fusion of 
reporter gene and target promoter. (B) 
Translational fusion of reporter (black) and 
target gene (grey) resulting in the production 
of hybrid fusion proteins. (C) Transcriptional 
fusion design used for the construction of 
pSenLys and the Lrp-Sensor, which are based 
on the leaderless transcripts of lysE and brnF, 
respectively. 

 

 

 

 

 



R E S U L T S  | 80 
 

3. Characterization of Biosensor Performance Parameters 

The final application of biosensors for process monitoring or in screening studies requires a 
detailed understanding and characterization of the sensor performance features. In simple 
terms, this is represented by an accurate description of the relationship between the effector 
molecule input and reporter output (e.g. fluorescence). This mathematical relationship, 
termed as transfer function, provides information on the biosensors sensitivity, the dynamic 
and linear range of detection as well as the detection threshold (Figure 3). The sensitivity of 
a biosensor is described by the rate of increase in reporter output, which is depicted by the 
slope of the transfer curve within the linear range of detection (see below). The dynamic 
range of a sensor is defined by the maximum fold change of the reporter output resulting 
from a given sensory input. Furthermore, every sensor construct exhibits a detection 
window where signal input and sensor output display a linear correlation, the so-called 
linear detection range (Bintu et al., 2005a; Bintu et al., 2005b; Dietrich et al., 2010; Wall et al., 
2004; Tabor et al. 2009). 

A detailed knowledge of the respective biosensor performance parameters is an 
important prerequisite for assay design since they illustrate the conditions under which the 
biosensor performs robust and reproducible measurements. In general, biosensor output can 
be classified as a digital on/off type behavior or an analog-like response. The digital sensor 
type is characterized by a low detection threshold, a small-linear induction window, a large 
dynamic range and a high sensitivity. This tight control of response is typical for genetic 
circuits involved in antibiotic or quorum sensing (Dietrich et al., 2010). One of the most 
widely used sensors, TetR, represents in its native form a good example for digital response 
behavior. Lutz and Bujard engineered the already strong target promoter of the TetR 
repressor by adding further operator sides upstream of the native promoter version. This 
resulted in a tightly regulated promoter of TetR, showing no expression of target genes when 
the effector molecule anhydrotetracycline is absent and exhibits an up to ~5000-fold dynamic 
range (Lutz & Bujard, 1997). In contrast, a low affinity for the effector molecule is often 
characteristic for an analog-like response showing a sigmoidal function as response to 
sensory input. Low levels of the effector molecule cause effectively no changes in reporter 
output signal. Increasing concentrations near the KD of the sensor-element are responded by 
a linear increasing output. Through further increasing effector concentrations the sensor is 
saturated and a constant level of the output signal is reached (Tabor et al. 2009). A linear 
correlation between input and output signal allows discrimination of cells or populations 
differing in their input concentrations. This performance feature makes analog type 
biosensors more suitable for applications in screening studies for directed evolution of 
product yields for example. 

                 
Figure 3. Biosensors transfer curve. The 
mathematical relationship of biosensors 
input and output signal provides 
characteristic information of the biosensor 
(adapted from Dietrich et al., 2010).   
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4. Biosensors in C. glutamicum 

The use of biosensors for process monitoring or strain development in C. glutamicum is still 
in its infancy. In 2012, two publications reporting on construction and application of 
C. glutamicum amino acid biosensors, highlighted the potential of this novel approach for 
single cell studies and implementation in HT screenings. 

4.1. Biosensors for the detection of amino acids  

Amino acids represent the most important product class produced at large-scale with 
C. glutamicum and the global market is constantly growing. In the last decades strain 
development and analysis followed traditional ways in terms of screening, selection and 
rational engineering. Amino acids are themselves inconspicuous small molecules. Together, 
these features makes them ideal targets for biosensor design in order to convert product 
formation into an easily accessible phenotype, which interfaces with FACS HT screenings 
and allows single cell analysis of populations. Recently, two studies described the 
development and application of novel single cell biosensors for the detection of several 
industrially important amino acids, such as L-lysine, L-serine, and L-methionine in 
C. glutamicum (Table 1) (Mustafi et al., 2012; Binder et al., 2012; Burkovski, 2008; Eggeling & 
Bott, 2005; Ikeda, 2003). The biosensors exploit the exquisite sensitivity of C. glutamicum 
transcriptional regulators as natural sensor devices responding to elevated intracellular 
concentrations of the respective effector amino acids (Lange et al., 2012; Bellmann et al., 2001).  

4.1.1. Basic amino acids 

The export of amino acids is usually tightly regulated in order to avoid both wasting of 
metabolic energy and inhibitory effects of intracellular high amino acid concentrations. The 
recently described pSenLys biosensor uses the natural specificity and affinity of the 
C. glutamicum transcriptional regulator LysG to report on the production of the basic amino 
acids, L-lysine, L-histidine, L-arginine and L-citrulline. LysG was shown in previous studies 
to activate the expression of the lysE operon in the presence of increasing levels of the 
respective effector amino acids (Vrljic et al., 1996). The transporter encoded by this operon, 
LysE, represents the first amino acid exporter described in literature and was shown to 
facilitate the specific export of L-lysine and L-arginine (Bellmann et al., 2001). The key 
features of the LysG-LysE module make it highly suitable for biosensor design ensuring 
intrinsic molecular recognition specificity combined with appropriate substrate affinity in 
the low to medium mM range. In general, the sensor module of pSenLys consists of the 
genomic region encoding the regulator lysG, the intergenic region of lysG and lysE including 
the regulator binding site, and the first 23 codons of lysE fused to eyfp (for details on sensor 
design see section 2.2. and Figure 2C). By this means, eYFP production reflects the 
transcriptional control of lysE via LysG. First proof of principle experiments revealed the 
general capability of the system to monitor the intracellular accumulation of the basic amino 
acids L-lysine, L-arginine and L-histidine. For the characterization of pSenLys C. glutamicum 
WT, which does not produce or excrete L-lysine in remarkable concentrations, as well as a 
set of defined mutant strains varying in their L-lysine productivity (DM1920, DM1919, 
DM1730, DM1800, and DM1728) were transformed with the plasmid-encoded sensor 
(Ohnishi et al., 2002). In contrast to the wild type cells, which showed no discernable 
fluorescence, L-lysine production strains exhibited a significant increase in eYFP fluorescence 
emission, which correlated with increased extracellular L-lysine concentrations of the 
respective strains. Remarkably, strain DM1920, which produces comparable amounts of L-
lysine to DM1919, displayed a comparatively lower fluorescence signal. In contrast to the 
other strains, DM1920 harbors two copies of the L-lysine exporter lysE, and thus accumulates 
lower cytosolic L-lysine concentrations due to an increased export. This observation 
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demonstrates the adjustment of the reporter output due to varying effector input 
concentrations. The use of production strains differing in their cytosolic L-lysine 
concentration revealed a dynamic range of pSenLys of about threefold for this particular 
effector amino acid. 

4.1.2. L-methionine and branched-chain amino acids  

Lrp represents a further, well-characterized amino acid-sensing transcriptional regulator in 
C. glutamicum, which is therefore also well suitable as sensor device for the design of 
biosensors (Lange et al., 2012). In response to increasing cytoplasmic concentrations of L-
methionine or the branched-chain amino acids, L-leucine, L-isoleucine and L-valine, Lrp 
activates the expression of the brnFE operon, encoding the proton motive force-driven 
secondary transport system BrnFE involved in export of the respective amino acids (Figure 
4A) (Kennerknecht et al., 2002; Trötschel et al., 2005; Lange et al., 2012). For the development 
of a sensor based on the native Lrp-BrnFE module of C. glutamicum, a sensor cassette 
including lrp, the intergenic region of lrp and brnF, and the first 10 codons of brnF fused to 
eyfp, was constructed (see Figure 2C). 

As outlined in section 3, biosensor assay design requires a detailed characterization of 
the relationship between effector input and reporter output. For the characterization of the 
Lrp-sensor transfer parameters defined intracellular amino acid concentrations were 
adjusted using the previously well described dipeptide feeding strategy for C. glutamicum 
(Vrljic et al., 1996). The addition of dipeptides (e.g. Ala-Met) to the growth medium results in 
the uptake and subsequent hydrolysis of the dipeptides by cytoplasmic hydrolases and, thus, 
increases the intracellular concentration of the respective amino acids. To deviate the transfer 
parameters, the intracellular amino acid concentrations were measured by silicon oil 
centrifugation and HPLC for all four effector amino acids (Met, Ile, Leu and Val) and set into 
relation with the maximal reporter output (eYFP fluorescence) (Mustafi et al., 2012). The 
biosensor revealed highest sensitivity for L-methionine followed by L-leucine, L-isoleucine 
and L-valine (Figur 4B). No signal was observed for any other amino acid tested. Due to the 
restrictions in the kinetic properties, the system did not reach saturation. Thus, the presented 
values reveal only the biosensors minimal dynamic and linear range of detection, which 
extends from the detection of less than 1 mM up to 25 mM in the case of L-methionine and 
displays a 78-fold dynamic range for this effector amino acid (Mustafi et al., 2012). In fact, the 
observed analog-like response of the Lrp biosensor makes it highly suitable for the 
biosensor-driven optimization of product yields.  

