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Summary 

Global challenges such as climate change and resource depletion require a transformation of the 

fossil-based economy toward a modern, sustainable bioeconomy. In this context, the establishment 

of efficient microbial production processes based on renewable carbon sources is of major 

importance. In natural environments, bacteria usually grow in complex communities and often 

evolve auxotrophies, which are relieved by cross-feeding interactions with other community 

members. This division of labor can lead to a more efficient use of the available resources, because 

of which it was proposed to be a viable strategy for increasing the efficiency of microbial 

production processes. In this thesis, we describe the design and setup of synthetic, genome-reduced 

microbial communities according to the concept of Communities of Niche-optimized Strains 

(CoNoS), which are comprised of a pair of mutually dependent amino acid-auxotrophic strains of 

Corynebacterium glutamicum, an industrially important microbial cell factory. The aim was to 

analyze the production capabilities of such communities in comparison with those of 

monocultures. This was exemplarily tested with respect to L-arginine production with a CoNoS 

composed of an L-leucine- and an L-arginine-auxotrophic strain.  

We initially started from ten communities with different pairs of mutual amino acid 

auxotrophic strains. The auxotrophic strains were rationally engineered to overproduce the amino 

acid required by the partner strain, and then the community was subjected to adaptive laboratory 

evolution (ALE) to improve growth. This resulted in stable communities with growth properties 

close to wild type monocultures. Genome analysis of the communities obtained by ALE enabled 

the identification of the ABC transporter ArgTUV as the first and presumably only L-arginine 

importer of C. glutamicum. Deletion of the argTUV genes in an L-arginine production strain 

improved L-arginine production in the monoculture by 24 %. This result demonstrated that the 

CoNoS approach is a valuable concept for identifying novel production traits, with metabolite 

transport and exchange being a major target. Also, further target genes improving amino acid 

overproduction were identified in other auxotrophic strains. Evolution of a monoculture with a 

poorly performing L-tryptophan-auxotrophic strain revealed a link between a protein named TrpP 

and the expression level of the suf gene cluster, which is responsible for assembly and repair of 

iron-sulfur clusters in proteins. It turned out that the deletion of trpP improved L-tryptophan 

production, but the molecular basis of this effect is still unclear. 
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For a CoNoS production process, it seems beneficial for product yield to limit growth of 

the community member that does not produce the desired final product. For this purpose, different 

metabolic switches were tested regarding their capability of community control in our CoNoS 

consisting of an L-arginine and an L-leucine auxotrophic strain. Here, a mechanism based on 

repression of the essential pfkA gene in the L-arginine auxotrophic strain using a gluconate-

regulatable expression system was most promising. The L-arginine titer of a bioprocess with this 

CoNoS outcompeted a fermentation based on a prototrophic monoculture with identical mutations 

for improved L-arginine synthesis by more than 70 %. This increase was presumably due to carbon 

and energy savings from the auxotrophy, as an L-leucine-auxotrophic monoculture supplemented 

with L-leucine also produced more than 2-fold higher L-arginine titers than the prototrophic 

monoculture. In summary, CoNoS turned out to be a valuable tool to identify novel production 

traits and might also be used in the future to develop new co-culture production processes 

contributing to a sustainable bioeconomy.   
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Zusammenfassung 

Globale Herausforderungen wie der Klimawandel und die Verknappung der natürlichen 

Ressourcen erfordern eine Transformation der auf der Nutzung fossiler Rohstoffe basierenden 

Wirtschaft hin zu einer modernen, nachhaltigen Bioökonomie. In diesem Zusammenhang ist die 

Etablierung hocheffizienter mikrobieller Produktionsprozesse auf der Grundlage erneuerbarer 

Kohlenstoffquellen von großer Bedeutung. In ihrer natürlichen Umgebung wachsen Bakterien in 

der Regel in komplexen Gemeinschaften und haben häufig Auxotrophien entwickelt, die durch 

cross-feeding-Interaktionen mit anderen Mitgliedern der Gemeinschaft ausgeglichen werden. 

