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Abstract V 

Abstract 
Facing the demand for environmental friendly and sustainable production processes, 

microorganisms are engineered for the industrial biosynthesis of chemicals, fuels, or food and feed 

additives from renewable resources. However, microbial strain development is still laborious, time-
consuming and expensive, which constricts the transition to a more bio-based economy. Therefore, 

development and consistent improvement of molecular tools for genetic engineering as well as 

methods for the high-throughput characterization of engineered strain variants are of great 

importance. 

For this purpose, the CRISPR/ Cas12a recombineering method for Corynebacterium glutamicum, 

a well-characterized microorganism employed in the industrial amino acid production, was refined 

by developing the flexible and easy to assemble crRNA delivery vector pJYScr. Targeting and 

editing efficiency of this new CRISPR/ Cas12a system was systematically evaluated by inserting 

genetic mutations proximal and distal to a selected PAM site in a genomic lacZ gene encoding for 

β-galactosidase. Subsequently, this improved method allowing for accelerated genome editing of 

C. glutamicum was applied in a strain engineering campaign aiming for improved L-glutamate 

efflux. For this purpose single-stranded DNA oligonucleotides targeting critical amino acid residues 

in the mechanosensitive channel MscCG of C. glutamicum were used for CRISPR/ Cas12 

recombineering. Several generated strain variants were characterized with regard to their 

respective L-glutamate efflux identifying new gain-of-function mutations, which improve L-glutamate 

export in C. glutamicum. 

To the same extent as fast and reliable genetic engineering, rapid identification of producing strain 

variants in larger libraries is a crucial step in strain development. In this respect, transcription factor-

based, fluorescent biosensors are valuable tools in metabolic engineering allowing for 

semiquantitative determination of metabolites in single cells. However, transcriptional biosensors 

are often limited by intrinsic characteristics of the used native regulatory circuit. Moreover, signal 

saturation at low inducer concentrations typically limits their use in producer strains at advanced 
engineering stages, and the application of biosensors in heterologous host systems is often not 

possible. 

Therefore, a unified biosensor design was established, which allows fine-tuning of important sensor 

parameters and ensures a sensor response in a heterologous expression host. As a key feature of 

the design, the regulator activity can be controlled through modulation of the regulator gene 
expression level by using different (synthetic) constitutive promoters. Several biosensors based on 

transcriptional regulators LysG and PhdR and their cognate promoters from C. glutamicum were 

constructed for applications in the native host and in Escherichia coli. Detailed characterization of 

these biosensors in liquid cultures and on the single-cell level using flow cytometry showed that the 

sensor design enables customization of important biosensor parameters as well as application of 

these sensors in two different bacterial species. 



VI Zusammenfassung 

Zusammenfassung 

Angesichts der Forderungen nach umweltfreundlichen und nachhaltigen Produktionsverfahren 

werden Mikroorganismen für die biotechnologische Produktion von Chemikalien, Kraftstoffen oder 

Lebensmittel- und Futtermittelzusätzen aus erneuerbaren Ressourcen entwickelt. Die 
Stammentwicklung ist jedoch mühsam, zeitaufwendig und teuer. Daher ist die Entwicklung und 

Verbesserung von molekularen Werkzeugen für die Gentechnik und Methoden zur Hochdurchsatz-

Charakterisierung in der Stammentwicklung von großer Bedeutung. 

Aus diesem Grund wurde das CRISPR/ Cas12a-Rekombinations-System in Corynebacterium 

glutamicum, durch die Entwicklung des leicht zu modifizierenden crRNA-delivery Vektors pJYScr 

verfeinert. Die Targeting- und Editiereffizienz des CRISPR/ Cas12a-Systems in Kombination mit 

dem neuen pJYScr Plasmid und einzelsträngigen DNA-Oligonukleotiden wurde systematisch 

evaluiert, indem genetische Mutationen proximal und distal zu einer ausgewählten PAM-Stelle in 

ein genomisches lacZ-Gen eingefügt wurden, welches für die β-Galaktosidase kodiert. Durch die 

Vereinfachung der Anwendung des CRISPR/ Cas12a-Rekombinationssystems wurde dies 

schließlich eingesetzt, um eine Codon-Sättigungsmutagenese an kritischen Aminosäureresten im 

mechanosensitiven Kanal MscCG durchzuführen. Die erzeugten Varianten wurden hinsichtlich 

eines erhöhten L-Glutamat-Effluxes charakterisiert, wodurch neue Mutationsorte in MscCG 

identifiziert werden konnten, die zu einer verbesserten L-Glutamatsekretion führen. 

Ebenso wie der Einsatz von zuverlässigen Methoden zur genetischen Manipulation in der 

Stammentwicklung sind auch geeignete Werkzeuge für die schnelle Identifizierung produzierender 

Stammvarianten in größeren Mutanten-Bibliotheken bedeutend. In diesem Zusammenhang 

ermöglichen auf Transkriptionsregulatoren basierende, fluoreszierende Biosensoren die 

semiquantitative Bestimmung von Metaboliten auf Einzelzellebene. Die Anwendungsmöglichkeiten 

solcher transkriptionellen Biosensoren sind jedoch oft durch die intrinsischen Eigenschaften des 

nativen Regulationskreislaufs limitiert. So kann der Einsatz von Biosensoren durch Signalsättigung 

bei niedrigen Konzentrationen oder einer verringerten oder gar fehlenden Funktionalität in 
heterologen Organismen stark eingeschränkt sein. 

Aus diesem Grund wurde ein vereinheitlichtes Biosensordesign entwickelt, das nicht nur die 

Feinabstimmung wichtiger Sensorparameter erlaubt, sondern auch den Einsatz von Sensoren in 

heterologen Organismen ermöglicht. Die Sensorantwort wird anhand der Expressionsstärke des 

jeweiligen Gens für den Transkriptionsregulator durch verschiedene (synthetische) konstitutive 
Promotoren gesteuert. Anhand dieses neuen Designprinzips wurde ein Set von Biosensoren auf 

Basis der Transkriptionsregulatoren LysG und PhdR und ihrer jeweiligen Zielpromotoren aus 

C. glutamicum für den Einsatz im nativen Wirtssystem und in Escherichia coli konstruiert. Die 

detaillierte Charakterisierung dieser Biosensoren in Flüssigkultur sowie in 

Durchflusszytometrieexperimenten zeigte, dass das Sensordesign die Modifizierung wichtiger 

Biosensorparameter erlaubt, und eine Anwendung in verschiedenen Bakterien ermöglicht. 
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Abbreviations 

AEC L-aminoethylcysteine 

ATCC American Type Culture Collection 

bp Base pair 

C. glutamicum Corynebacterium glutamicum 

Cas CRISPR-associated gene 

cf Latin confer/conferatur 

CFP Cyan fluorescent protein 

cfu Colony forming units 

coA Coenzyme A 

cou p-coumaric acid 

CRISPR Clustered regularly interspaced short palindromic repeat 

crRNA CRISPR RNA 

DNA Deoxyribonucleic acid 

EU European Union 

E. coli Escherichia coli 

eYFP Enhanced yellow fluorescent protein 

FACS Fluorescence-activated cell sorting 

FRET Förster resonance energy transfer 

GOF Gain-of-function 

GRAS Generally recognized as safe 

HDR Homology-directed repair 

HPLC High pressure liquid chromatography 

HTS High-throughput screening 

IPP Isopentenyl diphosphate 

IPTG Isopropyl-β-D-thiogalactopyranosid 

KD Dissociation constant 

M Molar 
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MNNG 1-Methyl-3-nitroguanidine 

MS Mass spectrometry 

NHEJ Non-homologous end joining 

nt  Nucleotide 
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OCG Originally controlled gene 

PAM  Protospacer adjacent motif 
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PBAD Arabinose-inducible araBAD promoter 
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RNA Ribonucleic acid 

S Strong 

SacB Levansucrase-activity 

SELEX Systematic Evolution of Ligands by Exponential enrichment 
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tracrRNA Trans-activating crRNA  

UV Ultra-violet 
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Scientific context and key results of the thesis 

1 Limiting greenhouse gas emissions– shifting to a bio-based chemical 
production 

Products derived from crude oil, such as fossil fuels and petrochemicals play an essential role 

in our modern society. The dependence on these products for the maintenance of modern 

lifestyles is mainly founded on petroleum-based transportation and energy generation. In 2017, 

both sectors had the highest share of 85.9% in crude oil consumption for the 28 states of the 

European Union (EU) (Eurostat, 2019a). A third major industrial sector contributing to the 

overall crude oil consumption is the chemical industry, which accounts for 14.1% of total crude 

oil consumption in the EU (Eurostat, 2019a). As a result of the high demand in the above 

mentioned sectors, crude oil production and import reached 565.7 and 66.7 million tons of oil 

equivalent in the EU in 2017, respectively (Eurostat, 2019a). 

Relying on petroleum-based feedstocks as well as on high energy consumption for production 

processes, the chemical industry contributes to greenhouse gas emissions with 66 million tons 

of CO2 equivalents per year (Eurostat, 2019b). These emissions are one major driving force in 

the anthropogenic climate change causing the melting of polar ice caps and extreme weather 

conditions such as increased precipitation and rising temperatures. Tackling climate change, 

the EU committed itself to be CO2-neutral until 2050 by enacting the first European Climate 

Law, the Paris Agreement on climate change (United Nations Framework Convention on 

Climate Change, 2016). 

Following the worldwide efforts to limit the rise of the average global temperature to a maximum 

of 2°C with respect to pre-industrial levels (United Nations Framework Convention on Climate 

Change, 2016), amongst others energy consumption and greenhouse gas emissions must be 

reduced. Aiming for these targets, a sustainable production of fuels, chemicals, and materials 

is inevitable by using energy-saving processes and replacing petroleum-derived feedstocks 

with renewable resources (Buijs et al., 2013; Harmsen et al., 2014; Lokko et al., 2018). In this 

respect, feedstocks such as plant-derived waste products or side products from industry need 

to be recycled, and hence being reintroduced into industrial production processes (Harmsen 

et al., 2014). Comparing energy consumption of bio-based processes to the respective 

chemical synthesis, rather low energy input is requested compared to chemical reactions 

(Straathof et al., 2019). Therefore, a shift from conventional chemical production towards 

biotechnological processes can support the ongoing path towards a sustainable bioeconomy 

(Scarlat et al., 2015; Straathof et al., 2019).  

Against this background, industrial biotechnology was identified as key industry and received 

a great deal of attention (Harmsen et al., 2014; Lokko et al., 2018; Scarlat et al., 2015; Straathof 



2 Scientific context and key results of the thesis 

et al., 2019). In industrial biotechnology, the catalytic potential of enzymes or whole 

microorganisms is used to produce chemical compounds of interest for virtually all different 

industries. A multitude of biotechnological processes have already been established and 

commercialized for the industrial production of a plethora of different products (Figure 1). 