  To assess the performance of the Lrp-sensor for online monitoring of amino acid 
formation in production strains, the sensor was tested in the L-valine producer C. glutamicum 
∆aceE, lacking the E1 enzyme of the pyruvate dehydrogenase complex (Blombach et al., 
2007). For this purpose cultivations were performed in 48-well microtiter Flowerplates in the 
BioLector cultivation system (m2p-labs GmbH, Aachen, Germany), enabling the online 
measurement of growth as backscattered light and fluorescence. Cells transformed with the 
sensor plasmid displayed fluorescence emission as soon as L-valine production started after 
consumption of the primary carbon-source acetate (Mustafi et al., 2012). Thus, the biosensor 
can be applied as convenient device to visualize the course of amino acid production in real-
time using e.g. microcultivation systems, such as the BioLector or microfluidic chip devices 
(see below). 

4.1.3. L-Serine and O-acetyl-L-serine 

Besides pSenLys, Binder et al. reported on the construction and first proof of principle 
experiments of further metabolite sensors in C. glutamicum (pSenOAS and pSenSer) suitable 
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for the detection of O-acetyl-L-serine and L-serine, respectively (Table 1) (Binder et al., 2012). 
The pSenOAS sensor exploits the sensitivity of the dual regulator CysR, a member of the 
ROK family, towards O-acetyl-L-serine (OAS) and O-acetyl-L-homoserine (OAH). Among 
several other genes involved in the pathway for assimilatory sulfate reduction in 
C. glutamicum, CysR activates transcription of cysI, encoding sulfite reductase, in response to 
OAS and OAH (Rückert et al., 2008).        
 The pSenSer sensor is based on the so far not characterized regulatory protein of the 
LysR superfamily NCgl0581 (cg0702) and its target gene, encoding NCgl0580 (cg0701) a 
carrier protein with about 40% homology to RhtA (YbiF, b0813), which has been 
characterized as exporter of L-threonine and L-homoserine in E. coli (Livshits et al., 2003; 
Marin & Krämer, 2007).  

4.2. Stress response 

Cellular stress responses have long been exploited for the design of bacterial bioreporters 
used in assays exploring the toxicity or mutagenicity of specific chemicals or to monitor 
environmental contamination (van der Meer & Belkin, 2010). Many of these systems are 
directly or indirectly based on the bacterial SOS response, the cellular response to DNA 
damage conserved throughout all bacterial phyla (Storz & Hengge, 2011; Friedberg et al., 
2005). Here, the recombination and repair protein RecA functions as a direct sensor for 
single-stranded DNA, which occurs as a result of DNA damage, and activates 
autoproteolysis of the central repressor protein LexA. Proteolysis of LexA relieves repression 
of the SOS regulon, which typically comprises several genes and operons involved in DNA 
repair, error-prone polymerases, and cell division inhibitor proteins. For the construction of 
bacterial stress reporters, promoter fusions of prominent SOS genes, such as recA itself, umuC 
or sulA, and an appropriate reporter protein (e.g. lacZ or gfp) have been used in several 
studies. A similar approach has also been applied to assay for spontaneous DNA breakage in 
E. coli, which frequently occurs during DNA replication and is an important cause of 
genomic rearrangements (Pennington & Rosenberg, 2007).  

In recent studies of our lab, aiming at the investigation of single cell dynamics of the 
SOS response, we analyzed C. glutamicum populations containing a plasmid-based or 
genomically integrated reporter gene fusion of PrecA and further SOS target promoters to 
genes encoding autofluorescent proteins. Flow cytometry analyses and fluorescence 
microscopy revealed that a fraction of 0.1-0.3% of analyzed single cells exhibited an up to 40-
fold higher induction of the SOS response than the main population (Nanda and Frunzke, 
unpublished). The rate of this spontaneous SOS induction was shown to depend on the 
growth medium and the particular growth phase of the population. Induced cells exhibited a 
significantly decreased survival rate (40-60%) when sorted onto agar plates by FACS. 
Overall, this approach represents a convenient tool to assay for stress response induction and 
can be applied to optimize cultivation conditions in bioprocesses.  
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Figure 4. Lrp-biosensor for amino acid detection. (A) A sensor cell with wild type levels of the 
effector amino acids exhibits background levels of eYFP fluorescence (upper panel). Increased 
intracellular concentrations of the respective amino acids are sensed by the transcriptional regulator 
Lrp, which in turn induces eyfp expression from the promoter PbrnF resulting in fluorescence emission 
of the sensor cell (lower panel). (B) Characterization of the specificity and affinity of the Lrp-biosensor. 
The transfer curve displays the relationship between intracellular concentration of the effector amino 
acids L-methionine (■), L-leucine (▲), L-isoleucine (●), and L-valine (♦) and specific fluorescence 
output. The fluorescence microscopy images show C. glutamicum sensor cells with increasing internal 
concentrations of L-methionine (1-20 mM) (adapted from Mustafi et al., 2012).  

 

Table 1: Overview of C. glutamicum biosensors. 

Sensor 
name 

Sensor 
protein 

Type of 
regulator Targets 

Promoter
-reporter 

fusion 

Sensi-
tivity 
(napp) 

Dynamic 
range     
(fold 

increase) 

Linear 
range of 
detection 

(mM) 

Reference 

Lrp-Sensor Lrp Lrp-type L-Met*, L-Ile 
L-Val, L-Leu 
 

PbrnF-eyfp 2.6-2 >78 >0.2-23.5 Mustafi et 
al., 2012 
 

pSenLys LysG LysR-
type 

L-Lys*, L-
His, L-Arg 

PlysE-eyfp 1.6-2 2.6 7.2-12.0 Binder et 
al., 2012 
 

pSenSer NCgl 
0581 

LysR-
type 

L-Ser PNCgl0580-
eyfp 

n.d. n.d. n.d. Binder et 
al., 2012 
 

pSenOAS CysR ROK-
type 

O-acetyl-L-
serine 

PcysI-eyfp n.d. n.d. n.d. Binder et 
al., 2012 
 

SOS 
sensor 

RecA-
LexA 

LexA 
repressor 

Single-
stranded 
DNA 

PrecA-e2-
crimson 

n.d. n.d. n.d. Nanda & 
Frunzke, 
unpub-
lished 

* Performance features given in the table refer to the effector amino acid marked with an asterisk.  
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5. Application of Biosensors in Screening and Single Cell Analysis 

In section 4 several genetically-encoded C. glutamicum biosensors, which have been 
developed in recent years, were described. Current efforts aim at the application and 
evaluation of this type of sensors in strain analysis and development of C. glutamicum. The 
central feature, namely the detection of a particular stimulus of interest (metabolite 
production, stress response, etc.) in single bacterial cells and the conversion thereof into an 
optical readout opens the way for several new applications, such as: 

- Implementation in FACS HT screenings for the isolation of metabolite producing 
bacteria 

- Biosensor-driven enzyme evolution/engineering 
- Analysis of the complex phenotypic structure of microbial populations at single cell 

resolution 
- Live cell imaging of metabolite production – the study of single cell dynamics in real-

time 
The following section summarizes the outcome of first biosensor applications in library 
screening and single cell analysis of C. glutamicum. 

5.1. Implementation of biosensors in FACS-based HT screenings 

Often the last but crucial step in directed evolution is screening and selection (Dietrich et al., 
2010). The success thereof clearly depends on the accessibility of the particular phenotype of 
interest. However, the majority of biotechnological-relevant molecules and products do not 
per se exhibit a conspicuous phenotype interfacing with HT screening methods. In traditional 
approaches, gas and liquid chromatography as well as NMR techniques have been 
ubiquitously applied for small molecule detection and quantification. These techniques are, 
however, tremendously limited in throughput. Genetically-encoded biosensors can 
significantly improve screening throughput by converting an inconspicuous phenotype into 
a screenable output, e.g. fluorescence, enabling implementation in FACS HT screenings.  

5.1.1. FACS HT screenings based on pSenLys and the Lrp-sensor 

The C. glutamicum biosensors pSenLys and the Lrp-sensor have both already been 
applied in first screening approaches aiming at the isolation of amino acid producing 
mutants (Binder et al., 2012; Mustafi et al., 2012). Due to the activity of the respective 
biosensors, cells with enhanced cytosolic levels of the effector amino acid could easily be 
distinguished from cells with wild type level. Experiments testing sensor-based sorting 
efficiency of the FACS system, revealed a >90% correct sorting efficiency and a survival rate 
of about 96 and 84% in case of the Lrp-sensor and the pSenLys sensor, respectively. These 
features allowed the implementation of the sensor systems in FACS HT screenings for amino 
acid producing cells. Figure 5 provides a schematic overview of the different steps of the 
biosensor-based HT screen carried out with pSenLys and the Lrp-sensor.  

For the generation of genetic diversity, C. glutamicum ATCC 13032 carrying a sensor 
plasmid (either pSenLys or the Lrp-sensor) was mutagenized by treatment with the chemical 
mutagen MNNG (N-methyl-N’-nitro-N-nitrosoguanidine). Subsequently, the obtained 
libraries were screened via FACS for cells showing a significantly increased fluorescent signal 
(Figure 5). For pSenLys, the authors introduced an intermediate cultivation step and a 
second marker protein for screening (E2-crimson) to increase the percentage of viable clones; 
for details see Binder et al. (Binder et al., 2012). As both sensors report exclusively on cytosolic 
accumulation of the respective amino acids, information with respect to the excretion thereof 
is not provided. Therefore, a second screen was introduced to measure amino acid 
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accumulation in the supernatant. This step is crucial in order to discriminate "false positive" 
clones, which only internally accumulate high concentrations of the amino acids (e.g. defects 
in export), from clones excreting significant amounts of the effector amino acids. Finally, 
either selected target genes or the whole genome of selected mutants were sequenced to 
identify novel and unexpected targets for strain development. In the following the results of 
these first screening attempts are summarized. 