Diese Arbeitsteilung kann zu einer effizienteren Nutzung der verfügbaren Ressourcen führen, 

weshalb sie eine potenzielle Strategie zur Steigerung der Effizienz mikrobieller 

Produktionsprozesse darstellt. In dieser Arbeit beschreiben wir das Design und den Aufbau von 

synthetischen, genomreduzierten mikrobiellen Gemeinschaften nach dem Konzept der 

Communities of Niche-optimized Strains (CoNoS), die aus einem Paar wechselseitig Aminosäure-

auxotropher Stämme von Corynebacterium glutamicum, einer industriell wichtigen mikrobiellen 

Zellfabrik, bestehen. Ziel war es, die Produktionsmöglichkeiten solcher Gemeinschaften im 

Vergleich zu Monokulturen zu analysieren. Dies wurde exemplarisch für die L-Arginin-Produktion 

mit einem CoNoS getestet, das aus einem L-Leucin- und einem L-Arginin-auxotrophen Stamm 

bestand.  

Zunächst wurden zehn Gemeinschaften mit verschiedenen Paaren von wechselseitig 

Aminosäure-auxotrophen Stämmen konstruiert. Die Stämme wurden zunächst auf rationale Weise 

genetisch so verändert, dass sie die vom Partnerstamm benötigte Aminosäure überproduzieren. 

Anschließend wurde die Gemeinschaft einer adaptiven Laborevolution (ALE) unterzogen, um ein 

schnelleres Wachstum zu erzielen. Dies führte zu stabilen Gemeinschaften mit 

Wachstumseigenschaften, die denen von Wildtyp-Monokulturen nahekommen. Die 

Genomanalyse der durch ALE erhaltenen Gemeinschaften ermöglichte die Identifizierung des 

ABC-Transporters ArgTUV als ersten und vermutlich einzigen L-Arginin-Importer von 

C. glutamicum. Die Deletion der argTUV-Gene in einem L-Arginin produzierenden Stamm 

verbesserte die L-Arginin-Produktion in der Monokultur um 24 %. Dieses Ergebnis zeigt, dass der 

CoNoS-Ansatz ein wertvolles Konzept zur Identifizierung neuartiger Produktionsmerkmale ist, 

wobei vor allem Gene des Transports und Austausches von Metaboliten ein zentrales Ziel der 

Mutationen darstellen. Auch weitere Zielgene zur Verbesserung der Aminosäureproduktion 
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wurden in anderen auxotrophen Stämmen identifiziert. Bei der Evolution einer Monokultur mit 

einem langsam wachsenden L-Tryptophan-auxotrophen Stamm wurde eine Verbindung zwischen 

dem Protein TrpP und dem Expressionslevel des suf-Genclusters festgestellt, welches für den 

Aufbau und die Reparatur von Eisen-Schwefel-Clustern in Proteinen verantwortlich ist. Die 

Deletion von trpP verbesserte die L-Tryptophan-Produktion, wobei die molekularen Grundlagen 

dieser Wirkung noch unbekannt sind. 

Bei einem CoNoS-Produktionsprozess scheint es für die Produktausbeute von Vorteil zu 

sein, das Wachstum eines Gemeinschaftsmitglieds zu begrenzen. Zu diesem Zweck wurden in 

unserem CoNoS, bestehend aus einem L-Arginin- und einem L-Leucin-auxotrophen Stamm, 

verschiedene metabolische Schalter auf ihre Fähigkeit zur Kontrolle der Gemeinschaft getestet. 

Dabei erwies sich ein Mechanismus, der auf der Repression des essentiellen pfkA-Gens im 

L-Arginin auxotrophen Stamm unter Verwendung eines Gluconat-regulierbaren 

Expressionssystems beruht, als besonders vielversprechend. Mit diesem CoNoS konnte der 

L-Arginin-Titer in einer Fermentation gegenüber einer prototrophen Monokultur mit identischen 

Mutationen für eine verbesserte L-Arginin-Synthese um mehr als 70 % gesteigert werden. Dieser 

Anstieg war vermutlich auf die Kohlenstoff- und Energieeinsparungen durch die Auxotrophie 

zurückzuführen, da eine mit L-Leucin supplementierte L-Leucin-auxotrophe Monokultur ebenfalls 

einen mehr als zwei Mal so hohen L-Arginin-Titer als die prototrophe Monokultur erreichte. 