 
Figure 1: Typical biotechnological products. 

A broad array of compounds such as biofuels, organic acids, alcohols, polymers, platform 

chemicals, flavors, nutritional supplements and pharmaceuticals are produced at an industrial 

scale (Adrio & Demain, 2010; Leuchtenberger et al., 2005; Soetaert & Vandamme, 2006). 

Typically, the respective enzymes or microorganisms intended for production, need to be 

modified to enable or increase formation of the desired products. 
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2 Microbial strain development in Industrial Biotechnology 

In classical strain development, isolated wild type strains are assessed for their potential as 

producer strains for a compound of interest (Parekh et al., 2000). In most cases, microbial 

strains identified in broad screening campaigns only accumulate insufficient amounts of a 

desired compound in terms of industrial needs. Usually, the metabolism of these wild type 

strains is tightly regulated to avoid wasteful expenditure of energy or available carbon for the 

accumulation of metabolites to industrially relevant levels. In this respect, genetic manipulation 

can unleash or even overcome genetic control as well as rate-limiting enzyme reactions within 

metabolic pathways. Immediately after isolation of an organism, there is only limited knowledge 

of physiology or genetic background present. Therefore, the application of undirected strain 

development techniques following a lab-scale evolutionary approach are straight-forward to 

isolate strain variants with the desired production phenotype (Parekh 1999). In this context, 

whole genome mutagenesis methods such as ultra-violet (UV)-irradiation and chemical 

mutagenesis with e. g. 1-Methyl-3-nitroguanidine (MNNG) are used to introduce random 

mutations into the genetic background. This allows rapid generation of vast mutant libraries, 

which might encompass clones with beneficial mutations resulting in increased product 

formation (Parekh et al., 2000; Patnaik, 2008). The identification of the anticipated phenotype 

involves characterization of every single generated variant by cultivation in liquid cultures 

followed by the evaluation of product formation. 

The production phenotype characterization of mutants involves laborious and time-consuming 

evaluation of product titers using analytical methods such as high pressure liquid 

chromatography (HPLC) and mass spectrometry (MS) (Patnaik, 2008; Schallmey et al., 2014). 

Despite increased product formation, not all randomly introduced mutations in the genetic 

strain background contribute to the improved production of the target molecule. Hence, poor 

growth, and thus, low space-time yields of the isolated clones is one of the main and undesired 

consequences (Ikeda et al., 2009; Warner et al., 2009). 

Despite these limitations, this classical strain engineering approach yielded many producing 

microorganisms, which were subsequently studied in more detail (Parekh et al., 2000). One of 

these microorganisms, which is nowadays the most important platform organisms for the 

industrial-scale production of proteinogenic amino acids is Corynebacterium glutamicum 

(Ikeda & Takeno, 2013).  
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2.1 Corynebacterium glutamicum - a versatile platform organism in 
industrial biotechnology 

C. glutamicum was first isolated in a screening campaign searching for a microbial L-glutamate 

producer in Japan in 1957 (Kinoshita et al., 1957; Udaka, 1960). This Gram-positive, non-

pathogenic and biotin-auxotrophic soil bacterium belongs to the suborder of 

Corynebacterianeae (Figure 2) (Eggeling & Bott, 2005). The determination and annotation of 

the complete genomic sequence of C. glutamicum ATCC 13032 (American Type Culture 

Collection) was accomplished in 2003 (Kalinowski et al., 2003). Furthermore, decades of 

studies on cell biology, physiology and metabolic regulation conducted in many laboratories 

around the world led to detailed understanding of this microorganism, which is comparable to 

E. coli. 

Due to its comparatively fast growth and ability to reach high cell densities in defined liquid 

medium throughout different cultivation scales, C. glutamicum is used as biocatalyst in several 

biotechnological processes (Becker et al., 2018; Grünberger et al., 2013). Since C. glutamicum 

does not produce endotoxins, fermentation products have the “Generally Recognized As Safe” 

(GRAS) status (Baritugo et al., 2018). 

 
Figure 2: Electron microscopic image of C. glutamicum ATCC 13032 (Sahm et al., 2000). 

Out of the various products obtained with C. glutamicum up to date, L-amino acids were the 

first industrially produced compounds and hold the largest market share of these. Strain 

engineering allowed for the industrial production of L-glutamate and L-lysine at a million ton 

scale per year (Eggeling & Bott, 2015; Lee & Wendisch, 2017). Due to the increasing demand 

for amino acids in the food and feed industry, this market still continues to rise (IMARC Group, 

2020; Leuchtenberger et al., 2005; Wendisch et al., 2016). The annual amino acid production 

was 8.9 million tons in 2018 and is expected to further increase to 11.5 million tons by 2024 

(IMARC Group, 2020). 
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2.1.1 C. glutamicum strain engineering for industrial production of L-amino acids 

In the early 1960s, only limited knowledge was present with respect to C. glutamicum 

physiology and genetics associated with amino acid production. Therefore, classical strain 

development approaches were used to improve product formation. A main focus was set on L-

glutamate production from C. glutamicum, due to its broad application as flavor enhancer 

(Kinoshita et al., 1957). 

With the expanding feed industry, the interest for microbial production of other amino acids 

such as L-lysine sparked (Eggeling & Bott, 2015). With the aim to establish L-lysine production 

using C. glutamicum, a random mutagenesis/screening approach was best suited to aim for 

decoupling of allosteric inhibitory effects of key enzymes in biosynthetic pathways, improving 

substrate uptake and product export as well as eliminating product degradation (Eggeling, 

1994). Due to the generation of large mutant libraries, the isolation of improved producer 

strains asked for an elaborated selection/screening process, in which L-lysine producers could 

be identified easily. Isolation of mutants with the desired phenotype was achieved by applying 

a selection pressure on the generated mutant library using the L-lysine analogue L-

aminoethylcysteine (AEC) (Eggeling, 1994). AEC can substitute for L-lysine in feedback 

inhibition of the aspartate kinase in C. glutamicum (Kalinowski et al., 1991), which is a key 

enzyme in the amino acid metabolism. A typical feature of some L-lysine producers is AEC 

resistance, due to a mutated aspartate kinase, which is then insensitive to allosteric control by 

both L-lysine and L-threonine (Tosaka et al., 1983). Therefore, mutants that grew despite the 

presence of AEC often obtained increased L-lysine production resulting also in L-lysine 

excretion. Starting from these isolated mutants, further targets in C. glutamicum, such as 

pathway drains and L-lysine efflux were assessed to increase L-lysine titers, in order to finally 

isolate improved production strains reaching up to 170 g/L L-lysine titers (Eggeling, 1994; 

Eggeling & Sahm, 1999). 

2.2 Rational engineering of C. glutamicum through metabolic 
engineering 

The application of classical strain development allowed for the isolation of C. glutamicum L-

glutamate and L-lysine producer strains, which are still used in an industrial setting (Eggeling 

& Sahm, 1999). With technological progress, new routes were taken in the engineering of 

C. glutamicum to enlarge the product array of the industrial workhorse. The expanding 

knowledge on the metabolism and physiology of microorganisms as well as the development 

of genetic tools complemented existing strain engineering strategies and allowed for the 

development of new powerful methods. In particular targeted DNA manipulation allowed for 

engineering of genes encoding for key enzymes, which are involved in product formation and 

metabolic regulation (Kirchner & Tauch, 2003). 
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2.2.1 Development of a molecular toolbox for genetic engineering 

For successful genetic manipulation of C. glutamicum, a set of established methods and tools 

for DNA editing and gene expression is compulsory. A straightforward approach, to introduce 

a gene or gene cluster of interest into a particular organism, is episomal gene expression from 

plasmids. Therefore, a well-characterized set of compatible cloning vectors and the 

development of DNA transfer methods are a prerequisite for the introduction of foreign DNA 

into a new expression host. 

For C. glutamicum, a multitude of expression plasmids, mostly Escherichia 

coli / C. glutamicum shuttle vectors, have been constructed, which allow for the controlled 

expression of native and heterologous genes. Ensuring gene expression, different well-

established recombinant gene expression systems have also been introduced to 

C. glutamicum. The regulation of gene transcription in these systems is controlled by Isopropyl-

β-D-thiogalactopyranosid (IPTG)-, heat-, carbon source- and anhydrotetracycline inducible 

promoters (Eikmanns et al., 1991; Jakoby et al., 1999; Kirchner & Tauch, 2003; Kortmann et 

al., 2015; Lausberg et al., 2012; Okibe et al., 2010; Park et al., 2008; Tsuchiya & Morinaga, 

1988). Furthermore, a broad range of different constitutive promoters are available in 

C. glutamicum, amongst others the well characterized dapA promoter library (Pátek & 

Nešvera, 2011; Vašicová et al., 1999). 

Stable genetic manipulation of the C. glutamicum genome, such as gene integration, 

inactivation or deletion is most frequently performed by a two-step homologous recombination 

method using the “SacB system” (Niebisch & Bott, 2001; Schäfer et al., 1994). The 

SacB system, based on the conditionally lethal levansucrase-activity (SacB) in the presence 

of sucrose, allows positive selection of double recombinants involving allelic exchange from a 

suicide vector (Jäger et al., 1992). 

2.2.2 System-wide engineering of microorganisms 

With the advent of stoichiometric models of the microbial metabolism, a system-wide 

perspective on metabolic engineering helped to further improve C. glutamicum-based 

production strains. These methods are referred to as omics technologies, such as genome-, 

transcriptome-, proteome-, metabolome- and fluxome analysis (Kohlstedt et al., 2010). In 

systems metabolic engineering approaches, data derived from systems biology and 

computational modelling are combined to assist the construction process of new efficient cell 

factories (Figure 3) (Dai & Nielsen, 2015; Lee & Kim, 2015).  

In recently performed studies, systems metabolic engineering was applied in C. glutamicum 

enabling the production of L-glutarate, L-histidine and the formation of L-lysine from mannitol 

(Hoffmann et al., 2018; Rohles et al., 2018; Schwentner et al., 2019). Following this systems 
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metabolic engineering approach, more versatile and universal applicable recombinant DNA 

methods for genome engineering are needed. 

 
Figure 3: Systems- and Systemic Metabolic engineering of microbial cell factories. Adapted from 
Yang et al. 2017 

Recently, the molecular toolbox for genetic manipulation of C. glutamicum and other 

industrially relevant microorganisms was extended by the clustered regularly interspaced short 

palindromic repeat – CRISPR-associated gene (CRISPR-Cas) system, which allows for 

precise genome engineering at defined positions in the genome. 