The screening approach using pSenLys started with chemically mutagenized 
C. glutamicum wild type and resulted in the isolation of 69% positive mutants (185 of 270 
clones analyzed via HPLC) accumulating L-lysine in the supernatant after 48 h cultivation in 
CGXII minimal medium. Re-cultivation of 120 positively tested clones showed L-lysine 
concentrations ranging from 0.2 to 37 mM. Sequence analysis of selected genes revealed 
several mutations in lysC, of which some were already known to prevent feedback inhibition 
of aspartate kinase activity. Besides, four new mutations in the regulatory subunit of the 
aspartate kinase, seven novel mutations in the hom gene, encoding the homoserine 
dehydrogenase and four new mutations in genes coding for L-threonine synthesis, thrB and 
thrC, were identified. Whole genome sequencing of selected mutants revealed a novel target 
gene of particular interest, namely murE, encoding UDP-N-acetylmuramyl-tripeptide 
synthetase. This enzyme utilizes the direct precursor of L-lysine D, L-diaminopimelate as 
substrate and channels it towards cell wall synthesis. Genomic replacement of the murE 
mutation in defined producer strains resulted in a significant increase of L-lysine production, 
i.e. up to 27% in the best producer DM 1933. 

The first screening approach using the Lrp-sensor was also started from randomly 
mutagenized C. glutamicum wild type cells. This first attempt resulted in the isolation of 21% 
(40 of 192 clones) positive clones that produced branched-chain amino acids. Among these 
the top five mutants produced up to 8 mM L-valine, up to 2 mM of L-leucine and up to 1 
mM L-isoleucine after 48 h cultivation in CGXII minimal medium. The conditions chosen for 
this initial screening obviously favored the isolation of branched-chain amino acid producing 
mutants. None of the mutants accumulated significant amounts of L-methionine, which is 
surely a challenging target as it demands sulfur incorporation and precursors from C1-
metabolism requiring high energy cost (7 mol ATP and 8 mol NADPH) which makes it the 
most expensive amino acid for the cell (Neidhardt et al., 1990). As L-methionine is currently 
of major interest for biotechnological strain development, following experiments aimed at 
the adaptation of the screen towards the isolation of L-methionine producing mutants. First 
studies revealed that the outcome of biosensor-based screenings depends on several aspects, 
including (i) cultivation conditions, (ii) the background strain used for mutagenesis, and (iii) 
the gating strategy of FACS (Mustafi & Frunzke, unpublished). For this reason mutant 
libraries based on C. glutamicum ΔmcbR, lacking the master regulator McbR of L-methionine 
and L-cysteine biosynthesis in C. glutamicum were screened in following studies (Rey et al., 
2003). Due to the tight regulation on biosynthesis genes, mediated by McbR, removing 
transcriptional repression is suggested to be an important prerequisite for the isolation of L-
methionine producing mutants. Overall, this screen resulted in 49% (47 of 96 clones) positive 
clones producing significant amounts of L-methionine (at least twofold more than the 
parental strain C. glutamicum ΔmcbR. Among these the top three mutants produced up to 8 
mM L-methionine after 48 h cultivation in minimal medium (Mustafi & Frunzke, 
unpublished).  

5.1.2. Further screening applications of single cell biosensors  

Further applications of the sensor system to optimize production strains include adaptive 
laboratory evolution approaches. In the last decades laboratory evolution has proven to be a 
suitable tool e.g. to adapt microorganisms to different environmental conditions as well as to 
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make them utilize non-native substrates (Portnoy et al., 2011). In this context, the 
fluorescence readout of sensor cells provides an accessible phenotypic trait which can 
impose a selective pressure in e.g. FACS-based screenings. In suchlike experiments clones 
with increased productivity compared to the ancestor strain should predominate after 
several rounds of FACS sorting and re-cultivation. 

 As mentioned above, the described sensor systems enable the intracellular 
measurement of amino acid concentrations in C. glutamicum cells. This feature can also be of 
benefit in a screening set up for the identification of novel transport systems. For instance in 
the case of L-methionine the existence of a second low affinity transport system besides 
BrnFE has been postulated by Krämer and coworkers in 2005, but it has not been identified 
to date (Trötschel et al., 2005). Using the sensor system, mutant strains with defects in the 
export of the particular effector amino acid (e.g. mutation of LysE or BrnFE) will accumulate 
significantly increased internal amounts of the respective amino acids leading to a high 
fluorescence readout of the sensor. Indeed, detailed characterization of L-lysine producing 
mutants (n=40) using an expectation maximization algorithm revealed one cluster of 
mutants exhibiting extreme high fluorescence, but comparatively low L-lysine accumulation 
(Binder et al., 2012). Targeted isolation of such mutants in screenings might be a promising 
approach for the identification of novel transport systems for the effector amino acids of the 
applied sensor.  

For production of a specific metabolite of interest, researchers often rely on the 
performance of heterologously expressed pathways or enzymes. Directed evolution 
approaches have been used to optimize enzyme activity and specificity of a variety of 
different enzymes. Most assays are, however, carried out in vitro and cannot be adapted for 
enzyme evolution using whole cells (Arnold & Georgiou, 2003). As metabolite biosensors 
allow specific detection of small molecules, suchlike sensor systems can also be applied for in 
vivo enzyme evolution. The workflow for such an approach comprises the construction of an 
enzyme library using e.g. error-prone PCR, transformation of sensor cells with the resulting 
library, and finally FACS screening and validation of obtained variants. A striking example 
was recently reported by Michener et al. who developed a RNA aptamer-based sensor 
system to screen for improved enzyme activities of caffeine demethylase (Michener & 
Smolke, 2012). In contrast to conventional direct evolution techniques, this approach allows 
high throughput analysis of mutant enzyme libraries, where enzyme activity is assayed in 
vivo.  

5.2. Biosensor-based single cell analysis 

Nowadays, there is increasing evidence that apparent clonal microbial populations display 
substantial variation in phenotypic traits. This common occurrence of multimodal 
heterogeneity can originate, for example, from microenvironmental variations, differences in 
cell age or cell cycle, epigenetic variation or simply stochastic effects in gene expression 
(Elowitz, 2002; Lidstrom & Konopka, 2010). However, the aspect of population heterogeneity 
has hardly been studied in industrial productions strains, although inefficient 
subpopulations within a production culture might have a significant negative impact on the 
whole bioprocess (Müller et al., 2010). To understand the actual impact of individual cells on 
population average and heterogeneity the development of novel techniques is required, 
which enable quantification and real-time monitoring of metabolites at the single cell level 
(Schmid et al., 2010; Amantonico et al., 2010; Heinemann & Zenobi, 2011; Müller & Hiller, 
2012). In this context, the implementation of biosensors capable of detecting molecules with 
single cell resolution in studies based on flow cytometry, lab-on-a-chip devices, and time-
lapse microscopy provides a powerful tool to analyze metabolic productivity differences in 
individual cells.  
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Figure 5. Schematic illustration of flow cytometry and biosensor-based high-throughput screening. 
(1) Generation of genetic diversity by chemical mutagenesis. (2) Screening of mutant library and 
isolation of single mutant cells via FACS. (3) Sorting of single cells on plates, (4) cultivation in 
microtiter plates and (5) quantification of external amino acids via uHPLC. (6) Genome sequencing for 
target identification (adapted from Mustafi et al., 2012). 

 

5.2.1. Flow cytometry  

In recent years, more and more attention was drawn to the use of flow cytometry as a 
convenient HT-compatible method allowing the measurement of multiple parameters in a 
single microbial cell (Tracy et al., 2010; Müller & Nebe-von-Caron, 2010). Parameters which 
can be assessed by flow cytometry include the cellular scattering properties (indicative for 
cell size and cellular complexity) as well as every phenotype which can be directly or 
indirectly linked to a fluorescent output (Müller & Nebe-von-Caron, 2010). For C. glutamicum 
single cell analysis and screening approaches based on flow cytometry have, however, been 
only used in a few recent studies including the biosensor-based HT screenings performed 
with pSenLys and the Lrp-sensor (Mustafi et al., 2012; Binder et al., 2012). Recently, 
Neumeyer et al. reported on the use of multiparameter flow cytometry to assess different 
phenotypic parameters of C. glutamicum, such as cell size, cell granularity, DNA content, 
membrane potential and integrity (Neumeyer et al., 2013). Fluorescent dyes and staining 
procedures were evaluated regarding their suitability to monitor multiple parameters in 
C. glutamicum populations. Application of these procedures revealed, in fact, phenotypic 
heterogeneity in terms of viability, membrane potential and growth activity of C. glutamicum 
grown on standard minimal or complex media.  