Insgesamt hat sich das CoNoS-Konzept als wertvolles Instrument zur Identifizierung neuartiger 

Produktionsmerkmale erwiesen, und könnte in Zukunft auch für die Entwicklung neuer Co-Kultur-

basierter Produktionsverfahren genutzt werden, die zu einer nachhaltigen Bioökonomie beitragen. 
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Abbreviations 

AC-COA  Acetyl coenzyme A 

ACGLU   Acetylglutamate 

ACGLU-P   Acetylglutamyl-phosphate 

ACG5SA   Acetylglutamate-5-semialdehyde 

ACORN   Acetylornithine 

ALE   Adaptive laboratory evolution  

ArgB    Acetylglutamate kinase (Cg1582) 

ArgC    N-Acetyl-γ-glutamyl-phosphate reductase (Cg1580) 

ArgD    Acetylornithine aminotransferase (Cg1583) 

ArgF    Ornithine carbamoyltransferase (Cg1584) 

ArgG   Argininosuccinate synthase (Cg1586) 

ArgH    Argininosuccinate lyase (Cg1587) 

ArgJ    N-Acetylglutamate synthase (Cg1581) 

ArgR    Transcriptional repressor of arginine biosynthesis (Cg1585) 

ARGSUC  Arginosuccinate 

ACT    Acetate 

BCAA   Branched-chain amino acids  

BrnFE    Branched-chain amino acid exporter (Cg0314-0315) 

BrnQ    Branched-chain amino acid uptake carrier (Cg2537) 

CDW   Cell dry weight 

CgmA   Cadaverine export permease (Cg2895) 

CoNoS  Communities of Niche-optimized strains  

Def1    Peptide deformylase 1 (Cg3034) 

DHAP   Dihydroxyacetone phosphate  

DO   Dissolved oxygen concentration 

FarR    Transcriptional regulator involved in amino acid biosynthesis (Cg3202) 

FUM   Fumarate 

Gdh    Glutamate dehydrogenase (Cg2280) 

Glk    Glucokinase (Cg2399) 

GLU-L   L-glutamate 

GntK    Gluconate kinase (Cg2732) 

GntP   Gluconate permease (Cg3216) 

GntR1   Gluconate-responsive repressor 1 (Cg2783) 

GntR2   Gluconate-responsive repressor 2 (Cg1935) 

IlvE    Branched-chain amino acid aminotransferase (Cg2418) 

IolT1   myo-Inositol transporter 1 (Cg0223) 

IolT2   myo-Inositol transporter 2 (Cg3387) 

2-IPPM   2-isopropylmalate 

3-IPPM  3-isopropylmalate 

IPTG    Isopropyl-β-D-thiogalactopyranoside 

LeuA    2-isopropylmalate synthase (Cg0303) 

LeuB    3-isopropylmalate dehydrogenase (Cg1453) 

LeuCD   Isopropylmalate isomerase (Cg1487-1488) 

LtbR    Leucine and tryptophan biosynthesis regulator (Cg1486) 
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LysE    Lysine efflux permease (Cg1424) 

MACS   Magnetic-activated cell sorting 

MAGE  Multiplex automated genome engineering 

MALDI-ToF-MS Matrix-assisted Laser Desorption/Ionization 

MFA   Metabolic flux analysis 

MOPS   N-(Morpholino)propanesulfonic acid  

MS   Mass Spectrometry 

NagS    N-Acetylglutamate synthase (Cg3035) 

PEP    2-Phosphoenolpyruvate 

PfkA   6-Phosphofructokinase (Cg1409) 

Pgi    Glucose-6-phosphate isomerase (Cg0973) 

PHB   Poly-(3-hydroxybutyrate)  

PpgK    Polyphosphate glucokinase (Cg2091) 

PPP    Pentose phosphate pathway 

PtsG    Glucose phosphotransferase system (Cg1537) 

RipA  Transcriptional regulator of iron proteins and repressor of aconitase 

(Cg1120) 

SU Subunit 

TCA   Tricarboxylic acid cycle 

ToF   Time of flight 

TrpP   Put. L-tryptophan permease (Cg3357) 

wt/vol    Weight per volume 

αKG    α-Ketoglutarate  

Δ   Deletion 

 