  



8 Scientific context and key results of the thesis 

3 The CRISPR-Cas system – a module of the bacterial immune system 

The CRISPR-Cas system is derived from the adaptive bacterial immune response, which is 

part of the bacterial immune system. Bacteria are constantly threatened by viruses 

(bacteriophages) and have evolved a wide array of defense mechanisms to cope with phage 

infections (Rostøl & Marraffini, 2019). These emerged mechanisms of the innate prokaryotic 

immune system are based on different modes of action to combat phage infection at different 

stages of the microorganisms life cycle (van Houte et al., 2016). For the defense against phage 

infections, different mechanisms have been described: hindrance of phage adsorption and/ or 

gene injection, phage-DNA sensing proteins, which induce cell apoptosis and several DNA 

degradation mechanisms such as the well-characterized restriction-modification system 

(Bikard & Marraffini, 2012). 

Furthermore, protection is conferred by the CRISPR-Cas system, which is part of the adaptive 

immune system of prokaryotes to provide immunity against viral or plasmid DNA (Barrangou 

et al., 2007). The CRISPR-Cas system offers the ability to retain a memory of previous phage 

infections to elicit a protective immune response upon reinfection. Present in approximately 

45% of bacteria and 85% of archaea, CRISPR systems have been classified with regard to the 

cas gene content into two classes, six types and more than 20 subtypes (Figure 4) (Koonin et 

al., 2017). The first described Cas9 system originating from Streptococcus thermophilus is 

characterized as a class 2 type II system (Garneau et al., 2010; Koonin et al., 2017). 

 
Figure 4: Modular organization of CRISPR-Cas genes of class 1 and 2 systems from Koonin and 
Makarova 2019. 

A functional genomic CRISPR-Cas locus consists of a CRISPR array of eponymous identical 

repeats intercalated with foreign nucleic acid spacer sequences as well as an adjacently 

located cas operon encoding for the respective Cas proteins (Figure 5). Even though different 

CRISPR-Cas systems have evolved, in general, CRISPR immunity can be categorized in three 
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main steps: spacer acquisition, CRISPR RNA (crRNA) biogenesis, and interference (Wright et 

al., 2016). 

 
Figure 5: Schematic illustration of a genomic CRISPR-Cas9 locus. Adapted from Knott and Doudna 

2018. 

3.1 The process of the CRISPR-mediated, prokaryotic immune response 

3.1.1 Spacer acquisition and integration 

The adaptive immune response in bacterial cells is triggered upon intracellular identification of 

foreign DNA. In the adaptation or acquisition phase, new spacers derived from the foreign 

invading DNA, are incorporated into the genomic CRISPR array (Barrangou et al., 2007). The 

process of spacer acquisition and integration into the CRISPR array is mediated by the Cas1-

Cas2 complex, which is highly conserved between species and is present in all CRISPR-Cas 

types (Figure 6) (Nuñez et al., 2015a; Yosef et al., 2012).  

The Cas1-Cas2 complex, which assembles in two Cas1 dimers and a single Cas2 dimer, 

comprises a catalytic activity similar to viral integrases and transposases (Nuñez et al., 2015b, 

2014; Rollie et al., 2015).  

 
Figure 6: Adaptation step in CRISPR-Cas immunity. Foreign template DNA (red) is recognized by 
the Cas1-Cas2 complex and subsequently is integrated into the CRISPR array with different spacer 
fragments (colored squares) flanked by repeat sequences (black diamonds). Adapted from Knott and 
Doudna 2018. 
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From previous studies performed in E. coli, it is known that the Cas1–Cas2 complex requires 

a 33 nucleotide (nt) sequence for spacer acquisition in vivo, suggesting that protospacer length 

is predetermined before integration by a hitherto unknown mechanism (Nuñez et al., 2015b). 

Prerequisite for an acquired protospacer sequence is the directly upstream situated 3-5 nt long 

PAM (protospacer adjacent motif) site (Deveau et al., 2008; Mojica et al., 2009; Shah et al., 

2013). In the later interference process, the PAM site initiates binding of the Cas-surveillance 

complex at the target site. Therefore, autoimmunity against the genomic CRISPR array is 

prevented by trimming of the PAM sequence before protospacer integration into the CRISPR 

locus (Kieper et al., 2018; Shiimori et al., 2018).  

The processing of the protospacer sequence is followed by integration in the genomic CRISPR 

locus starting with an A/T rich- and poorly conserved leader sequence. It contains a promoter 

sequence, which controls the expression of the CRISPR array (Pul et al., 2010). Downstream 

of the leader sequence, the CRISPR array encompasses a repeat-spacer architecture, in 

which spacer sequences derived from invading DNA are flanked by repetitive~20–50 base pair 

(bp) sequences termed repeats (Barrangou et al., 2007; Jansen et al., 2002). 

Similar to protospacer acquisition, spacer integration into the CRISPR array is also catalyzed 

by the Cas1-Cas2 complex, with Cas1 mediating the integration reaction. The integration of 

the protospacer sequence is initiated by nicking of the DNA double strand at the first leader 

sequence proximal repeat by nucleophilic attack of the 3’-OH groups of the protospacer. Using 

this mechanism, the protospacer is integrated as spacer into the CRISPR array while 

duplicating the repeat sequence to maintain the repeat-spacer architecture (Ivančić-Bace et 

al., 2015; Nuñez et al., 2015a; Wright & Doudna, 2016). 
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3.1.2 CRISPR RNA biogenesis and CRISPR interference 

In all CRISPR-Cas systems, biogenesis of crRNA is essential to confer the specific 

programming of the activated Cas interference protein-RNA complex resulting in recognition 

and degradation of invading DNA (Figure 7). The transcription of the CRISPR array is 

controlled by a promoter embedded in the leader sequence (Pul et al., 2010). Expression of 

the CRISPR locus often results in a single long transcript, designated as pre-crRNA, which is 

subsequently processed to mature crRNA by cellular RNases or by affiliated Cas enzymes 

depending on the respective CRISPR system (Charpentier et al., 2015; Hille et al., 2018). 

 
Figure 7: Expression step in CRISPR-Cas immunity. The CRISPR array and associated Cas proteins 
are expressed. The pre-crRNA is processed and Cas effector nucleases, such as Cas9 or Cas12a, 
associate with a mature sgRNA or crRNA to form the activated Cas surveillance complex. Adapted from 
Knott and Doudna 2018. 

A further established CRISPR-Cas class 2 system is the recently identified type V CRISPR-

associated protein Cas12a (Zetsche et al., 2015). An advantageous characteristic of Cas12a 

over Cas9 is the fact that the Cas12a system does not require a trans-activating crRNA 

(tracrRNA) to form a single guide RNA (sgRNA) for DNA cooperation of crRNA (Figure 8 A). 

Cas12a crRNA assembles in a pseudoknot structure, a scaffold which allows for direct 

incorporation into the Cas protein. (Dong et al., 2016; Yamano et al., 2016). Whereas 

processing of the 5’ end of the pre-crRNA is auto-catalyzed by the Cas12a protein (Fonfara et 

al., 2016; Zetsche et al., 2016), downstream trimming of the crRNA is mediated via an unknown 

housekeeping RNAse (Swarts, 2019). The specific target recognition of the activated Cas12a 

complex is mediated by a spacer-derived 24 nt sequence of the crRNA (Figure 8 B) (Yamano 

et al., 2016). 
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Figure 8: Schematic illustration of the activated Cas surveillance complex. (A) Class 2 type II 
CRISPR-Cas9 complex bound to sgRNA (blue) containing a spacer sequence (red) for specific target 
recognition. Spacer of sgRNA is hybridized to target dsDNA (black) proximal to a PAM (teal). Correct 
base-pairing activates nuclease activity to introduce a double strand break (scissors). (B) Class 2 type 
V CRISPR-Cas12a activated by crRNA (blue) encoding a spacer (red). The surveillance complex is 
bound to its complementary dsDNA target site (black) proximal to a PAM (teal). The nuclease activity is 
initiated upon correct base-pairing, which introduces cleavage of both strands (scissors). Adapted from 
Knott and Doudna 2018. 

3.1.3 Cas interference mediated by activated Cas12a 

During the interference state, the activated Cas surveillance complex ensures specific 

recognition of the target site to induce a conformational change in the Cas protein, which 

initiates its nuclease activity for DNA cleavage (Figure 9). Due to the recent application of the 

CRISPR/ Cas12a recombineering system in C. glutamicum and its relevance for this thesis, 

this section will focus on Cas12a interference (Jiang et al., 2017). 

Structural studies on Cas12a revealed a bilobed protein structure containing a recognition 

(REC) lobe and a nuclease (NUC) lobe (Dong et al., 2016; Swarts et al., 2017; Yamano et al., 

2016). The assembly of the surveillance complex is initiated via the recognition and processing 

of pre-crRNA (Swarts et al., 2017). In the activated surveillance complex, DNA cleavage is 

exclusively restricted to the target site. In a DNA unbound state, the catalytic sites of the 

Cas12a-crRNA complex are not accessible for the DNA strand, and hence, the DNase activity 

is prohibited (Stella et al., 2018). 

Upon PAM site recognition of Cas12a, binding of the Cas12a surveillance complex to the target 

site is initiated (Gao et al., 2016; Swarts et al., 2017; Yamano et al., 2016). The PAM site of 

Cas12a, a T-rich conserved sequence with 5’-(T)TTV-3’ (V = A, C, or G), is located adjacent 

to the 5’ end of the protospacer sequence (Yamano et al., 2016; Zetsche et al., 2015). 
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Figure 9: Interference step in CRISPR-Cas-mediated immune response. The activated Cas 
surveillance complex recognizes foreign genetic DNA complementary to its crRNA. Immunity is 
conferred by targeted interference, through the introduction of a double strand break (scissors). Adapted 
from Knott and Doudna 2018. 

Base-pairing of the spacer-derived sequence in the crRNA to the complementary target DNA 

strand will propagate full binding of the surveillance complex to the target site resulting in DNA 

cleavage (Yamano et al., 2016; Zetsche et al., 2015). Cas12a performs cis-cleavage of both 

DNA strands resulting in a staggered double-stranded DNA break with 5’ overhangs (Yamano 

et al., 2016). Eventually, the double-strand cleavage is followed by the release of the PAM 

distal target DNA from the Cas surveillance complex. The catalytically activated Cas12a 

complex remains bound to the cleaved DNA target strand and assists in DNA degradation of 

the ssDNA (Chen et al., 2018). 

3.1.4 Versatile genome editing strategies using Cas12a and RecET 

In genetic engineering, previously developed methods for specific DNA cleavage involved 

nucleases using protein–DNA recognition such as meganucleases, zink-finger proteins and 

Transcription Activator-Like Effector Nucleases (TALEN). However, a major draw-back of the 

afore mentioned nucleases is the impeded programming of DNA recognition to achieve 

specific sequence targeting, which makes the application laborious and time consuming (Adli, 

2018). In contrast, CRISPR-Cas12a associated nucleases circumvent this hurdle by using a 

spacer-derived sequence in their crRNA, which can be exchanged to any sequence of interest 

allowing for an easy programming of the target sequence (Zetsche et al., 2016). 