Current efforts aim at the establishment of downstream approaches for the analysis of 
subpopulations to not only monitor, but, more importantly, understand the molecular basis 
of the observed phenotypic variation. Müller and coworkers recently described a workflow 
for combining FACS cell sorting with mass spectrometry based proteomic analysis of 
subpopulations (Jehmlich et al., 2010; Müller & Hiller, 2012). Current advances in mass 
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spectrometry and sequencing technologies bring the analysis of small subpopulations or 
even single cells into reach. Furthermore, a variety of fluorescent dyes and staining protocols 
is available to assess multiple parameters at single cell resolution. The implementation of 
metabolite sensing biosensors into this framework will represent a further important step 
towards a systems level analysis of microbial populations in bioprocesses.  

5.2.2. Microscopy and live cell imaging 

In contrast to the snapshot analysis provided by flow cytometry, live cell imaging 
approaches offer the advantage of long term cell observation and analysis during 
homogenous and well controllable cultivation in microscale environments (Schmid et al., 
2010; Szita et al., 2010; Gulati et al., 2009; Locke & Elowitz, 2009). Recently, Grünberger et al. 
reported on the fabrication and implementation of a microfluidic picoliter bioreactor 
allowing parallel studies of multiple microcolonies growing in a monolayer (Figure 6 A,B) 
(Grünberger et al., 2012). First studies investigating growth of C. glutamicum in these 
microfluidic devices revealed a 50% higher growth rate of the wild type strain compared to 
cultivation in shake flasks. Optimal growth conditions, such as continuous medium flow 
ensuring optimal supply with nutrients and oxygen as well as the removal of secreted by-
products, offer an explanation for the observed increase in growth rate of C. glutamicum 
(Dusny et al., 2012; Grünberger et al., 2013). 

 This experimental setup was used in first live cell imaging studies to monitor L-valine 
production of C. glutamicum ΔaceE in real-time (Figure 6C). Therefore, the respective strain 
was transformed with the Lrp-sensor to study growth and amino acid production at single 
cell resolution. Live cell imaging of microcolonies (30-40 cells) grown from one single 
ancestor cell in the abovementioned picoliter bioreactor revealed variations in doubling time, 
cell size and, most interestingly, single cell fluorescence, suggesting significant cell-to-cell 
variation with respect to L-valine production (Mustafi et al., 2012). The observed phenotypic 
heterogeneity within isogenic microcolonies would have hardly been detected in typical 
shake flask experiments as here L-valine accumulates in the supernatant and thus influences 
internal L-valine levels. Overall this experimental setup in combination with a genetically-
encoded sensor system provided a first glimpse into phenotypic heterogeneity of a 
C. glutamicum strain in terms of growth and metabolite production. Further studies are, 
however, required to benchmark the use of biosensors for real-time monitoring of metabolite 
production and to study the influence of sensor expression on the physiology of the 
particular cell or population.  
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Figure 6. Biosensor-based analysis of production strains in lab-on-a-chip devices. (A) Images 
showing the fabricated microfluidic chip devices (at the top), zooming into one growth array (in the 
middle). Scanning electron microscopy image (at the bottom) and (B) schematic illustration of a single 
picoliter bioreactor. (C) Microscopic image of an isogenic C. glutamicum ΔaceE microcolony containing 
the biosensor and the respective lineage tree, illustrating variation in doubling time, cell size and 
fluorescence at the single-cell level (adapted from Grünberger et al., 2012 and Mustafi et al., 2012).  
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6. Future Perspectives and Concluding Remarks 

In the last few years the development of biosensors as well as their implementation in HT 
screenings and single cell analysis, is a rapidly emerging field of research in industrial 
biotechnology. However, the great potential of biosensors based on regulatory circuits 
(transcription factors or RNA aptamers) for the detection and quantification of industrial-
relevant metabolites has not been exploited so far. First studies reporting on the design of 
C. glutamicum biosensors for the intracellular detection of amino acids already highlighted 
the impact this novel approach might have on future attempts regarding strain development 
and bioprocess monitoring. First biosensor-based FACS HT screenings resulted in the 
isolation of numerous mutant strains producing the respective amino acid of interest. 
Furthermore, current advances in the development of novel microfluidic devices for live cell 
imaging allow high resolution insights into phenotypic heterogeneity within clonal 
populations. However, also several critical issues need to be addressed in future studies: 
What are the limitations of the system? To which extent impacts the production of 
fluorescent reporter proteins the physiological state and, thus, the phenotype of the 
respective cell? Is this approach limited to a few selected success stories or can we believe the 
promises of synthetic biology that a specific and sensitive sensor system can be developed 
and adapted for almost every small molecule of interest? Time will tell. 
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4 Discussion 

Nowadays, C. glutamicum due to its high capacity for amino acid production represents one 

of the most important platform organisms in industrial biotechnology. Amino acids are 

inconspicuous small molecules, thus, screening for their production demands on appropriate 

selection strategies. In the present work, the sensitivity of the transcriptional regulator Lrp of 

C. glutamicum was exploited for the development of a genetically-encoded single cell 

biosensor capable of converting amino acid formation into an easily accessible phenotype, i.e. 

fluorescence readout. Lrp activates the expression of the brnFE operon encoding the exporter 

for branched-chain amino acids and L-methionine, in response to increasing cytoplasmic 

concentrations of L-methionine or the branched-chain amino acids, L-leucine, L-isoleucine 

and L-valine (Kennerknecht et al., 2002; Trötschel et al., 2005; Lange et al., 2012). The 

biosensors specificity towards the effector amino acids and its sensitivity in the low to 

medium mM range allows to distinguish easily between cells with wild type-levels from cells 

with enhanced cytosolic levels of L-methionine and branched-chain amino acids. These 

features present the Lrp-biosensor as valuable tool for implementation in novel screening 

approaches for amino acid producing strains. 

 

4.1. Implementation of the Lrp-biosensor in FACS-based HT screenings  

Nowadays, a major drawback in strain development is the typically low-throughput of 

analytical techniques applied for product detection and quantification, e.g. chromatography 

and mass spectrometry methods. Screening strategies based on flow cytometry allow for high-

throughput (HT) single cell analysis of large populations (up to 80.000 cells per second) and 

thus, can notably improve screening efficiency since no individual cultivation step for each 

clone is required and interesting clones can directly be identified and isolated (Dietrich et al., 

2010; Brehm-Stecher & Johnson, 2004). However, this demands on an easily accessible 

phenotype while the majority of biotechnological interesting metabolites are represented by 

small, inconspicuous molecules. Genetically-encoded single cell biosensors offer the 

advantage to transform information about a specific metabolite into a fluorescence readout 

which interfaces with FACS-(fluorescence-activated cell sorting) based high-throughput (HT) 

screenings.  

In this work, we implemented the Lrp-biosensor in FACS-based screening approaches for the 

isolation of amino acid producing strains. In first screenings, mutant libraries of chemically 
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mutagenized C. glutamicum wild type cells carrying the Lrp-sensor were screened via FACS 

for cells showing a significantly increased fluorescent signal. In a subsequent screen, amino 

acid concentrations were determined in the supernatant of positively screened mutants via 

uHPLC to discriminate "false positive" clones, which accumulated exclusively internal high 

concentrations of the effector amino acids (e.g. defects in export). Finally, selected genes of 

interesting mutants were sequenced to identify novel and unexpected targets for strain 

development.  

The first screening approach using the Lrp-sensor resulted in the isolation of 20% positive 

clones that produced branched-chain amino acids. Application of a gating strategy based on 

fluorescence properties of the mutant library revealed a clear pattern: populations exhibiting 

higher fluorescence showed a comparatively higher number of positive clones excreting the 

effector amino acids in higher concentration levels. Overall, the top five mutants produced up 

to 8 mM L-valine, up to 2 mM of L-leucine and up to 1 mM L-isoleucine after 48 h 

cultivation in CGXII minimal medium. Since biosynthesis of the branched-chain amino acids 

is closely linked and shares the same enzymes in C. glutamicum (Patek, 2007), namely 

acetohydroxyacid synthase (ilvBN), acetohydroxyacid isomeroreductase (ilvC), dihydroxyacid 

dehydratase (ilvD), and transaminase B (ilvE), the respective genes were sequenced in the top 

five mutants revealing mutations in ilvD (ilvDG528D) and ilvN (ilvNS311F). To analyze the actual 

impact of these mutations on synthesis of branched-chain amino acids, re-introduction into the 

wild type chromosome is required. We further analyzed pyruvate dehydrogenase complex 

(PDHC) activity, which is crucial for the production of L-valine in C. glutamicum (Blombach 

et al., 2007). Two of the top five mutants showed a decreased PDHC activity, however, 

sequencing of aceE, encoding the Ep1 subunit of PDHC, revealed wild type situation in all of 

the top five mutants. Yet, reduced PDHC activity might be caused by an impaired supply of 

the cofactors thiamine pyrophosphate, lipoic acid, FAD, CoA, NAD+ and Mg2+ or mutations 

in genes encoding regulatory proteins (Blombach et al., 2009; Schreiner et al., 2005; Reed, 

1974; Yeaman, 1989).  