Further abbreviations not included in this section are according to international standards, as, for 

example, listed in the author guidelines of the Journal of Biological Chemistry (JBC).
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1. Introduction  

1.1 Utilization of bacteria in industrial biotechnology 

1.1.1 Toward a sustainable bioeconomy 

As early as 7000 BC, microorganisms were employed for bioproduction, presumably starting with 

the fermentation of sugars to produce alcohol (Demain, 2010). For a very long time, only food and 

beverages were produced via fermentation. The first microbial processes for acetone-butanol-

fermentation in defined medium and penicillin production were developed during the first decades 

of the 20th century (Demain, 2010, Fleming, 1929, Weizmann and Rosenfeld, 1937). From there 

on, the spectrum of compounds produced from renewable resources using microorganisms 

broadened drastically. These compounds find nowadays applications as biopharmaceuticals, in 

food and agriculture, in the cosmetics and textile industries, as well as in chemical manufacturing 

(Demain, 2010). Newly developed products such as biodegradable plastics and biofuels potentially 

play an essential role in replacing petro-based processes in times of over-consumption of 

resources, environmental pressures, and global warming (Tang and Zhao, 2009).  

This overall development culminated more recently into the emerging paradigm of 

“bioeconomy” in industry and politics, the “production of renewable biological resources and the 

conversion of these resources and waste streams into value-added products, such as food, feed, 

bio-based products as well as bio-energy” (European-Commission, 2012). Currently, despite the 

number of biotechnologically produced chemicals having substantially increased, including many 

novel products that could not be produced via petrochemical processes such as proteins and 

specific pharmaceuticals with complex stereochemistry, many bio-based processes still are not 

competitive (Lee et al., 2019). This especially accounts for important bulk chemicals, e.g., acrylic 

acid and monomers for polyethylene terephthalate (PET) and polytrimethylene terephthalate 

(PTT), as well as, for example, replacement products like gasoline-range alkanes and bioplastics 

(Lee et al., 2019). Thus, the development of a sustainable bioeconomy is highly dependent on 

progress in this field (Aguilar et al., 2019). In this context, the bioprocess efficiency with which 

the compounds of interest are produced is of high importance. For example, the efficiency of the 

microbial fermentation for penicillin production increased more than 10.000 times over the years 

(Thykaer and Nielsen, 2003), drastically reducing the resources needed and the CO2 produced. 

Establishing and improving new microbial production strains and bioprocesses for compounds 
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with all sorts of the described uses is, therefore, one decisive way of moving toward a sustainable 

bioeconomy. 

 

1.1.2 Microbial strain development 

A plethora of microbial strains producing hundreds of natural and non-natural chemicals have been 

constructed so far, with many unexplored reactions left in the biochemical space (Lee et al., 2019). 

Comparing this with the magnitude of over 100,000 interesting antimicrobial compounds predicted 

to be produced by the genus Streptomyces alone (Watve et al., 2001), this represents only a 

marginal fraction of the potential offered by nature. 

When the first bioprocesses were set up in the first half of the 20th century, as in the case 

of penicillin, establishing and improving microbial production meant first the screening of 

different isolates for production, followed by random mutagenesis, e.g., via X-ray treatment, and 

afterward the screening or selection of better-producing strains (Demain, 2010). Since then, 

bioproduction has made an enormous leap forward with the development of recombinant DNA 

methods (Jackson et al., 1972, Mertz and Davis, 1972). This technology quickly enabled 

breakthroughs such as human insulin produced in Escherichia coli, opening up a whole new 

industry (Johnson, 1983, Chance et al., 1981). The recombinant DNA technology enabled far more 

precise genetic changes than previously imaginable, which allowed for the newly structured way 

of strain construction, later termed metabolic engineering (Bailey, 1991): Iterative cycles of 

genetic modifications followed by the analysis of the resulting metabolic changes and hence the 

choice of the next modification. With further progress in genome editing techniques such as 

CRISPR (Jinek et al., 2012) as well as in systems biology and metabolic modeling, even more 

precise Design-Build-Test-Learn cycles are now possible (Nielsen and Keasling, 2016). 