CRISPR-Cas methods, using either Cas9 or Cas12a, have already been widely used in 

genome editing approaches in different bacterial species (Doudna & Charpentier, 2014; Yan 

et al., 2017). Due to toxic effects of the Cas9 system and therefore prohibited genome editing, 

a switch to Cas12a-based systems broadened the application range for genome editing also 
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in different Cyanobacteria sp., E. coli, Yersinia pestis, Mycobacterium smegmatis as well as 

C. glutamicum (Ungerer & Pakrasi, 2016; Yan et al., 2017; Zetsche et al., 2016). 

Previous to CRISPR-Cas mediated genetic engineering approaches in C. glutamicum, 

targeted genome engineering was also performed via RecET-mediated recombineering. This 

technique based on homologous recombination of single-stranded DNA oligonucleotides, 

enabled site-specific genome engineering in C. glutamicum (Binder et al., 2013). The 

application in combination with transcriptional biosensors allowed for direct phenotype 

characterization of different recombinant variants circumventing the screening bottleneck 

(Binder et al., 2013). 

In contrast to RecET-mediated recombineering, the application of CRISPR/ Cas12a genome 

engineering enables genetic modification on a defined genomic target using sequence-specific 

nucleases (Zetsche et al., 2016, 2015). In C. glutamicum, the application of an established 

plasmid-based CRISPR/ Cas12a genome editing system ensures the controlled expression of 

Cas12a and the crRNA targeting a specific sequence of interest (Jiang et al., 2017). Upon, the 

assembly of the activated Cas12a-crRNA complex, a staggered double-strand break is 

introduced at a specific target site into the host genome (Zetsche et al. 2015; Jiang et al. 2017). 

The double strand break is restored by the DNA repair system using either non-homologous 

end joining (NHEJ) or homology-directed repair (HDR). Since NHEJ is more susceptible to 

random insertions, deletions and gene disruption at the target site, for precise gene editing, 

HDR is favored to insert single-stranded template DNA (Adli, 2018). Using single-stranded 

oligonucleotides, successful CRISPR/ Cas12a-mediated genome engineering was achieved 

by generating genomic point mutations, deletions and insertions in C. glutamicum (Jiang et al., 

2017). Due to CRISPR-mediated inactivation of wild-type cells, recombinant variants can 

easily be selected (Jiang et al., 2013). Limitations for the application of the CRISPR/ Cas12a-

mediated genome editing system are only given by the choice of functional PAM sites proximal 

to the target sequence. Furthermore, in C. glutamicum, CRISPR/ Cas12a-mediated 

recombineering was applied to perform genomic codon saturation mutagenesis in situ with 

NNK oligonucleotides for the respective target codon (Jiang et al., 2017). Targeting of several 

different codons of interest in a multiplex approach, would allow for an easy generation of 

mutant libraries for the respective amino acid residues (Jiang et al., 2017). 
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4 Sensor-based methods to characterize generated phenotypes 

In targeted genome engineering using advanced methods such as CRISPR-Cas, genetic 

alterations can be easily and precisely introduced. At the same time, it has become quite 

apparent that even the simplest prokaryotic metabolism, such as C. glutamicum, is 

tremendously complex. This implies that even system-based approaches of rational 

engineering are constrained in the identification of novel genomic targets for strain 

improvement. 

Counteracting this limitation of rational engineering approaches, classical strain engineering 

approaches, such as undirected whole genome mutagenesis, were recently rediscovered. In 

particular, genome-wide and random approaches allow for the identification of novel and 

unintuitive targets. Subsequently, these identified targets can be harnessed in rational 

engineering approaches. However, this approach is still limited, due to the restricted screening 

capacity for phenotype characterization, which allows only a certain proportion of the 

generated library to be analyzed (Eggeling et al., 2015). 

Since phenotype characterization of the created library represents the major bottleneck in the 

overall strain engineering process today, efficient high-throughput approaches are highly 

aspired to quickly identify strain variants with the desired phenotype. In cases where the 

product molecules are either chromogenic or fluorogenic, product formation can be directly 

linked to a machine-readable signal, which in turn allows for a straight-forward isolation of 

producing strain variants. However, most compounds of biotechnological interest do not confer 

such an easy distinguishable phenotype to the producing cells (Dietrich et al., 2010; Mahr and 

Frunzke, 2016; Zhang et al., 2015b). Here, genetically-encoded biosensors, which link the 

intracellular presence of a product of interest to a measureable optical output signal, represent 

valuable and universal screening tools (Dietrich et al., 2010; Eggeling et al., 2015; Mahr & 

Frunzke, 2016; Schallmey et al., 2014). Based on this principle, three different types of 

biosensors were developed and have found an application in several areas of research. 

4.1 RNA aptamer-based sensors 

Aptamer biosensors are based on riboswitches consisting of RNA elements obtained from the 

untranslated regions of mRNA. Specific ligand binding of low-molecular metabolites to these 

aptamer structures induces a change in conformation, thereby regulating transcription or 

translation of its encoding gene (Figure 10) (Serganov & Nudler, 2013). Using this mechanism, 

RNA-based small-molecule biosensors have been constructed to sense a series of metabolites 

by introducing aptamer structures from nature into a synthetic circuit, which controls the 

expression of a reporter gene (Hallberg et al., 2017). However, aptamer-based biosensors are 

confined in their chemical diversity. Exploring new aptamer architectures for biosensor design, 
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molecular evolution or computational design such as the Systematic Evolution of Ligands by 

Exponential enrichment (SELEX) protocol (Tuerk & Gold, 1990) can be used to design 

potential new metabolite sensing capabilities de novo (Ellington & Szostak, 1990). However, 

the in vivo application of synthetic in vitro or in silico designed RNA aptamer structures resulted 

only in a few functional riboswitches until now (Kopniczky et al., 2015; Liang et al., 2011; 

Schallmey et al., 2014). 

 
Figure 10: Schematic illustration of an RNA aptamer-based biosensor. The biosensor is shown in 
inactive (left) and activated state (right), which is initiated upon ligand binding (light blue). Abbreviation: 
ribosome binding site (RBS). 

Nevertheless, in strain engineering approaches engineered and native aptamer structures 

were used as sensors responding to a range of different molecules of interest such as folinic 

acid, theophylline, caffeine and tetracycline (Berens et al., 2001; Hanson et al., 2005; Jenison 

et al., 1994; Trausch et al., 2011; Wachsmuth et al., 2013). Application of a theophylline 

sensing synthetic aptamer sensor in Saccharomyces cerevisiae, when screening of a diverse 

caffeine demethylase library, yielded an improved enzyme variant with 33-fold increased 

enzymatic activity in vivo and 22-fold enhanced product selectivity (Michener & Smolke, 2012). 

In a similar screening approach, application of a flavin mononucleotide-responsive aptamer 

sensor enabled the identification of a Bacillus subtilis strain showing increased vitamin B2 

production capabilities (Meyer et al., 2015). Nevertheless, construction of aptamer-based 

biosensors is quite demanding, since there is only a limited functional sequence space for 

ligand binding of aptamer structures compared to the broad substrate range of protein activity-

based biosensors such as FRET- and transcription factor-based biosensors (Liu et al., 2015). 

4.2 FRET-based biosensors 

Sensors based on Förster resonance energy transfer (FRET) create a fluorescence response 

due to an energy transfer process amongst a pair of light-sensitive fluorophores. Interacting 

fluorophores, most commonly cyan- (CFP) and yellow fluorescent protein (YFP), are 

immobilized in close proximity (<10 nm) on a ligand-binding peptide/ protein and contain an 

overlapping excitation and emission spectrum between the FRET acceptor and donor, 

respectively (Hochreiter et al., 2015). In a ligand-bound state the protein alters its conformation 
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causing a change in distance of donor and acceptor fluorophores, and hence, inducing a FRET 

change (Figure 11) (Bermejo et al., 2011). In FRET-based metabolite sensors, the changed 

efficiency of energy transfer between the fluorescent proteins results in a measurable 

ratiometric index that allows the assessment of the present intracellular metabolite 

concentration (Constantinou & Polizzi, 2013; Frommer et al., 2009). During the last years, 

numerous ligand-binding protein scaffolds found in nature were used as basis for the 

construction of a wide array of FRET-based biosensors being adopted to sense sugars 

phosphates, amino acids, carboxylic acids, metal ions, redox states and other intracellular 

reactions which would be challenging to monitor otherwise (Zhang et al., 2015). 

 

Figure 11: Schematic illustration of a FRET-based biosensor. The biosensor is shown in an inactive 
(left) and activated state (right), which is initiated upon ligand binding (light blue). Abbreviation: cyan- 
(CFP) and yellow fluorescent protein (YFP). 

Due to the relatively low operational range between basal output signal and fully shifted 

fluorescence state, application of FRET-based biosensors in biotechnological processes is 

limited to online monitoring of product formation in solution (Zhang et al., 2015). Noteworthy, 

changes of the fluorescence output signal can only be detected within a small window of 

concentration, typically in the nM to μM range. In direct comparison, transcriptional biosensors 

are more useful as they allow for an increased differentiation at higher inducer concentrations 

(Zhang et al., 2015). 

4.3 Transcription factor-based biosensors 

A transcriptional biosensor consists of a transcription factor (TF) that selectively and 

specifically recognizes a molecule of interest (ligand) with a ligand-binding domain. Ligand 

binding causes a conformational change in the structure of the DNA-binding domain of the 

transcriptional activator or repressor. Inducing either regulator binding or release from its 

operator site in the cognate promoter sequence, initiation of RNA polymerase recruitment 

leads to the transcription of a reporter gene such as the yellow fluorescent protein (Figure 12). 

(De Paepe et al., 2017; Fernandez-López et al., 2015; Mahr & Frunzke, 2016). Based on their 

regulatory circuit, a broad range of ligand binding transcriptional regulators can be harnessed 

for the construction of biosensors. A prerequisite for the construction of a transcriptional 
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biosensor is the specific binding of the molecule of interest to the regulator protein. The 

identification and the selection of a matching promoter/regulator pair, which activates the 

native regulatory circuit upon ligand binding, can be simplified by using databases and 

scientific literature. 

 

Figure 12: Schematic illustration of a transcription factor-based biosensor. The biosensor is 
shown in inactive (left) and activated state (right) which is initiated upon ligand binding (light blue). 
Abbreviation: transcription factor (TF). 

Various biosensors based on native transcriptional regulators were shown to be functional and 

used for screening purposes in their native host organisms (Mahr & Frunzke, 2016). Initially, 

transcriptional biosensors found applications in the detection and monitoring of environmental 

pollutants, including heavy metal ions (Billinton et al., 1998; de Lorenzo et al., 1993; Ikariyama 

et al., 1997; Sticher et al., 1997). Furthermore, the regulatory circuit was adapted for dynamic 

feedback regulation of synthetic pathways in response to the intracellular concentration of 

pathway intermediates (Chou & Keasling, 2013; Xu et al., 2014; Zhang et al., 2016). 