For chemical mutagenesis, we used the alkylating agent MNNG, which has often been used as 

the mutagen of choice in previous studies, as it is described to offer the highest possible 

frequency of mutants per survivor (Baltz, 1986). However, chemical mutagenesis based on 

alkylating agents or base analogs induces mainly point mutations with favored single-base 

substitutions, for example, MNNG induces preferentially GC→AT transitions and, to a minor 

extent, AT → GC transitions, as shown for several organisms including C. glutamicum 
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(Ohnishi et al., 2008; Wang et al., 1996; Gee et al., 1994). In order to expand the spectrum of 

mutations, alternatives as transposon-based mutagenesis or physical mutagenesis, e.g. UV-

rays, X- or γ-rays can be applied. The commonly used UV-light mutagenesis mainly induces 

pyrimidine diamerization resulting in AT→GC transition. Ionizing radiation based on X- or γ-

rays often causes deletions and genomic rearrangements due to occurring breaks of the DNA 

strand (Parekh et al., 2000). Complete gene inactivation can also be induced using 

transposon-based mutagenesis. Moreover, random integration of transposable and insertion 

(IS) elements in the genome can result in altered gene expression. While chemically or UV-

based mutagenesis mainly causes amino acid substitutions which can result in altered activity 

of interesting enzymes for biosynthesis of target metabolites, e.g. reduction of feedback 

resistance, inactivation of entire genes can reveal unknown obstacles in metabolic pathways. 

Thus, extension of mutant libraries by the abovementioned techniques would be a promising 

approach to cover a wide range of potential modifications in biosensor-based screenings 

aiming for the isolation of amino acid producing mutants.  

Transposon-mutant libraries of C. glutamicum have been successfully screened to identify 

amino acid transporters in previous studies. However, isolation of the respective mutants 

relied on time-consuming screening strategies, where growth analysis was performed of every 

single mutant in presence of dipeptides containing the interesting amino acid (Kennerknecht 

et al., 2002; Simic et al., 2001). Implementation of the biosensor in a FACS-based screening 

set up for the identification of novel transport systems would significantly increase throughput 

of such an approach. Inactivation of the respective export systems by integration of a 

transposon will cause internal accumulation of the effector amino acid, which can be 

displayed by enhanced fluorescence emission of the biosensor. For instance, the Lrp-sensor 

can be used to screen for the second low affinity transport system of L-methionine in 

C. glutamicum which has been postulated in studies in the group of R. Krämer during their 

work on BrnFE (Trötschel et al., 2005). 

Due to the biosensors wide versatility (Figure 4), further interesting applications include e.g. 

adaptive laboratory evolution approaches. Laboratory evolution has proven to be a straight 

forward approach for strain development as it allows microorganisms to adapt to different 

environmental conditions or to make them utilize non-native substrates (Portnoy et al., 2011). 

The implementation of a biosensor reporting on single cell productivity via fluorescence 

emission in such an approach can exert a selective pressure on the cells in e.g. FACS-based 

screenings. Iterative cultivation and screening of the cells should finally yield clones with 
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increased productivity compared to the ancestor strain. In contrast to rational engineering or 

random mutagenesis, this approach allows for the occurrence of non-intuitive and 

spontaneous mutations without the accumulation of undesired mutations with negative 

impact.   

 

Figure 4. Versatile application of biosensor in live cell imaging studies of metabolite production, screening of 
mutant libraries, in vivo evolution approaches and online monitoring of product formation.  

 

4.2. Towards L-methionine overproduction 

The worldwide growing demand for amino acids is forecasted to reach a global market of 

US$11.6 billion by the year 2015 (Global Industry Analysts, 2012). The major market is 

represented by the animal feed sector, where the essential amino acids, in particular L-lysine, 

L-methionine, L-threonine, and L-tryptophan are provided as feed additives. Current research 

activities focus on the establishment of a biotechnological production process for L-

methionine, which in contrast to all other large-scale produced amino acids is still produced 

on petrochemical basis. Several studies aiming at fermentation-based production of L-

methionine indicate some progress at lab-scale, nevertheless, the desired success of a L-

methionine overproducing strain was not yet obtained (Kumar & Gomes, 2005).  

In this work we applied the Lrp-sensor based FACS HT screening approach to search in 

particular for C. glutamicum mutants accumulating L-methionine. The initial screen starting 
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from the wild type obviously favored the isolation of branched-chain amino acids producing 

mutants, since no L-methionine accumulating mutants were obtained. Thus, we used in 

following screenings C. glutamicum strains as parental background, which already harbored 

genetic modifications assumed to be beneficial for L-methionine production. The 

manipulations included deletions of metP and metQNI encoding the importer systems in order 

to prevent reuptake of excreted L-methionine as well as deletion of mcbR coding for the 

repressor of stringently regulated L-methionine biosynthesis genes (Rey et al., 2003; 

Trötschel et al., 2008). In addition, media composition for cultivation of the mutants was 

altered by providing alternative sulfur sources to reduce the high NADPH demand of the cells 

for reduction of sulfate, normally used as S-source in minimal medium.  

On the whole, the screening approach originating from C. glutamicum ΔmcbR resulted in the 

best achievements. In total, about 50% positive clones were obtained, which produced at least 

twice as much L-methionine as the parental strain C. glutamicum ΔmcbR. Among these the 

top three mutants produced up to 8 mM L-methionine after 48 h cultivation in minimal 

medium. Whole genome sequencing of the best producing mutants (six mutants in total) 

revealed several mutations in genes of terminal L-methionine biosynthesis as well as 

pathways supplying building blocks, precursors (C1- and sulfur metabolism), and redox power 

(pentose phosphate pathway). Additionally, mutations in genes were found coding for the L-

methionine export system BrnFE, as well as for the transcriptional regulators involved in 

sulfonate utilization, SsuR, and sulfate reduction, CysR (Koch et al., 2005; Rückert et al., 

2008; Trötschel et al., 2005).  

In general, the stringent transcriptional regulation of genes involved in sulfur metabolism 

makes overproduction of L-methionine difficult in C. glutamicum. Hence, identified 

mutations in two of the three described regulators of sulfur metabolism (SsuR, CysR, McbR) 

represent an interesting target for future analysis. Transcription of cysR and ssuR is repressed 

by the master regulator McbR. In turn, CysR binding to target genes is regulated by the 

availability of O-acetyl-L-serine (OAS) and O-acetyl-L-homoserine (OAH), which represent 

acceptor molecules for sulfide. Thus, the CysR-activated pathway for the reduction of sulfate 

to sulfide is only initiated, when sulfide can be incorporated via OAS and OAH into L-

cysteine and homocysteine. Mutations in regulatory domains of CysR might alter binding 

affinities of this regulator towards its effector molecules or towards the DNA in the promoter 

of the target genes. Generally, increased expression of the CysR regulon might result in an 

enhanced availability of reduced sulfide, which finally could be incorporated in L-methionine 
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biosynthesis (Rückert et al., 2008). In this context, identified mutations in cysH encoding an 

adenosine phosphosulfate reductase, involved in reduction of sulfate to sulfite and in fpr2 

encoding a potential NADP(+)–ferredoxin reductase, described to be involved in reduction of 

sulfite to sulfide, might contribute to enhanced sulfide formation (Rückert & Kalinowski, 

2008). Transcriptional activation of the SsuR regulon is inhibited by sulfate and to a minor 

extent by adenosine 5′-phosphosulfate, sulfite, and sulfide. Hence, SsuR-dependent sulfonate 

uptake and utilization is strictly controlled by the concentrations of inorganic sulfur 

compounds in the cell. Again, mutations in the SsuR regulator and identified mutations in 

seuA and seuC, encoding FMNH2-dependent monooxygenases involved in sulfonate ester 

utilization (Koch et al., 2005; Krömer et al., 2008), could impact supply with sulfide, thus, 

being beneficial for L-methionine overproduction. No mutations were found in the mcbR gene 

or in identified binding sites of McbR target genes. However, promoter regions of the SsuR 

and CysR regulon were not analyzed so far.  

Interestingly, a mutation in metH coding for the vitamin B12-dependent methionine synthase 

was identified. Methylation of L-homocysteine to yield L-methionine is regarded as a limiting 

step in C. glutamicum (Krömer et al., 2005). In contrast to all other enzymes of the terminal 

pathway of L-methionine biosynthesis (MetX, MetY, MetB, MetC), no feedback inhibition 

has been described for MetH as well as for the second methionine synthase MetE (vitamin 

B12-independent). So far, only transcriptional regulation of metH and metE by McbR is 

reported. Thus, mutations in MetH could reduce currently unknown inhibition of this enzyme 

and enhance methylation rate of L-homocysteine. Systematic investigation of the described 

mutations in future studies, including transcriptome analysis and reintegration into the 

parental strain C. glutamicum ΔmcbR, will show the actual impact of the identified mutations 

on L-methionine synthesis.  

As mentioned before the major bottleneck for efficient overproduction in C. glutamicum is 

represented by the tight repression of L-methionine biosynthesis genes. Therefore, deletion of 

mcbR is considered as prerequisite in the development of a L-methionine production strain. 

However, detailed metabolome analysis in the C. glutamicum mcbR deletion strain revealed 

no increased production of L-methionine, although all intermediates of the L-methionine 

pathway showed enhanced concentrations compared to levels in the wild type (Krömer et al., 

2005). Overall, deletion of mcbR was shown to severely affect growth and biomass yield of 

the particular strain. This might be caused by the derepressed/induced expression of sulfite 

reductase (cysI) which is a likely candidate for generating reactive oxygen species, thus, 
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inducing oxidative stress in the cell (Krömer et al., 2008). Further, genetic modification of the 

mcbR deletion mutant are complicated (C. Rückert, personal communication), thus making 

construction of a C. glutamicum ΔmcbR based L-methionine production strain difficult. In 

order to circumvent a mcbR knockout mutant, binding sides within the promoter region of 

particular target genes could be modified or deleted. 