There are many targets for metabolic engineering, but the two most fundamental ways are 

the redirection of the metabolite flow and the expression of heterologous genes, mostly enzymes 

or transporters (Bailey, 1991). Especially the alteration in protein levels – e.g., by genomic changes 

altering codon usage, promoter strength, regulatory elements, mRNA or protein stability 

(Makrides, 1996) or simply through the addition of several further gene copies (Tyo et al., 2009) – 

can allow for revised regulation, reduced competition between enzymes for precursors or improved 

directing of metabolites toward the desired branch (Bailey, 1991).  
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The complementary, “classical” way of dealing with metabolic complexity in strain 

construction via untargeted mutagenesis is still relevant. This approach can accelerate strain 

development, and many different physical agents, such as UV and ionizing radiation, or chemical 

agents, e.g., nucleobase analogs and DNA intercalating agents, are used for this (Sanghavi et al., 

2020). However, random mutagenesis yields a high number of mutagenized cells that need to be 

screened for better performance, even in the more refined site-directed mutagenesis process 

(Flavell et al., 1975, Müller et al., 1978). Strategies that enable high-throughput screening of a 

large library of strains are, for example, multiplex automated techniques such as MAGE (Wang et 

al., 2009) or transcription factor-based approaches (Binder et al., 2013, Binder et al., 2012). The 

usage of physical and chemical agents can also be combined, for example, to create a huge 

diversity in one population of bacteria through radiation followed by screening with the chemical 

agent. This entails cultivation cycles with increasing concentrations of the desired product or its 

analog. During this cultivation, cells better adapted, e.g., through an increased strain tolerance or 

due to circumvention of negative regulatory cycles, are enriched and can easily be identified (Lee 

and Kim, 2015). Long-term selection in adaptive laboratory evolution (ALE) experiments, both 

with and more commonly without previous mutagenesis, is one important strategy for identifying 

strains with adaptive changes and relevant mutations, yielding insights into, e.g., nutrient or stress 

metabolism by accumulating beneficial mutations (recently reviewed in (Dragosits and 

Mattanovich, 2013)). This approach of evolution-guided metabolic engineering (as opposed to 

“rational” metabolic engineering) progressed recently due to advances in the implementation of 

cheap next-generation sequencing possibilities coupled with technological progress, e.g., allowing 

for automated phenotyping approaches involving a liquid handling robotic system (Unthan et al., 

2015), vastly increasing the pace of strain optimization (Dragosits and Mattanovich, 2013, Stella 

et al., 2019). The combination of rational and evolution-guided metabolic engineering is, therefore, 

highly relevant for the construction of optimal strains. However, despite all progress, the process 

of constructing new strains from scratch for industrial-scale production usually still requires 6-8 

years with costs of over 50,000,000 US$ (Nielsen and Keasling, 2016).  

Usually, several modifications are necessary for optimizing production due to the number 

of complex regulatory layers in the central carbon metabolism with its “bowtie” structure, i.e., its 

funneling of all different carbon and energy sources into only twelve precursor metabolites, that 

afterward get converted to the high diversity of all relevant metabolites (Nielsen and Keasling, 
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2016). Bacteria acquired these tight regulatory systems during evolution to coordinate their 

complex metabolism, amongst others to avoid waste of energy and carbon in dispensable proteins, 

which require more polymerization energy and more than 100-fold more ATP per 1g cell dry 

weight than DNA and RNA (Noack and Baumgart, 2019). What is more, these costs are further 

extended several-fold through the actual cost of the proteins that take transcription and translation 

machinery into account (Stoebel et al., 2008). For example, half of the proteome mass of E. coli 

is unused depending on the environmental conditions, and the growth rates in the different 

environments were inversely proportional to the unused proteome mass (O'Brien et al., 2016). 