Most commonly, transcriptional biosensors are used in the context of strain engineering where 

vast and genetically diverse libraries have to be screened (Mahr & Frunzke, 2016). The 

application of transcriptional biosensors allowed for a rapid assessment of generated mutant 

libraries on the single-cell level. In combination with flow cytometry, high-throughput screening 

of diverse libraries by analyzing up to 80,000 single cells per second is possible. 

Using elaborated screening campaigns, the identification of improved producer strains is 

facilitated based on the fluorescence response on the single-cell level (Flachbart et al., 2019). 

Also for C. glutamicum, different transcriptional biosensors were constructed to investigate 

product formation in the platform organism (Eggeling et al., 2015). 

4.3.1 Transcriptional biosensors in C. glutamicum - industrial and basic research 

In the past, C. glutamicum derived industrial producer strains for amino acid production have 

been thoroughly optimized by directed mutagenesis but also rational methods. Thus, it is 

difficult to further enhance product titers and yields in these evolved strains using current 

methods. Again, targeting the whole genome by using random mutagenesis is key to identify 
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unknown targets, which are involved in amino acid accumulation to further increase product 

formation even in highly engineered C. glutamicum strains.  

In a chemically mutagenized C. glutamicum wild type library, different sensor-based screening 

approaches were applied to identify mutants with improved product formation characteristics. 

An Lrp-based (Leucine-responsive protein) biosensor, which detects branched-chain amino 

acids L-valine, L-leucine, L-isoleucine and L-methionine, enabled the identification of mutants 

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

cultivation in minimal medium (Mustafi et al., 2012). In comparison to the isolated mutant, the 

wild type strain could not accumulate any of the respective amino acids (Mustafi et al., 2012). 

Further increase in L-valine titers, due to the identification of an unintuitive target gene, was 

achieved with an Lrp biosensor-based screening of strains gained from adaptive laboratory 

evolution. The highest L-valine titer was obtained upon genetic engineering of the identified 

novel target gene encoding for urease accessory protein UreD. Cultivation of the constructed 

variant in defined medium, which carried the loss-of-function mutation ureD-E188*, reached 

50.5 mM L-valine which is 4-5-fold increased compared to the original strain (Mahr et al., 

2015). 

In a second biosensor-based screening approach, a LysG-based biosensor, responding to 

basic amino acids L-histidine, L-lysine or L-arginine, was used to isolate improved L-lysine 

producers from a chemically mutagenized C. glutamicum library (Binder et al., 2012). Based 

on the isolated mutants which showed increased L-lysine synthesis compared to the wild type, 

the murE gene, encoding for UDP-N-acetylmuramyl-tripeptide synthetase, was identified as 

an attractive target to engineer L-lysine synthesis. In a subsequent LysG-based screening in 

combination with RecET-recombineering, the previously identified codon 81 of murE was 

targeted, since it was shown to enhance L-lysine formation (Binder et al., 2012). Fluorescence-

activated cell sorting (FACS) screening of the created recombineering library resulted in the 

isolation of eleven mutants with significantly improved L-lysine production titers (Binder et al., 

2013). 

4.3.2 Limits of traditional sensor design and how to improve sensor parameters 

However, the application of native transcriptional biosensors is restricted to the natural ligands 

of the used transcriptional regulators. In order to enable the application of transcriptional 

biosensors also for novel substrates, the substrate range of existing transcription factors can 

be broadened or shifted using the methods of directed protein evolution. The transcriptional 

regulator AraC with its natural ligand arabinose regulates expression of arabinose utilization 

genes from the arabinose-inducible araBAD promoter (PBAD) (Soisson, 1997). In recent 

studies, the substrate specificity of transcriptional regulator AraC was successfully altered from 

arabinose to isoprenoid precursor isopentenyl diphosphate (IPP) by replacing the original 
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ligand-binding domain with a binding site of enzymes which naturally bind IPP (Chou & 

Keasling, 2013). Further engineering of AraC resulted in the acceptance of a broad range of 

different ligand molecules such as D-arabinose, mevalonate, ectoine, triacetic acid lactone, 

vanillin or salicylic acid (Chen et al., 2015; Frei et al., 2018; Tang et al., 2013, 2008; Tang & 

Cirino, 2011).  

When a genetic circuit (regulator and target promoter), either natural or synthetic, is turned into 

a biosensor, sensor characteristics such as range of inducer concentrations (operational 

range) and the range of sensor fluorescence response (dynamic range), are predetermined 

and cannot be adjusted individually for specific sensor applications (Figure 13).  

 
Figure 13: Schematic illustration of the operational and dynamic range. 

The defined native dynamic and operational range determines the field of possible biosensor 

applications to either basic research, monitoring of environmental pollutions (low inducer 

concentrations), or strain engineering in an industrial setting (high inducer concentrations) 

(Schallmey et al., 2014; Webster et al., 2014). Hence, adaption of sensor parameters would 

give the opportunity to broaden the application range of these native biosensors. 

4.3.3 Optimizing sensor response with regard to operational and dynamic range 

With the aim to fine-tune different sensor parameters and therefore to overcome the native 

limitations of transcriptional biosensors, different stages in the genetic circuit can be modified 

to achieve this goal. With respect to ligand binding to the regulator protein, protein engineering 

can be applied to either lower or increase the binding affinity of the ligand towards its binding 

site. Furthermore, transcription factor binding or release from the operator site in the regulated 

promoter can be modified either by sequence optimization of the operator site or by 

engineering of the DNA binding domain in the transcriptional regulator (De Paepe et al., 2017). 

In a more advanced approach, the intracellular regulator level is fine-tuned to modulate the 

dynamic- and operational range of the transcriptional biosensor. The regulator concentration 
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can be modified by influencing the translation efficiency of the regulator e.g. by adapting the 

sequence of the ribosome binding site. Investigating the influence of RBS engineering on the 

sensor response of a natural LysR-type naringenin biosensor revealed a change in the sensor 

parameters depending of the RBS sequence and its respective strength (De Paepe et al., 

2018). Furthermore, modulation of the response of the transcriptional biosensor can be 

attained by gradual and constitutive expression of the gene of the transcriptional regulator (Lin 

et al., 2018; Rogers et al., 2015; Skjoedt et al., 2016; Zhang et al., 2017). In this context, 

utilization of different constitutive promoters allows for modulation of the expression level of 

the transcriptional regulator, and in this respect also a change in the sensor response. 

Engineering these different targets in the genetic circuit of a transcriptional biosensor, allows 

the sensor dynamic and operational range to be adjusted for different applications. However, 

heterologous application of transcriptional biosensors can also be restricted by their exclusive 

functionality in the native microorganism from which the sensor components are derived 

(Mannan et al., 2017). For example, the insertion of the regulatory circuit of the 3,4-

dihydroxybenzoate biosensor based on the transcriptional regulator PcaU from Acinetobater 

sp. ADP1 in E. coli resulted in an absent or weak biosensor responses (Jha et al., 2014). 

Here, a unified biosensor design, which allows fine-tuning of important sensor parameters and 

restores the sensor response in a heterologous expression host would be beneficial to further 

broaden the application range of transcriptional biosensors in different host organisms. 
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5 Aims of thesis 

The main goal of this thesis is the development and characterization of molecular tools to 

advance strain engineering in C. glutamicum. Since the introduction of genetic modification is 

a major part in strain engineering, the first aim of this thesis should be the establishment of a 

simplified protocol for CRISPR/ Cas12a-mediated recombineering with ssDNA 

oligonucleotides in C. glutamicum. The CRISPR efficiency of the novel system should be 

characterized and evaluated by the insertion of point mutations as well as the application of 

site-saturation mutagenesis in the genomic background of C. glutamicum. 

Counteracting this refined method, classical strain engineering methods, such as undirected 

whole genome mutagenesis, are now undergoing a renaissance. Resolving the huge 

bottleneck of restricted screening capacity for phenotype characterization in this approach, 

transcriptional biosensors have been widely applied for the characterization of a diverse 

mutant library. Aiming for facilitated sensor construction, fine-tuning of sensor parameters and 

transfer of a biosensor to a heterologous expression host, a unified sensor design should be 

developed. The constructed biosensors should be characterized in liquid cultivations and on 

single-cell level to assess the applicability of the constructed sensors in future HTS campaigns. 
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6 Key results 

Most results presented in the chapters 6.1 and 6.2 are described in detail in chapter 8.1 and 

8.2. 

6.1 Advancing CRISPR/ Cas12a application in C. glutamicum 

(Krumbach, K.; Sonntag, C. K. et al. 2019, ACS Synthetic Biology, cf. chapter 8.1) 

6.1.1 Construction of a crRNA delivery vector – simplifying plasmid design and 
assembly 

Regarding the CRISPR/ Cas12a system established in C. glutamicum (Jiang et al., 2017), the 

standard protocol for crRNA delivery vector assembly often showed undesired double 

integration of the crRNA-encoding inserts. Therefore, an improved crRNA delivery vector 

design was constructed to facilitate and, at the same time, accelerate correct plasmid 

assembly. Vector pJYS2_crtYf was used as a template to construct the crRNA delivery vector 

pJYScr, which comprises a BamHI/BstBI cloning site allowing for easy insertion of different 

spacer sequences into the linearized delivery vector. The introduction of the BamHI/BstBI 

cloning site into pJYS2_crtYf was achieved by a synthetic DNA fragment, which contains the 

parental sequence but replaces the present DraI with a BstBI restriction site. The cloning site 

was made available for insertion of spacer sequences by elimination of a second BstBI 

restriction site in the pJYS2 vector backbone using site-directed mutagenesis. For the 

construction of individual crRNA delivery vectors, the linearized pJYScr backbone can be 

ligated with synthetic double-stranded DNA inserts encoding the loop region and spacer of the 

crRNA. 

6.1.2 Evaluation of CRISPR/ Cas12a mediated genome editing efficiency using the 
novel pJYScr crRNA delivery vector in C. glutamicum 

The efficiency of CRISPR/ Cas12a-mediated ssDNA-recombineering with the novel crRNA 

delivery vector pJYScr was investigated with respect to the elimination of non-recombinant 

cells. For evaluating successful genetic engineering in C. glutamicum as part of these 

experiments, the lacZ gene encoding for β-galactosidase from E. coli was selected, as it 

enables blue:white screening on 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) 

agar plates. Therefore, the strain C. glutamicum WT::lacZ carrying a chromosomal integration 

of the lacZ gene was constructed. In this strain, expression of lacZ was under control of the 

strong synthetic promoter pH36 (Yim et al., 2013). Constitutive Cas12a- and RecT-activity in 

C. glutamicum WT::lacZ was ensured by episomal expression from pJYS1-petFU (Jiang et al., 

2017). 
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In C. glutamicum, high transformation efficiency of pJYScr is essential for the functionality of 

CRISPR/ Cas12a recombineering. Therefore, the transformation rate of the empty pJYScr-

vector with or without the respective recombineering oligonucleotide was compared to the 

established cloning vector pEKEx3 as a control. Using the same vector quantity of both 

plasmids, comparable results of ~106 colony forming units (cfu)/ transformation for both, the 

pEKEx3 control and pJYScr with and without oligonucleotides, were obtained. Hence, 

sufficient uptake of the delivery vector is ensured to perform CRISPR/ Cas12a-based 

recombineering. However, when using the advanced CRISPR system, it is important to note 

that in the protocol for electrocompetent cell preparation, cell harvesting must be performed at 

an optical density OD600 below 0.6 in contrast to the standard protocol of Jiang et al. preparing 

competent cells at OD600 below 1.0. 