Besides the exploitation of C. glutamicum for successful overproduction of L-lysine, L-

leucine, L-isoleucine, and L-threonine, E. coli proved as competitive microbial producer for 

overproduction of amino acids of the L-aspartate family (Park & Lee, 2010). In the case of L-

methionine production, metabolic pathway investigations based on elementary flux mode 

analysis revealed an even higher theoretical, optimal yield of E. coli 0.52 (C-mol) (C-mol)-1 

compared to C. glutamicum 0.49 (C-mol) (C-mol)-1 (Krömer et al., 2006). The reasons for the 

higher potential productivity of E. coli are assumed to be linked to NADPH generation and 

demand. Although C. glutamicum and E. coli require similar amounts of NADPH per mol L-

methionine synthesis (8 mol and 8.5 mol, respectively), the generation of methyl-

tetrahydrofolate, which provides the C5-methyl group for methylation of L-homocysteine, 

demands a twofold reduced NADPH amount in E. coli. Furthermore, E. coli possesses a 

membrane-bound transhydrogenase for generation of additional NADPH, which is not present 

in C. glutamicum (Krömer et al., 2008). Taken this into account, future work should include 

screenings of E. coli mutant libraries for isolation of L-methionine producing mutants. This, 

however, demands the development of a suitable biosensor for this organism, since the Lrp-

biosensor was not functional in E. coli. For the design of a suchlike biosensor, native 

regulatory devices of E. coli or related Gram-negative species sensitive to L-methionine could 

be integrated, such as MdeR, a member of the leucine-responsive regulator protein (Lrp) 

family which was shown to activate expression of genes involved in the degradative 

metabolism of L-methionine in Pseudomonas putida (Inoue et al., 1997). Alternatively, the 

use of E. coli specific promoter sequences and/or ribosome binding sides as well as the 

adaption of the codon usage could improve transcription and translation efficiency of the Lrp-

sensor in E. coli, thus, making the biosensor compatible for amino acid detection in this 

organism.  

Taken as a whole, the presented workflow starting from the generation of mutant libraries of 

strains previously engineered for L-methionine production, implementing biosensor-based 

FACS HT screening for mutant isolation, and applying whole genome sequencing 

technologies on interesting mutants, enabled successful isolation of L-methionine producing 
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mutants and rapid access to genetic modifications within weeks. Certainly, obtained 

production yields are far away from being competitive to petrochemical-based production. 

Nevertheless, further HT screenings of C. glutamicum and E. coli based mutants libraries and 

subsequent detailed genomic and transcriptome analysis might bring the breakthrough of L-

methionine overproducing strains in commercial production processes into reach. 

 

4.3. Online monitoring of amino acid production 

Online monitoring techniques in bioprocesses offer the advantage to identify bioprocess 

problems at the time they occur, thus, providing valuable information for optimization of the 

production process. The general performance of the Lrp-biosensor for online monitoring of 

amino acid production in biotechnological production strains was assessed by analysis of 

gradually engineered C. glutamicum L-valine producers based on deletion of the E1p subunit 

of the PDHC (aceE). Blocking the conversion of pyruvate to acetyl-CoA by deletion of the 

aceE gene results in acetate-dependent growth of these strains. Thus, L-valine production can 

be controlled and decoupled from growth by acetate feed control during biotechnological 

processes. This facilitates validation of the biosensor, since production of L-valine in batch 

fermentation starts after several hours when acetate is consumed and thus, the correlation of 

biosensor output and L-valine production can be assayed. Studies of the L-valine production 

strains proved the Lrp-biosensor as convenient tool to report on the initiation of L-valine 

production, to monitor amino acid production in the course of time, and to distinguish 

between different levels of productivity in high yield and basic production strains. Thus, 

biosensor-based investigation of the strains paves the way for revealing bottlenecks in current 

production processes and enable screening of cultivation conditions for optimization of 

processes in future. 

 

4.4. Biosensor-based live cell imaging  

Efficient performance of biotechnological processes demands on highly productive strains 

which show less cell-to-cell variation in regard to physiological states and metabolite 

production. Nevertheless, traditional strategies for bioprocess optimization often rely on the 

measurement and interpretation of average data obscuring cell-to-cell variation and giving no 

information about development of inefficient subpopulations. Recent studies of Neumeyer et 
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al. using multiparameter flow cytometry revealed phenotypic heterogeneity of C. glutamicum 

populations with respect to membrane integrity (viability), membrane potential, and growth 

activity (Neumeyer et al., 2013). In this work, we presented first qualitative insights into cell-

to-cell heterogeneity in particular during production processes of C. glutamicum by 

application of the amino acid sensing Lrp-sensor.  

Population heterogeneity is not exclusively based on biological sources, but can additionally 

arise in response to environmental gradients. Thus, potential reasons for cell-to-cell variability 

cannot clearly be identified in highly fluctuating cultivation conditions using lab-scale 

reactors or shake-flasks. Therefore, we performed investigations of L-valine production 

strains in microfluidic systems allowing for cultivation at environmental constant and defined 

conditions. As the Lrp-sensor allows the visualization of cytosolic amino acid concentrations 

in single cells, we studied in first experiments isogenic microcolonies of low yield L-valine 

production strain ∆aceE (without plasmid-bound overexpression of L-valine biosynthesis 

genes ilvBNCE) in microfluidic systems under conditions supporting L-valine production. 

Strikingly, these studies revealed cell-to-cell variation of fluorescence emission suggesting 

significant variability of L-valine production within the microcolony. Based on this first 

glimpse of cell-to-cell heterogeneity in productivity levels in C. glutamicum ∆aceE, we 

analyzed improved L-valine production strains C. glutamicum ∆aceE/pJC4-ilvBNCE-E2-

Crimson, C. glutamicum ∆aceE ∆pqo/pJC4-ilvBNCE-E2-Crimson, C. glutamicum ∆aceE 

∆pqo ∆pgi/pJC4-ilvBNCE-E2-Crimson, and C. glutamicum ∆aceE ∆pqo ∆pgi ∆pyc/pJC4-

ilvBNCE-E2-Crimson in further studies. Since these strains were step by step engineered 

towards efficient L-valine overproduction, we planned to investigate to what extend cell-to-

cell variation regarding metabolite production depends on different factors, such as precursor 

availability of pyruvate (aceE, pqo, pyc), NADPH supply (pgi), and overproduction of L-

valine biosynthesis genes (ilvBNCE). However, we could not observe a decreasing cell-to-cell 

variability in the gradually engineered strains, indicating that despite pyruvate and NADPH 

supply or ilvBNCE overexpression other factors cause the observed variations at the single 

cell level. Factors which might influence L-valine production include e.g. cofactor supply of 

the involved enzymes, carbon source uptake, or general energy level of the individual cells. 

Time-lapse microscopy based on long-term observation of isogenic microcolonies with high 

temporal and spatial resolution gave us deep insights into the growth and productivity of 

single cells and the ancestry of forming subpopulations. In all analyzed production strains we 

observed a fraction of non-fluorescing cells in the production phase. This was in agreement 
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with results obtained by FACS measurements of cells during cultivation in the 1L bioreactor. 

Single cell tracking revealed besides the presence of dormant cells, neither producing nor 

growing in course of time, sudden and progressive cell lysis. Additionally cells were tracked, 

which displayed unhampered growth and did not initiate L-valine production at all. 

Uncontrolled growth of cells can result in a predominant non-producing population, which 

depletes all provided nutrient resources for biomass instead of product formation. Obviously, 

this may result in a tremendously reduced production efficiency of the entire biotechnological 

processes.  

Live cell imaging of cells during cultivation in microfluidic devices which mimicked the short 

time of transition from growth to production phase in fermentation processes, showed the 

development of a phenotypic bistability within the microcolonies when conditions supporting 

L-valine production were triggered by the medium switch. Besides expected initiation of L-

valine production, cells showed either unhampered growth and cell division, or a time-

delayed switch to L-valine production. Factors influencing the transition from growth to 

production might be different energetic levels of the cells or a higher capability for uptake of 

residual carbon sources due to higher abundance of transporter proteins. Energy states or 

glucose uptake rates could be monitored by application of biosensors reporting on e.g. glucose 

(Veetil et al., 2010; Takanaga et al., 2008), ATP:ADP ratio (Berg et al., 2009) or NADPH 

levels (Siedler, Bringer, and Bott unpublished) of the cell. However, suchlike sensors are 

currently not available for C. glutamicum. An alternative to assess glucose uptake is 

represented by the use of fluorescent glucose analogues (Yoshioka et al., 1996).  