Reducing the metabolic and regulatory complexity evolved for the rapidly changing environmental 

conditions therefore is a relevant part of metabolic engineering to improve bioproduction. In 

addition to the deletion of only individual genes, e.g., for transcriptional regulators, the large-scale 

deletion of genes, e.g., for complete biosynthetic pathways, can reduce the overall complexity, 

which is pursued in several genome-reduction projects. Attempts have been made to construct 

minimal cells in a “bottom-up” approach, however, currently without biotechnological relevance 

(Hutchison et al., 2016, Choe et al., 2016). “Top-down” approaches, on the other hand, encompass 

the deletion of genes with functions assumed to be dispensable under biotechnological production 

conditions. Examples of successfully engineered strains yielding higher production were 

constructed by deleting genes for flagella movement in Pseudomonas putida (Martinez-Garcia et 

al., 2014), for biofilm formation in Pseudomonas taiwanensis (Wynands et al., 2019), or secondary 

metabolites synthesis in Bacillus amyloliquefaciens (Zhang et al., 2020). However, the overall 

success rate in constructing genome-reduced biotechnological strains with improved product yield 

is low (Noack and Baumgart, 2019). 

Further reduction of the genome by deleting highly expressed, essential genes, such as for 

amino acid biosynthesis, was also shown to be beneficial for microbial strain growth, even though 

this is accompanied by the risk of extinction in absence of an external metabolite source (D'Souza 

et al., 2014). Those deletions were suggested to increase the metabolic efficiency, as uptake of 

metabolites is usually cheaper than their synthesis (D'Souza et al., 2014). In nature, amino acid or 

vitamin synthesis genes like these were often found to be missing in the various strains of one 

species, which is predicted to result in cross-feeding interactions between and fitness increases for 

bacteria growing in communities in their specific ecological niches (Goyal, 2018, Morris, 2015). 

Therefore, bacterial interactions in their native communities differ drastically from a bacterial 



Introduction 

5 

 

monoculture in bioreactors (Figure 1.1). In such native communities, for example in bacterial 

consortia in the nutrient-poor pelagic zone of freshwater lakes (Neuenschwander et al., 2018), 

strains often adapt to the selective pressure of limited nutrients with smaller genomes and highly 

efficient growth (Noack and Baumgart, 2019). Reducing the metabolic complexity and burden, 

which is complemented via interaction in a bacterial community, therefore offers a new field for 

strain engineering. Despite this potential, the usage of communities for production was almost 

completely neglected by the field of microbial biotechnology and only starts to get more attention 

(McCarty and Ledesma-Amaro, 2019). 

 

 
Figure 1.1: Comparison of microbial growth characteristics in different environments. (A) 

Bacteria growing in native communities consisting of several different species or different strains 

of the same species. In such communities, the bacteria face interspecies (black arrows) and 

intraspecies (grey arrows) interactions, e.g., the exchange of common goods such as amino acids 

or vitamins. (B) Biotechnological production cultures are mostly cultivated as monoculture in a 

bioreactor. Under these conditions, only intraspecies interactions are present. Adapted from 

(Noack and Baumgart, 2019).  

 

1.2 Microbial communities 

Microbial communities in nature can be very diverse, easily comprising tens of thousands of 

species (Torsvik et al., 1996). Each species inhabits a specific ecological niche, with the latter 

describing – independent of the many different concepts of this term – the relationship between 

the organism and its environment, the biotic and abiotic factors, in which the other species play a 
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key role (Pocheville, 2015). All sorts of biotic interactions between microorganisms can be found, 

from antagonistic relationships (primary consumption, predation, and scavenging) (Guerrero et al., 

1986, Jurkevitch and Davidov, 2006) to competition (both inter- and intraspecific) (Hibbing et al., 

2010) and cooperation, with all of them having arisen and changed during evolution innumerable 

times.  

Cooperation occurs within and between different species and ranges from rather 

commensal interactions such as H2O2 detoxification (Morris et al., 2011) to mutualisms with 

examples such as metabolite cross-feeding interactions and interspecies electron transfer (Biebl 

and Pfennig, 1978). Synthetic approaches, such as with two amino acid auxotrophic E. coli strains 

that relied on cross-feeding interactions, have underlined how both partners can benefit from these 

interactions, increasing the overall community fitness and stabilizing the community (Pande et al., 