Assembly of the activated Cas12a-crRNA complex, introduction of a double-strand DNA break 

and site specific genome editing in the chromosomally integrated lacZ gene was investigated 

by using the constructed crRNA delivery vector pJYScr-lacZ-1574 and its respective 

recombineering oligonucleotide. The vector encodes for a crRNA with a spacer sequence of 

21 nts adjacent to an intragenic PAM site 5´-(T)TT(C)-3´ in lacZ. Transformation of 

C. glutamicum WT::lacZ pJYS1-petFU with pJYScr-lacZ-1574 yielded 51±21 cfu, 

demonstrating the efficiency of Cas12a-mediated killing in C. glutamicum. Comparable results 

were obtained for a second targeted PAM site using pJYScr-lacZ-1654. The assessment of 

specific genome editing was performed with 59 nt recombineering oligonucleotides, which 

were designed to achieve PAM site-inactivation by introduction of a stop codon. Successful 

recombineering of the aforementioned PAM sites in the lacZ gene with oligonucleotides o-

1574a and o-1654a resulted in an increased cell recovery and with ≥96% of the mutants 

carrying the desired genomic modification. 

6.1.3 Site specific nucleotide targeting of PAM site proximal residues allows for 
reliable genetic engineering with CRISPR/ Cas12a 

Further investigation of CRISPR/ Cas12a-mediated ssDNA recombineering efficiency was 

performed on the accessibility of nucleotides for genetic engineering located proximal or distal 

from the targeted PAM site in the lacZ gene. Nine different recombineering oligonucleotides 

were designed to introduce point mutations to generate a stop codon over a stretch of 11 nts 

up- and 16 nts downstream of the targeted PAM site. While inserting point mutations in the 

target site simultaneously, the respective PAM site was inactivated (Figure 14). Generated 

mutants using CRISPR/ Cas12a-assisted ssDNA recombineering were assessed by 

blue:white screening on X-Gal agar plates and subsequent sequencing of the lacZ gene (n=4-

16) (Figure 14). 
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Initially, investigation of target sites located up-stream and distal to the targeted PAM site 

(oligonucleotide o-1574b), was performed. The results showed that the introduction of point 

mutations could not be achieved. However, PAM site inactivation could be attained in these 

mutants. Successful introduction of a single point mutation in a target site located proximal and 

upstream of the PAM site with simultaneous PAM site inactivation could be confirmed for more 

than 96% of the surviving C. glutamicum mutants. Equally efficient was the introduction of a 3-

bp mutation proximal to the PAM site in the crRNA-targeting region with a PAM site inactivation 

in parallel.  

 

 
 
Figure 14: Genome editing efficiency relative to the PAM site in C. glutamicum using the 
combined recombineering-CRISPR/ Cas12a selection method. Shown is a sequence fragment of 
the chromosomally integrated lacZ gene with a PAM (blue) and the respective protospacer (yellow) 
sequence. The Cas12a-cleavage site yielding a staggered cut is indicated by black triangles. The 
resulting proportion of white colonies is specified as a share in percent. After each assay, the sequence 
of the lacZ gene of randomly selected white clones was assessed (n=4-16). Investigating the genome 
editing efficiency, results showed either that both the PAM site was mutated and the stop codon was 
introduced (dark blue bars), only the PAM site was mutated (light blue bars), or solely the stop codon 
was introduced (yellow bars). Additionally, for each type of mutation (PAM+stop/ stop only/ PAM only), 
the count of samples assessed via DNA sequencing are specified below the colored bars.  

However, introduction of 1 to 3 bp mutations located in a distal and downstream situated 

sequence of the PAM site resulted in a reduced mutation efficiency. Depending on the required 

number of substitutions to generate a stop codon, mutation efficiency reached 75% to 90%. 

Interestingly, in certain cases DNA sequencing revealed that exclusively the stop codon was 

successfully inserted whereas the PAM site was still intact. In summary, the applied 

CRISPR/ Cas12a-mediated ssDNA recombineering allows for reliable site-directed genome 

engineering in a stretch of four nucleotides upstream and ten nucleotides downstream of the 

respective PAM site. 
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In previous studies, it has been shown that CRISPR-assisted ssDNA recombineering also 

allows to perform site-saturation mutagenesis in chromosomal DNA of C. glutamicum to create 

a diverse library for a codon of interest (Jiang et al., 2017). With regard to the successful 

introduction of a 3-bp mutation in the PAM-site proximal crRNA-targeting sequence, 

oligonucleotides were designed to perform site-saturation mutagenesis at the respective target 

codon, while introducing a stop codon in the targeted PAM site. Sequence analysis of the 

generated mutants (white colonies) revealed that out of the 24 assessed variants 16 and 13, 

for two distinct target sites respectively, carried mutations in each codon. The resulting amino 

acid substitutions on protein level were unbiased for a specific chemical property. In a further 

approach, site saturation in an 18 nt sequence was performed containing the previously 

targeted PAM (lacZ-1574) site plus five nucleotides upstream and ten nucleotides downstream 

of the respective PAM site. However, only single nucleotides were exchanged. Therefore, this 

method cannot be used to exchange a longer stretch of DNA and is currently limited to the 

introduction of three consecutive nucleotide substitutions into the C. glutamicum genome. 

6.1.4 Site-directed mutagenesis targeting mscCG in C. glutamicum 

MscCG, a mechanosensitive channel of C. glutamicum, is the major efflux channel for L-

glutamate of this bacterium (Hashimoto et al., 2012; Nakamura et al., 2007). Upon increased 

membrane tension, the export of L-glutamate mediated by MscCG in C. glutamicum is induced 

(Hirasawa & Wachi, 2016). However, also several gain-of-function (GOF) variants of MscCG 

were identified, which enable constitutive L-glutamate efflux (Nakamura et al., 2007; Yamashita 

et al., 2013). Amongst others, two GOF mutants were characterized with mutations in the C-

terminal extracytoplasmic domain (Nakamura et al., 2007; Yamashita et al., 2013). Especially, 

the transition of the fourth transmembrane helix to the periplasmic space of the channel 

structure seems to have a major influence on the L-glutamate efflux mechanism (Nakamura et 

al., 2007). Presumably, this site determines the overall structure of MscCG and is crucial for 

the interaction of the channel protein with other components of the cell wall. Therefore, the 

effect of an amino acid exchange in this particular region at residues V422 and E423 of MscCG 

was investigated. 

Applying site-saturation mutagenesis to generate a diverse library of both target positions in 

MscCG, C. glutamicum pJYS1petFU was transformed using crRNA delivery vector 

pJYScr_mscCG1269c and the recombineering oligonucleotides o-mscCG1269-V422nnn and 

o-mscCG1269-E423nnn. From the generated library different variants were randomly selected 

and sequenced. In both assessed targets, unbiased amino acid substitutions were achieved. 

Recombinant strains were cured from plasmids and subsequently characterized for L-

glutamate accumulation in cultivation experiments. 
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L-glutamate production in the constructed mutant strains was evaluated in defined medium 

with biotin excess (50 μg/L) in combination with low glucose concentration (40 g/L). In the used 

cultivation medium, natural accumulation of L-glutamate does not occur in the C. glutamicum 

WT as for MscCG variants V422A, V422C, V422T, V422L, and V422S (Figure 15A). In 

contrast, a considerable L-glutamate accumulation of up to 13 mM was detected in the 

supernatant of the MscCG variants V422K and V422D, in which the native valine residue was 

replaced with a charged amino acid (Figure 15A). Mutants E423K and E423D did not 

accumulate L-glutamate, nor did variants E423N, E423T, E423A and E423H (Figure 15B). 

Contrary, MscCG mutants E423P, E423S as well as E423stop stimulated the L-glutamate 

export in C. glutamicum. Therefore, the substitution by charged amino acid residues at position 

V422 and the exchange at position E423 with amino acid residues proline and serine yielded 

an open channel conformation. In cultivation experiments, a decrease in L-glutamate titers over 

time due to reuptake and utilization of this amino acid as known from previous studies was 

observed (Becker et al., 2013). 

 
Figure 15: L-Glutamate titers of C. glutamicum variants of the mechanosensitive channel MscCG. 
Different strains carrying mutations in the mscCG gene at position (A) V422 and (B) E423 as well as 
variants with stop codons at positions M420 (M420stop∆) and E423 (E423stop), were characterized to 
assess the accumulation of L-glutamate. L-glutamate concentrations for each variant were measured 
after 14, 18, 20 and 22 hours of cultivation. 
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With regard to results of recent studies, the carboxy-terminal domain of MscCG plays a major 

role in regulating the L-glutamate channel activity (Yamashita et al., 2013). In order to gain a 

deeper understanding of the influence of the carboxy-terminal domain on the L-glutamate efflux 

mechanism, two mutants were generated in which different sequences of the extra-

cytoplasmic domain of MscCG were deleted. Construction of these mutants was performed 

with the well-established SacB system (Niebisch & Bott, 2001; Schäfer et al., 1994). In both 

generated mutants M420stop∆ and P424stop∆, the respective codon was replaced by a stop 

codon while the sequence encoding for the remaining carboxy-terminal end of the channel 

structure was deleted. Cultivation experiments assessing L-glutamate accumulation in both 

mutants revealed L-glutamate concentrations up to 27 mM and 130 mM for M420stop∆ and 

P424stop∆, respectively. These observations are in line with previous data sets emphasizing 

the importance of this protein domain for the regulation of the channel activity. 

6.2 A unified design allows fine-tuning of biosensor parameters and 
application across bacterial species 

(Sonntag, C. K. et al. 2020, Metabolic Engineering Communications, cf. chapter 
8.2) 

6.2.1 Establishing a unified biosensor design to control important sensor parameters 

A unified sensor design was established to enable the gradual and constitutive expression of 

a transcriptional regulator for influencing the dynamic- and operational range of transcriptional 

biosensors. The sensor architecture of the sensor design can be separated into a sensing and 

a reporting module. In the sensing module, the expression of the transcriptional regulator is 

regulated by a constitutive promoter selected from a synthetic promoter library. In the reporting 

module, the expression of the reporter gene eyfp is controlled by inducer binding to a 

transcriptional regulator (Figure 16). 