Overall, these studies proved the Lrp-sensor as powerful tool to access valuable information 

of single cell productivity and physiology during production processes under physiological 

and non-invasive conditions. Biosensor-based studies investigating cell-to-cell variation in 

biotechnological production strains allow us to gain a deeper knowledge of the complex 

phenotypic structure of microbial populations and thus, represent a new approach for strain 

analysis and improvement in future. In-depth investigation, however, demands on the 

establishment of omics-based downstream methods to profile subpopulations (Fritzsch et al., 

2012; Wang & Bodovitz, 2010; Müller & Hiller, 2013). In this context, Müller and coworkers 

described recently a promising advance by combination of FACS cell sorting with mass 

spectrometry based proteomic analysis, so-called Cytomics, enabling detailed physiological 

analysis of subpopulations (Jehmlich et al., 2010). 
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4.5. Limitations of the sensor system 

Studies reported within this work highlight the great potential of single cell biosensors in the 

emerging field of single cell analysis in industrial biotechnology. However, future work has to 

address critical issues and limitations of suchlike sensor systems. 

The high specificity of the biosensor, which is an important prerequisite in screenings for the 

desired molecule, represents simultaneously a drawback of the system, since it is limited to 

specific metabolites and does not allow quantification of several different metabolites in the 

same cell at the same time. Integration of further reporter constructs can widen the spectrum 

of detectable metabolites, nevertheless, this reaches its limits when physiology of the 

interrogated cell is affected by the use of multicolor fluorescent proteins (Heinemann & 

Zenobi, 2011; Tecon & van der Meer, 2006).  

Alternatives for single cell measurement of metabolites are represented by analytical 

techniques based on e.g. mass spectrometry enabling the detection of a wide range of 

metabolites. Meanwhile, modern mass spectrometers allow for detection in the low attomole 

range which is the range required for single cell metabolomics, considering the volume of 

E. coli to be approximately 1 fL (Amantonico et al., 2008). Promising approaches aim for 

sample preparation on a microfluidic chip with subsequent transfer of the single cell content 

to a mass spectrometer or on arraying of single cells on sample plates for MALDI-MS 

analysis (Heinemann & Zenobi, 2011; Fritzsch et al., 2012; Amantonico et al., 2010). 

However, these techniques are still in the early stage of development, a workflow integrating 

all different units is yet not realized. 

Despite the detailed characterization of the biosensors performance features describing the 

relationship between effector input and reporter output, quantitative analysis providing precise 

metabolite concentrations are hardly feasible. This would require an elaborated calibration of 

the sensor system for each strain under study and for each technological application, e.g. flow 

cytometry, microscopy and microplate reader systems. In any case, photobleaching and 

cellular movement would prevent accurate measurements (Heinemann & Zenobi, 2011; 

Tecon & van der Meer, 2006). 

Another limitation of the system is the use of GFP derivatives as fluorescent reporters. On the 

one hand, chromophore maturation depends on molecular oxygen and protein folding is very 

time-consuming, on the other hand, the long half-life of GFP-derived fluorescent proteins 

(GFP>24 h) hampers dynamic measurements. Alternative options are, for example, the 
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recently described flavin mononucleotide (FMN)-binding fluorescent proteins (FbFPs), which 

do not demand on oxygen for chromophore formation (Drepper et al., 2007; Drepper et al., 

2010). Meanwhile, GFP variants exhibiting much faster folding kinetics (20 min, superfolder 

GFP; 11 min, superfast GFP) without loss in fluorescence intensity are available (Pedelacq et 

al., 2006; Fisher & DeLisa, 2008). Recently, destabilized eYFP-variants with protein half-

lives of 22 and 8 min for C. glutamicum were reported enabling dynamic studies (Hentschel et 

al., 2012). Furthermore, RNA aptamers were described that bind molecules resembling the 

fluorophore of GFP, leading to fluorescence emission upon binding. In contrast to the use of 

fluorescent proteins, fluorescence is emitted directly after RNA aptamer transcription (Paige 

et al., 2011).  

The production of a particular biosensor within the cell might have a significant influence on 

cellular physiology. During measurements, cells are exposed to light of different wavelengths 

and the impact thereof has not been studied so far for C. glutamicum. Especially in live cell 

imaging studies, cells are exposed for many times during long time observation (typically in 

15 min intervals), thus, an influence on cellular physiology cannot be excluded. Furthermore, 

expression of the biosensors reporter gene eyfp encoding the yellow fluorescent protein places 

an additional metabolic burden on cells. This burden might also impact the physiological state 

and phenotype of cells, making productivity analysis of single cells difficult. An important 

step to alleviate the burden of eyfp expression was done by integration of the previously 

plasmid-encoded biosensor into the chromosome of C. glutamicum, significantly reducing the 

expression level from ten copies of eyfp to one copy per cell. Nevertheless, future studies have 

to address this problem and will analyze the actual impact of biosensor production on cellular 

physiology.  

The difficulties of single cell measurements have nicely been highlighted by Oren and later 

also by Bridson and Gould, who applied Heisenberg's uncertainty principle described in the 

quantum mechanics to single cell analysis in biology (Bridson & Gould, 2000; Oren, 1998). 

In this context, the individual cell is defined as the quantal unit, which is either subject of the 

measurement or not. However, the observation or measurement itself influences the result 

thereof. Since this excludes an appropriate control experiment, the actual impact of the 

measurement itself on the individual cell will never be completely revealed (Brehm-Stecher & 

Johnson, 2004). Consequently, some uncertainness will always remain. 
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6 Appendix 

6.1. Supplemental information (SI) - The development and application of a single-cell 

biosensor for the detection of L-methionine and branched-chain amino acids 

 

Experimental procedures 

 

Microfluidic chip fabrication 

The microfluidic chip was fabricated using replica molding (Xia and Whitesides, 1998). In 

brief, a two-layer mold was fabricated under cleanroom conditions at the Helmholtz 

Nanoelectronic Facility (HNF)Jülich. Two layers of SU-8 photoresist, 1.2 µm thick and 8 µm 

thick respectively, were spin-coated onto the wafer and structured by lithography techniques. 

Using soft-lithographic methods, a disposable transparent poly(dimethylsiloxane) (PDMS) 

(Sylgard 184 Silicone Elastomer, Dow Corning Corp., Midland, MI, USA) microfluidic chip 

was fabricated. Liquid PDMS was poured over the mold and thermally cured. Uncured PDMS 

monomer residue was removed by washing the PDMS slab in pentane, acetone. This was 

followed by drying overnight (Lee et al., 2003). Prior to bonding, the chip was thoroughly 

rinsed with isopropanol to ensure sterile culture conditions. After drying with nitrogen, the 

PDMS surface was activated by oxygen plasma and permanently bonded to a 170 µm thick 

glass slide. Each disposable culture chip contains several cultivation chambers in parallel. The 

height of the growth regions is only 1.2 µm high, ensuring that cells grow in one focal plane. 

 

Live cell imaging in microfluidic devices 

The inlet and outlet of the microfluidic chip were connected to silicon tubing (Tygon S-54-

HL, inner diameter = 0.25 mm, outer diameter =0.76 mm) and 1 ml sterile glass syringes (ILS 

Innovative Labor SystemeGmbH, Germany). Media supply and flow control was realized 

with a high precision syringe pump (neMESYS, Cetoni, Germany; Syringes, ILS). The chip 

was flushed with media prior to seeding of the bacteria. The device was placed on a fully 

motorized inverted microscope (Nikon Eclipse Ti) suitable for time-lapse live cell imaging. 

Briefly, the setup was further equipped with a focus assistant (Nikon PFS) compensating for 

thermal drift during long-term microscopy, Apo TIRF 100x Oil DIC N objective, objective 

heater (ALA OBJ-Heater, Ala Scientific Instruments, USA), NIKON DS-Vi1 color camera, 

ANDOR LUCA R DL604 camera, Xenon fluorescence light source for fluorescence 

excitation and standard filters for the proper excitation of the chromophoreeYFP (excitation: 

490 nm-510 nm; emission: 520 nm-550 nm) and detection of its emission. DIC microscopy 
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images as well as fluorescence images were captured and analyzed using the Nikon NIS 

Elements AR software package.  

 

Growth of microcolonies 

C. glutamicum∆aceE was grown overnight in CGXII minimal medium containing 4% glucose 

(w/v) and 1.5% (w/v) potassium acetate. The overnight culture was used to inoculate a 

preculture that was grown for 4 hours (exponential phase), before being loaded into the 

microfluidic chip. Cultivation was done in sterile medium. Prior to cell seeding, the system 

was warmed to 30°C usinga heated microscope objective and immersion oil film. Single cells 

were seeded into the chip device by flushing the cell suspension (OD600~4) through the 

channels with 300 nl/min. Once single cells were trapped, CGXII medium with 4% glucose 

(w/v)and 1.5% (w/v) potassium acetate was infused using a syringe pump with a flow rate of 

~25 nl/per minute per cultivation chamber. During time-lapse microscopy, colony growth was 

followed for approximately five generations. To initiate the L-valine production phase, the 

medium was switched to medium containing only 4% glucose (w/v) (Figure 3B). 

 

Images were acquired at 15 minute intervals. Image analysis and data acquisition for the 

lineage tree was performed as follows: Division intervals were determined for every division 

event; for the final analysis of the microcolony (after 18 hours, see Figure 3B), the length of 

the bacteria was measured manually (± 0.1µm) and fluorescence emission was quantified 

through mean intensity of every defined region of interest (ROIs), which encompasses the cell 

area. The cell area was manually assigned through the cell shape of the DIC figure of each 

cell. The fluorescence was pseudo-colored and categorized into seven classes, with white 

representing the maximum emitted fluorescence and black no fluorescence.  
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Supporting Tables 

 

Table S1: Positive clones obtained from FACS screening. Production of branched-chain 
amino acids after 48 hour cultivation in CGXII medium with 4% glucose, 1.5% acetate and 
0.1% yeast extract. For top five mutants see Table 3. 
Strainsa L-valine (mM) L-leucine (mM) L-isoleucine (mM) 

Screening of mutants directly after mutagenesis (Gate S1-P1) 

1 (top5: Mutant1) 8.7 1.3 0.9 

2 (top5: Mutant 2) 5.1 1.0 1.3 

3 5.1 0.7 n.d. 