2014). In native cooperating communities, one common type of adaptation is physical aggregation 

and filament or periplasmic tubule formation (Ishii et al., 2005, Wanner et al., 2008), which was 

also observable for synthetic E. coli communities (Preussger et al., 2020) and for P. putida 

growing in a microbial consortium (Hansen et al., 2007). Another relevant adaptation is gene loss, 

which was suggested in the Black Queen hypothesis to be a primary driver of the development of 

cooperation due to fitness increases, at least between bacteria with leaky functions (Morris, 2015, 

Morris et al., 2012). According to this hypothesis, leaky common goods, such as extracellular 

catalase activity, are dispensable for individuals as long as other community members still produce 

this good, selectively favoring loss of the corresponding genes until the production level drops too 

low (Morris et al., 2011, Morris et al., 2012). Notably, gene loss in bacterial strains was found to 

be omnipresent, represented by the differentiation between the “core-genome” and “pan-genome” 

of bacteria. The core-genome comprises genes that are shared by all sequenced strains of one 

species, encoding mainly proteins with housekeeping functions or functions related to cell 

envelope and regulation. The pan-genome is composed of the core-genome as well as the 

remaining genes only present in some of the strains (Tettelin et al., 2005, Tettelin et al., 2008). 

About 250 genes per genome were previously estimated to belong to the core-genome in the 

bacterial domain based on the frequency of their occurrences among analyzed genomes (Lapierre 

and Gogarten, 2009), with the most considerable fraction of the remaining pan-genome genes 

being found to be related to metabolic functions (McNally et al., 2016). Intra-species metabolic 

exchange (either mutualistic or commensal) was predicted to reduce those strain-specific 



Introduction 

7 

 

metabolic auxotrophies, especially for amino acids and organic acids as well as vitamins and 

carbohydrates (Goyal, 2018). The evolution of two-species microbial communities in a multi-

species genome-scale metabolic model simulation also supports the hypothesis of cross-feeding 

interactions arising over time (McNally and Borenstein, 2018).  

Experimental evidence for the emergence of cooperation is rare. One example is the 

evolution of a commensal cross-feeding interaction from a single E. coli precursor strain, resulting 

in a stable coexistence between a strain specialized in D-glucose metabolization and further 

specialists consuming its excreted metabolites (Helling et al., 1987). These genetically and 

phenotypically differentiated strains were later shown to grow more efficiently in co-culture, 

reaching higher biomass productivity than their parental strain in monoculture (Yang et al., 2020). 

With synthetic biology tools, establishing cross-feeding interactions yielding higher biomass 

productivity compared to the appropriate monoculture controls was possible both with the 

overflow metabolite acetate as well as with amino acids (Bernstein et al., 2012, Pande et al., 2014). 

In one study with 1035 pairs of auxotrophic E. coli strains, 17% formed a cross-feeding interaction 

enabling community growth (Wintermute and Silver, 2010). Also, the emergence of cooperation 

and the shift from commensalism to mutualism under specific conditions in a synthetic 

Salmonella enterica ser. Typhimurium – E. coli community was shown (Harcombe, 2010). Over 

time, S. enterica – feeding on metabolic waste (likely acetate) of its partner E. coli strain – evolved 

to excrete costly L-methionine, for which the E. coli strain was auxotrophic (Harcombe, 2010). In 

addition to this, further examples of coevolution in synthetic consortia were observed. In 

laboratory evolution experiments with various synthetic communities, an increase in the ability to 

survive population density reduction (Shou et al., 2007), increased maximum OD600 (Henriksen et 

al., 2022), and an increase in production of the cross-fed product were found for both co-cultures 

of the same as well as of different species (Konstantinidis et al., 2021, Preussger et al., 2020). 

These examples of coevolution resulting in increased growth efficiency occurring in a relatively 

short timeframe suggest that coevolution plays a significant role in native communities, resulting 

in stronger cooperative interactions benefitting both partner strains.  