Since the unified sensor design was evaluated in E. coli and C. glutamicum, the well-

characterized PLTetO1 and the dapA promoter libraries were selected for sensor plasmid 

construction, respectively (Alper et al., 2006; Vašicová et al., 1999). From both promoter 

libraries, strong (S), moderate (M) and weak (W) constitutive promoter variants were selected. 

Assuring full functionality of the regulated promoter in the sensing module, the first 45 

nucleotides of the open reading frame of the regulated gene in the original genetic circuit were 

always included to ensure stability in mRNA folding, which provides efficient translation 

initiation (Figure 16) (Kudla et al., 2009). Downstream of the extended regulated promoter 

sequence, a stop codon and an additional RBS (AAGGAGG-N6-7) were inserted upstream of 

the reporter gene start codon (Figure 16). In addition, the often divergently orientated promoter 
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architecture of a cognate promoter can cause an undesired transcriptional read-through 

leading to uncontrolled expression of the regulator gene (Maddocks & Oyston, 2008). 

 

Figure 16: Schematic illustration of the unified biosensor design. Expression of the transcriptional 
regulator (blue arrow) is controlled by a native or synthetic constitutive promoter of the host organism. 
Upon binding of an inducer molecule, the transcriptional regulator undergoes a conformational change 
and either binds to or releases the operator site in the regulated promoter including the first 45 nts of 
the originally controlled gene (OCG) to promote expression of a reporter gene (yellow arrow). 

These undesired effects can be reduced or prevented by insertion of a terminator sequence 

between the sensing and the reporting module (De Paepe et al., 2018; Rogers et al., 2015). 

Finally, both modules were integrated in divergent orientation in medium-copy vector 

backbones: pJC1 in case of C. glutamicum, and pBR322 for E. coli. 

6.2.2 Construction of PhdR-based transcriptional biosensors for C. glutamicum 

Initially, the native genetic circuit of repressor PhdR and its target promoter PphdB was used to 

construct an array of transcriptional biosensors. PhdR originates from C. glutamicum, where it 

naturally regulates the transcription of genes involved in phenylpropanoid degradation 

(Kallscheuer et al., 2016a). Diffusion of PhdR from its cognate promoter PphdB is specifically 

induced upon binding of coenzyme A (CoA)-activated and ring-hydroxylated phenylpropanoids 

such as p-coumaroyl-CoA, which finally induces transcription of the phd operon (Kallscheuer 

et al., 2016a). 

Serving as a reference for the transcriptional biosensors built according to the unified sensor 

design, the native regulatory circuit of PhdR was used for the construction of the sensor 

plasmid pSenPhdR, which included the sequence of phdR and the region covering PphdB and 

45 nucleotides of the phdB coding sequence. Furthermore, PhdR-based biosensors were 

constructed according to the unified sensor design, expressing the regulator gene phdR under 

control of either a weak (W), moderate (M) or strong (S) constitutive promoter (pSCCg-PhdR-

W, pSCCg-PhdR-M, pSCCg-PhdR-S). C. glutamicum DelAro4-4clPc ∆phdR was selected as host 

strain, as it is deficient in phenylpropanoid degradation and additionally harbors an IPTG-
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inducible plant-derived 4cl gene encoding a 4-coumarate: CoA-ligase necessary for CoA-

activation of phenylpropanoids in this host organism (Kallscheuer et al., 2016b). A stringent 

control of phdR expression is beneficial for the sensor response. Therefore, sole episomal 

expression of phdR was assured by chromosomal deletion of the repressor gene. 

6.2.3 Fluorescence response of PhdR-based biosensors differs in dependency of 
inducer concentration and regulator expression level 

The influence of inducer concentration and repressor level on the fluorescence response of 

PhdR-based transcriptional biosensors was evaluated in dose-response experiments in liquid 

culture using inducer concentrations ranging from 0 - 4,000 μM externally applied p-coumaric 

acid. The evaluation of the results revealed that an increasing expression level of the repressor 

gene correlates negatively with the dynamic range of the PhdR-based biosensors constructed 

according to the unified sensor design. However, the highest dynamic range (96-fold) was 

determined for pSenPhdR, which is based on the native regulatory circuit of the transcriptional 

regulator (Figure 17A). The comparison of the different sensor variants, with respect to the 

operational range, revealed distinct differences among the single constructs (Figure 17A). Due 

to an increased basal fluorescence response of pSCCg-PhdR-S, an overall lower dynamic 

range could be recorded for this sensor construct. The broadest operational range was covered 

by pSCCg-PhdR-M with moderate regulator gene expression. However, at low inducer 

concentrations, the biosensor pSCCg-PhdR-W showed an increased fluorescence response 

compared to all other PhdR-based sensor variants. This enhanced biosensor sensitivity allows 

for sensor applications at low ligand concentrations. 

Since transcriptional biosensors, in the best case, are applied in FACS for high-throughput 

screening (HTS) campaigns, the dynamic- and operational range of the constructed sensors 

was also assessed on the single-cell level. In this context, a homogeneous fluorescence 

response of a cell population with an identical genetic background to a certain inducer 

concentration is highly desired. Furthermore, with increasing inducer concentration, a 

homogeneous shift of the cell population to a higher level of fluorescence intensity is 

anticipated. Hence, in an actual FACS-based screening campaign of a diverse mutant library, 

the sensor response allows to identify the desired phenotype based on the increased 

fluorescence signal correlating with increased product formation. 
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Figure 17: Sensor response of constructed PhdR-based biosensors in C. glutamicum. (A) Dose-
response curves to assess the operational and dynamic range of PhdR-based sensor constructs based 
on the native regulatory circuit (pSenPhdR) and on the unified sensor design (pSCCg-PhdR-S/M/W). The 
fluorescence response was assessed in different BioLector cultivations supplemented with seven 
different p-coumaric acid (cou) concentrations ranging from 4 - 4,000 μM. The fluorescence response 
of each sensor construct was plotted as fold-change in specific eYFP fluorescence. Error bars represent 
standard deviations of three biological replicates. (B) Fluorescence response on a single-cell level with 
C. glutamicum strains carrying pSCCg-PhdR-S/M/W or pSenPhdR ranging from 16 - 4,000 μM p-
coumaric acid. In each experiment, 95,000 representative single cells were analyzed. 

The assessment of the fluorescence response of all PhdR-based biosensors on the single-cell 

level, except for pSCCg-PhdR-S, revealed a heterogeneous biosensor response for single 
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ligand concentrations. The respective histogram plots of the cell-count against fluorescence 

intensity showed two separate fluorescent populations with two global maxima (Figure 17B). 

However, depending on inducer concentration and expression level of the transcriptional 

repressor, a full shift of the whole cell population from low to high fluorescence intensity could 

be achieved.  

Detailed analysis of the different constructs revealed that the lower the expression level of the 

repressor gene, the lower is the p-coumaric acid concentration required to homogeneously 

shift the fluorescence of the whole cell population. However, due to the increased basal 

fluorescence of sensor construct pSCCg-PhdR-S only a slight but homogeneous shift of the cell 

population to a higher fluorescence level in the tested inducer concentration range was 

assessed. 

6.2.4 Ferulic acid and caffeic acid trigger a weaker biosensor response  

In addition to p-coumaroyl-CoA, PhdR also accepts other CoA-activated ring-hydroxylated 

phenylpropanoids, like ferulic acid and caffeic acid, as inducer molecules (Kallscheuer et al., 

2016a). Thus, these compounds were also applied to the constructed PhdR-based biosensors 

to understand whether different inducers trigger a different fluorescence response. Sensor 

constructs pSCCg-PhdR-W and pSenPhdR were selected for sensor characterization using 

both phenylpropanoids as inducers to perform 48-well platform cultivations and subsequent 

flow cytometry analysis. 

The fluorescence response of both biosensors showed that induction with ferulic acid and 

caffeic acid compared to p-coumaric acid resulted in a reduced dynamic range by about 30%. 

However, when comparing both biosensors directly, pSCCg-PhdR-W showed an overall lower 

operational and dynamic range in response to ferulic acid and caffeic acid in comparison to 

pSenPhdR. Nevertheless, on the single-cell level the fluorescence response of both PhdR-

based biosensors resulted in a shift of the respective population from low to high fluorescence 

intensity with increasing inducer concentrations similar to inducer p-coumaric acid. 

6.2.5 Construction of LysG-based biosensors according to the unified sensor design 
and subsequent characterization 

In addition to the set of repressor-based biosensors, the unified sensor design was further 

evaluated by the construction of biosensors using a transcriptional regulator with a different 

mode of action. In search of possible candidates in C. glutamicum, the well-studied 

transcriptional activator LysG was considered. Naturally, a conformational change of LysG is 

induced upon binding of any of the three basic amino acids L-lysine, L-arginine and L-histidine. 

Upon activator binding to the operator site, expression of the transporter gene lysE is induced 

(Bellman et al., 2001). In previous applications of biosensor pSenLysG, based on the native 
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regulatory circuit of LysG, novel targets to enhance L-lysine production in C. glutamicum were 

identified (Binder et al., 2012). Therefore, the well-characterized genetic circuit of the LTTR-

type transcriptional activator LysG was selected to verify the applicability of the unified sensor 

design (Bellman et al., 2001; Binder et al., 2012). Several LysG-based biosensors according 

to the unified sensor design were constructed to evaluate the influence of different regulator 

expression levels on the fluorescence response of transcriptional biosensors (pSCCg-LysG-W, 

pSCCg-LysG-M, pSCCg-LysG-S). All constructed sensor plasmids were characterized in a 

C. glutamicum ΔlysEG strain background to prevent interfering regulator and/or exporter gene 

expression from the genome. 

First, the fluorescence response of the constructed biosensors was assessed in 48-well plate 

cultivations using amino acid dipeptides His-Ala, Lys-Ala and Arg-Ala at different 

concentrations ranging from 0 - 10,000 μM. In order to evaluate the fluorescence response of 

the different biosensor constructs compared to the native regulatory circuit, pSenLysG was 

used as a reference. For all constructed biosensors, the fold-induction in specific eYFP 

fluorescence was plotted against the respective inducer concentration (Figure 18A). 

When comparing the generated fluorescence response of the different sensor constructs in 

liquid cultures, results revealed that the dynamic range increases with an increasing 

expression level of the regulator gene lysG (Figure 18A). Regarding the operational range of 

the respective sensor constructs, with increasing regulator gene expression an enhanced 

sensor response at low inducer concentrations was assessed. Proceeding from these findings, 

a shift of the operational range to higher concentrations was found for constructs with a low 

regulator gene expression level (pSCCg-LysG-W). Corresponding to the determined 

operational range from liquid cultivations (Figure 18B), an increase and gradual shift in 

fluorescence intensity from a lower to a higher state could be followed in flow cytometry 

measurements for all sensor variants with increasing inducer concentration. 
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Figure 18: Sensor response of constructed LysG-based biosensors in C. glutamicum. (A) Dose-
response curves to assess the operational and dynamic range of LysG-based sensor constructs based 
on the native regulatory circuit (pSenLysG) and on the unified sensor design (pSCCg-LysG-S/M/W). The 
fluorescence response was investigated in different BioLector cultivations supplemented with seven 
different inducer concentrations ranging from 125 - 10,000 μM dipeptide His-Ala. The fluorescence 
response of each sensor construct was plotted as fold-change in specific eYFP fluorescence. Error bars 
represent standard deviations of three biological replicates. (B) Fluorescence response on single-cell 
level with C. glutamicum strains carrying pSCCg-LysG-S/M/W or pSenLysG was performed with 
externally supplemented His-Ala dipeptides ranging from 0 - 5,000 μM. In each experiment, 95,000 
representative single cells were analyzed. 