4 (top5: Mutant 5) 4.6 1.2 1.2 

5 3.8 0.5 n.d. 

6 3.1 n.d. n.d. 

7 3.0 n.d. n.d. 

8 0.8 n.d. n.d. 

9 0.7 n.d. n.d. 

10 0.5 n.d. n.d. 

11 0.4 n.d. n.d. 

Screening of mutants with high fluorescence emission after iterative screen (Gate S2-P1) 

12 3.4 n.d. n.d. 

13 (top5: Mutant 3) 4.8 1.0 1.0 

14 3.0 n.d. n.d. 

15 2.9 n.d. n.d. 

16 2.7 n.d. n.d. 

17 2.7 n.d. n.d. 

18 2.7 n.d. n.d. 

19 2.7 n.d. n.d. 

20 2.5 n.d. n.d. 

21 2.4 n.d. n.d. 
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a) Mutant clones obtained from high-throughput screening are ordered by FACS gate 
shown in Figure 4. For screening approach S1, cells were sorted 6 hours after 
mutagenesis in gate S1-P1; for approach S2, cells were sorted after iterative screen 
from three gates differing in fluorescence signal (S2-P1: high, S2-P2: medium, S2-P3: 
low). 

  

22 2.3 n.d. n.d. 

23 2.2 n.d. n.d. 

24 1.8 n.d. n.d. 

25 1.8 n.d. n.d. 

26 1.3 n.d. n.d. 

27 0.8 n.d. n.d. 

28 0.6 n.d. n.d. 

Screening of mutants with middle fluorescence emission after iterative screen (S2-P2) 

29 (top5: Mutant 4) 4.6 n.d. 2.1 

30 4.0 n.d. n.d. 

31 2.5 n.d. n.d. 

32 1.7 n.d. n.d. 

33 1.4 n.d. n.d. 

34 1.3 n.d. n.d. 

35 0.6 n.d. n.d. 

36 0.2 n.d. n.d. 

37 0.1 n.d. n.d. 

Screening of mutants with low fluorescence emission after iterative screen (S2-P3) 

38 2.1 n.d. n.d. 

39 1.4 n.d. n.d. 
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Supporting Figures 

 

 

 

 

 

 

 

 

 
 
 
 
Fig. S1: Intracellular amino acid concentration (○) of C. glutamicum sensor cells after 
incubation with 3 mM of Ala-Met (A), Ala-Leu (B), Ala-Ile (C), and Ala-Val (D) 
dipeptideand the resulting specific fluorescence (—) of the cells. For the adjustment of the 
internal amino acid concentration, different ratios of dipeptide mixtures were added: 3 mM 
Ala-X(—), 2.7 mM Ala-X + 0.3 mM Ala-Ala (–∙–), 2.1 mM Ala-X + 0.9 mM Ala-Ala (– –), 
1.5 mM Ala-X + 1.5 mM Ala-Ala (-∙-), 0.9 mM Ala-X + 2.1 mM Ala-Ala (--), 0.6 mM Ala-X 
+ 2.4 mM Ala-Ala (--),0.3 mM Ala-X + 2.7 mM Ala-Ala (∙∙∙∙), and 0.03 mM Ala-X + 
2.97 mM Ala-Ala (-∙∙-). For the determination of the intracellular amino acid concentration, 
samples were taken at the time of the highest internal concentration (black arrow) and set into 
relation with the maximal eYFP emission of the cells (grey arrow).  
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Fig. S2:Gating strategy used for discriminating the populations shown in Figure 2 B-E. 
Dot plots in the left column display the FCS and SSC signals of C. glutamicum cells with 
different internal effector concentrations (see Figure 2).Dot plots of the right column display 
the FCS signal versus the eYFP signal of the same populations. (A) and (B) L-methionine, 
(C) and (D) L-leucine, (E) and (F) L-isoleucine, and (G) and (H) L-valine. 
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Fig. S3: Fluorescence signal of individual C. glutamicum∆aceE cells at the time of 
fluorescence measurement shown in Fig. 3B (♦). The flow was stopped for two hours and the 
fluorescence emission of each cell was quantified again (▲).  

 

 

Fig. S4: Growth (—) and specific fluorescence (--) of C. glutamicum wild type (F) and 
C. glutamicum mutants 1-5 (A-E) excreting 8.7 mM (mutant 1), 5.1 mM (mutant 2), 4.8 mM 
(mutant 3), and 4.6 mM L-valine (mutant 4 and 5) and low amounts of L-leucine and L-
isoleucine (see Table 3). Cells were cultivated for 48 hours in CGXII minimal medium with 
the supplement of 4% glucose, 1.5% acetate, and 0.1% yeast extract. Data represent average 
values of two independent cultivations. 
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Online Movies 

 

Video S1:A time-lapse movie of the growth phase (1-15 hours) of the C. glutamicum ΔaceE 

microcolony, with 15 minutes between frames (see Figure 3B).  

 

 

 

Supporting References 
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6.2. Supplemental information (SI) - L-methionine producing mutants of 

Corynebacterium glutamicum isolated by biosensor-based high throughput screening 

Table 1: Overview of mutations which were identified in genes coding for (putative) transcriptional regulators. Shown 
are mutations resulting in amino acid exchange (indicated by x), those that are silent and those leading to a stop codon. 

Gene ID 
 

Gene name and annotation 
 

CgN373 
mutant 
no. 16 

CgN373 
mutant 
no. 33 

CgN373 
mutant 
no. 75 

ΔmcbR 
mutant 
no. 58 

ΔmcbR 
mutant 
no. 62 

ΔmcbR 
mutant 
no. 63 

cg0012 ssuR, sulfonate utilization transcriptional 
regulator SsuR 

x     x 

cg0019 Putative transcriptional regulator, LysR-
family 

 x x   silent 

cg0039 Putative transcriptional regulator 
 

 2 x x  x  

cg0090 citB, two-component response regulator 
CitB 

  x, silent    

cg0146 atlR, transcriptional regulator for arabitol 
metabolism 

     x 

cg0150 Putative transcriptional regulatory protein, 
Fic/Doc family 

 x   x  

cg0156 cysR, transcriptional regulator involved in 
sulfonate utilization, CysR 

x      

cg0330 cgtR1, putative two component response 
regulator 

 x     

cg0343 Putative transcriptional regulator, MarR-
family 

x  x    

cg0725 Putative transcriptional regulator, MarR-
family 

 x     

cg0897 pdxR, pyridoxine biosynthesis 
transcriptional regulator, aminotransferase 

x  x  x, silent  

cg1084 cgtR10, putative two component response 
regulator 

  x    

cg1143 Putative transcriptional regulator, GntR-
family 

x      

cg1324 rosR, regulator of oxidative stress response   stop    
cg1410 rbsR, transcriptional repressor of ribose 

transport 
x      

cg1648 Putative transcriptional regulator, RpiR-
family 

  x   stop 

cg2103 Transcriptional regulator, DtxR-family   x    
cg2115 sugR, DeoR-type transcriptional regulator of 

ptsG, ptsS and cg2118-fruK-ptsF 
x     x 

cg2140 recX, regulatory protein involved in DNA 
repair, RecX family 

  x    

cg2320 Putative transcriptional regulator, ArsR-
family 

 x     

cg2516 Putative transcriptional regulator, HrcA-
family 

     x 

cg2544 Putative transcriptional regulator, GntR-
family 

     x 

cg2627 pcaO, transcriptional regulator of 4-
hydroxybenzoate, protocatechuate, p-cresol 
pathway 

  x x  x 

cg2641 Putative transcriptional regulator, LuxR-
family 

  x silent  x 

cg2648 Putative transcriptional regulator, ArsR-
family 

x x x    

cg2783 gntR1, gluconate-responsive repressors of 
genes involved in gluconate catabolism and 
the pentose phosphate pathway 

  x    

cg2910 Putative transcriptional regulator, LacI-
family 

x      

cg2965 Putative transcriptional regulator, Arac-
family 

 2 x     

cg3061 cgtR6, putative two component response 
regulator 

 x     

cg3202 Transcriptional regulator, GntR-family x   x x  
cg3239 Putative transcriptional regulator, LysR-

family 
   x   

cg3261 Putative transcriptional regulator, GntR-
family 

   x   



 

 

Figure S1: Localization of SNPs in the genome of CgN373, CgN373 mutant no. 16, CgN373 mutant no. 33, CgN373 mutant no. 75, C. glutamicum ΔmcbR, C. glutamicum ΔmcbR mutant no. 
58, C. glutamicum ΔmcbR mutant no. 62 and C. glutamicum ΔmcbR mutant no. 63. Mutations were counted in a window (segment) of 3000 bp with a 1000 bp stepping. Segments in the respective 
mutants carrying one mutation are indicated in yellow, two mutations in orange, three mutations in dark orange, four mutations in red and no mutation in green. 
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