6.2.6 Ligand spectrum of LysG-based biosensors  

Since LysG also accepts basic amino acids L-arginine and L-lysine as inducers, the respective 

dipeptides were used to evaluate the ligand specificity of the transcriptional activator. 

Previously performed binding studies of LysG showed that the transcriptional regulator 
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interacts with all basic amino acids L-histidine-, L-lysine- and L-arginine with different affinities 

corresponding to the dissociation constants (KD) (L-His 16 ± 1.1 10-6 M/ L-Lys 3.29 ± 0.62 10-

3 M/ L-Arg 1.15 ± 0.06 10-3 M) (personal communication, Hugo van Beek). With regard to the 

highest dynamic- and operational range from dose-response experiments of pSCCg-LysG-S 

with inducer His-Ala, this biosensor and pSenLysG were used to characterize the biosensor 

performance in presence of Lys-Ala and Arg-Ala in 48-well plate cultivations and in flow 

cytometry experiments. Contradictory to previous results, for both dipeptides, the dynamic 

range of pSCCg-LysG-S was decreased compared to His-Ala. Comparing these results to 

pSenLysG, a broader dynamic range for the respective dipeptides was assessed. Analyzing 

the operational range of both pSCCg-LysG-S and pSenLysG, an increasing KD of the tested 

inducer molecules, hence, a decreased affinity of the ligand to LysG, shifted the operational 

range to higher concentrations. In addition, results showed that the lower the affinity of the 

respective amino acid to LysG, the higher is the required amino acid concentration to obtain 

the same biosensor response for both LysG-based sensor variants. 

The results of the previously performed 48-well cultivations were confirmed by the 

fluorescence response at the single-cell level. The fluorescence response for the whole cell 

population was assessed for pSenLysG and pSCCg-LysG-S with both dipeptide inducers, since 

both sensors showed a homogeneous fluorescence response on the single-cell level at 

different inducer concentrations for inducer His-Ala. For both sensor constructs, a shift of the 

cell population from lower to higher fluorescence intensity was achieved with increasing 

inducer concentration. A homogeneous fluorescence response was recorded for all cells 

carrying pSenLysG within a culture, whereas pSCCg-LysG-S only yielded a heterogeneous 

fluorescence response for the whole cell population. 

6.2.7 The unified biosensor design enables the functional transfer of biosensors 
from C. glutamicum to E. coli. 

Unable to generate a fully functional LysG-based biosensor in E. coli using the native 

promoters from C. glutamicum (Wang et al., 2016), the unified sensor design was applied to 

construct LysG-based biosensors for E. coli. Demonstrating the broad applicability of the 

unified sensor design for transcriptional regulators with different modes of action, the 

transcriptional repressor PhdR was also used to construct biosensors to functionally implement 

in E. coli. In this context, biosensors carrying either lysG or phdR under control of four different 

constitutive promoters of the PLTetO1 promoter library were constructed. Since CoA-activation 

of the ring-hydroxylated phenylpropanoids is essential for ligand-binding to PhdR, co-

expression of a 4CL-encoding gene (pCDF-BAD-4cl) from Streptomyces coelicolor enabled 

regulator activity in E. coli (van Summeren-Wesenhagen & Marienhagen, 2015). Biosensor 

characterization was performed in E. coli DH10B pCDF-BAD-4cl with plasmid-based 4cl 

expression for all PhdR-based sensor variants. All PhdR- and LysG-based biosensors were 
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first characterized in 48-well plate cultivations with regard to their fluorescence response at 

different inducer concentrations ranging from 0 - 200 μM p-coumaric acid and 0 - 90,000 μM 

L-histidine for PhdR- and LysG based biosensors, respectively (Figure 19A and 20A). 

The obtained results from liquid cultivation for PhdR-based biosensors confirmed the suitability 

of the unified sensor design to construct functional biosensors in E. coli, since a fluorescence 

response could be detected for all biosensor constructs (Figure 19A). However, the antibiotic 

concentration for plasmid maintenance and arabinose concentration controlling 4cl gene 

expression had to be adjusted for every single variant to lower metabolic burden for the host 

organism. The results for PhdR-based biosensors in E. coli showed that the highest dynamic- 

and operational range could be determined for the biosensor variants pSCEc-PhdR-W with the 

weakest constitutive promoter (Figure 19A). Assessing the fluorescence response on the 

single-cell level, a rise in fluorescence intensity with increasing p-coumaric acid concentrations 

could be confirmed (Figure 19B). 

 

Figure 19: Biosensor response of PhdR-based biosensors in E. coli. (A) Dose-response plot to 
assess the operational and dynamic range of PhdR-based biosensors in E. coli with p-coumaric acid. 
BioLector cultivations were externally supplemented with seven different inducer concentrations ranging 
from 4 - 200 μM p-coumaric acid. The fluorescence response was plotted as fold change in specific 
eYFP fluorescence. Error bars represent standard deviations calculated from three biological replicates. 
(B) The fluorescence response on single-cell level with E. coli strains carrying pSCEc-PhdR-W were 
determined in the presence of 0 μM p-coumaric acid (blue) and 100 μM p-coumaric acid (dark blue). In 
each experiment 95,000 representative single cells were analyzed. 

Similar to PhdR-based biosensors, the sensor response of all constructed LysG-based 

biosensors could be restored in E. coli. The maximal fold-induction of all variants was reached 

for pSCEc-LysG-M at 90,000 μM L-histidine with 15-fold induction also generating the widest 

operational range (Figure 20A). Nevertheless, a considerable difference in dynamic- and 

operational range between different sensor variants comprising a weak and moderate 

promoter was not apparent. Illustrative for LysG-based biosensors in E. coli, the fluorescence 
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response of pSCEc-LysG-M was investigated on the single-cell level showing a clear shift from 

lower to higher fluorescence intensity with increasing inducer concentrations (Figure 20B). 

Independent from the mode of action of the used transcriptional regulator, the fluorescence 

response of the respective transcriptional biosensor from C. glutamicum could be restored in 

E. coli and additionally showed a rise in fluorescence intensity with increasing inducer 

concentrations on the single-cell level. 

 
Figure 20: Sensor response of LysG-based biosensors in E. coli. Dose-response plot to assess the 
operational and dynamic range of LysG-based biosensors in E. coli with inducer L-histidine. BioLector 
cultivations were externally supplemented with seven different inducer concentrations ranging from 
125 - 75,000 μM L-His. The fluorescence response was plotted as fold change in specific eYFP 
fluorescence. Error bars represent standard deviations calculated from three biological replicates. (B) 
The fluorescence response on a single-cell level with E. coli strains carrying pSCEc-LysG-W were 
performed in the presence of 0 μM His (blue) and 75,000 μM His-Ala (dark blue) (all externally 
supplemented). In each experiment 95,000 representative single cells were analyzed. 
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7 Conclusion and Outlook 

7.1 Advancing CRISPR/ Cas12a applications in C. glutamicum 

The CRISPR/ Cas genome editing system for in C. glutamicum, which is based on the Cas12a 

endonuclease from Francisella novicida was transformed into a more usable method by the 

design, construction and validation of the vector pJYScr, which now enables fast and 

convenient vector assembly for an efficient crRNA delivery. CRISPR/ Cas12a-assisted 

recombineering with ssDNA oligonucleotides using this novel vector enables the efficient and 

precise introduction of nucleotide substitutions into the genome of C. glutamicum. Reliable 

site-directed genome engineering and successful site-directed mutagenesis of three 

subsequent base pairs can be performed within a stretch of four nucleotides upstream and ten 

nucleotides downstream of the respective PAM site.  

Furthermore, the L-glutamate efflux in C. glutamicum mediated by mechanosensitive MscCG 

channel was studied in detail when performing site-directed mutagenesis using the developed 

CRISPR/ Cas12a system. Amino acid substitutions targeting positions V422 and E423 as well 

as complete deletion of the periplasmic domain of MscCG cause deregulated L-glutamate 

efflux in C. glutamicum, probably due to drastic structural alterations of this domain. 

Taken together, the constructed crRNA delivery vector pJYScr simplifies plasmid constructions 

and is a first step to promote CRISPR/ Cas12a applications in C. glutamicum. 

7.2 A unified design allows fine-tuning of biosensor parameters and 
application across bacterial species 

The unified biosensor design introduced here enables an easy and time-saving construction 

of transcriptional biosensors for applications in C. glutamicum and E. coli. Furthermore, this 

design allows for fine-tuning of important sensor parameters including the dynamic range and 

the operational range.  

Independent from the transcriptional regulator’s mode of action, the adaption of the regulator 

expression level for a specific application was sufficient to ensure a biosensor response usable 

for sensor applications either in liquid cultures or at the single-cell level. In addition, it could be 

demonstrated that an individual characterization of each biosensor in the presence of different 

ligands is absolutely essential, as different binding affinities of the respective inducer 

molecules strongly influence the overall biosensor response. Likewise, it should also be noted 

that if a substrate still needs to be metabolized in order to act as an inducer of a transcriptional 

regulator, the substrate specificity as well as the turn-over rate of the enzyme(s) involved must 

be considered. Further consideration should be taken with regard to substrate uptake to ensure 
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that the externally applied inducer concentration is congruent to the intracellular inducer 

concentration. 

The set of constructed PhdR-based sensors can be directly used in both organisms, 

C. glutamicum and E. coli, to screen genetically diverse libraries of enzymes involved in natural 

product synthesis to isolate improved variants. A potential target might be enzyme 4CL which 

mediates the CoA-activation of p-coumaric acid, ferulic acid and caffeic acid as precursors for 

biotechnologically interesting flavonoids or stilbenes. 

With regard to the above criteria, the unified biosensor design described can be applied to 

construct tailor-made biosensors from regulatory circuits. Subsequent characterization allows 

for the selection of distinct sensor variants suitable for application in screening campaigns at 

the single-cell level. With a given constitutive promoter library, the sensor design may even be 

applied for other prokaryotic species as well as novel uncharacterized regulatory circuits. Thus, 

the unified sensor design enables semiquantitative intracellular detection of small molecules 

in a broad variety of organisms and represents a powerful tool for future strain engineering 

campaigns. 
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