The benefits regarding productivity and efficiency of an evolved community possess a 

substantial potential for improving biotechnological production. Moreover, engineered consortia, 

in general, are of interest since they could allow for better controllability, robustness (Brenner et 

al., 2008, Mee and Wang, 2012), and especially metabolic division of labor and modularity to 
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reduce cross-reactivity through compartmentalization (Tsoi et al., 2018, McCarty and Ledesma-

Amaro, 2019). Synthetic consortia have been applied to perform tasks one strain alone could not, 

amongst them improved microbial degradation and the utilization of carbon and energy sources 

impossible to be metabolized in a monoculture (Hays et al., 2015). A few examples of co-cultures 

could indeed outcompete the existing monocultures regarding product yield (Guo et al., 2020, Li 

et al., 2018a, Mohanakrishnan et al., 2020). This, however, can often be attributed to other factors, 

such as improved carbon source utilization of a community. Examples for this are the degradation 

of complex substrates like cellulosic biomass during isobutanol production (Minty et al., 2013) 

and crude oil for biosurfactant production (Antoniou et al., 2015), but also D-glucose utilization in 

a Cupriavidus necator, P. putida and Azotobacter vinelandii co-culture for poly-(3-hydroxy-

butyrate) (PHB) production (Mohanakrishnan et al., 2020). Another factor are benefits from 

splitting the biosynthetic pathway to circumvent the accumulation of toxic metabolites, feedback 

inhibition, or otherwise product degradation, such as in caffeoylmalic acid production in two 

separate E. coli strains (Li et al., 2018a). Proof for improved bioproduction efficiency employing 

synthetic communities in comparison to a comparable reference monoculture – for a production 

process that can be performed by a monoculture of one of the strains alone – is still missing. To 

utilize the potential of communities in microbial production, a novel concept is required.  

 

1.3 Communities of Niche-optimized Strains  

1.3.1 Concept and challenges 

The concept of Communities of Niche-optimized strains (CoNoS, see Figure 1.2) is a novel 

approach to provide proof-of-principle that communities can produce a certain metabolite more 

efficiently than a production strain in monoculture (Noack and Baumgart, 2019). The comparative 

analysis of manmade genome reduction projects and natural genome reduction suggested that the 

deletion of long and essential metabolic pathways, such as for amino acids, is ideal for saving 

energy and carbon, which could then be redirected toward production in a “producer strain” 

(Noack and Baumgart, 2019). The resulting auxotrophies are relieved by a second strain – defined 

as the “helper strain” – of the same species that produces the missing metabolite. This helper strain 

carries a different auxotrophy and depends on the first strain for a different metabolite, thereby 

establishing a synthetic community depending on cross-feeding interactions between the two 
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strains. It was proposed that resource utilization and overall production can be optimized with this 

concept compared to production processes with monocultures (Noack and Baumgart, 2019). 

 

 

Figure 1.2: Community of Niche-optimized Strains (CoNoS). Two strains of one species, each 

harboring a different metabolic auxotrophy (indicated by different kinds of holes in the strains’ 

cell shape), are used to set up a synthetic community. Growth is only possible by cross-feeding of 

common goods that relieve the specific auxotrophies. In comparison to natural environments, the 

synthetic community will grow in a bioreactor, enabling tight control of the environmental 

conditions, e.g., regarding pH, temperature, and O2 availability necessary for community stability. 

To establish such a CoNoS, a precise workflow is required. Adapted from (Noack and Baumgart, 

2019).  

 

To set up a CoNoS, several steps are required, beginning with the precise definition of the niche, 

the product, and the organism used for the process. Here, the (ecological) niche describes all abiotic 

and biotic factors, including the cross-feeding interaction and the product accumulation, that affect 

the survival of the strains (Noack and Baumgart, 2019). These choices are linked very closely 

together since the upscaling process in the future has to be taken into account. Upscaling is 

generally a challenge that harbors many potential difficulties, especially when comparable 

examples of communities in the bioreactor are missing (Takors, 2012). Production organisms such 

as E. coli react very sensitively to changes in reaction conditions and to heterogeneities in the 

bioreactor, e.g., in D-glucose availability, by changing their transcriptome (Löffler et al., 2016), 

which is an unwanted ATP sink. Some heterogeneities cannot be completely avoided, making it 
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essential to define the niche – which includes temperature, pH, growth medium, macro- and 

micronutrients, stresses, products – as close as possible beforehand to the later production 

environment and to choose fitting production strains and products (Noack and Baumgart, 2019). 

Addressing heterogeneities already during strain design as well as the selection of organisms that 

are more tolerant to those heterogeneities can then result in better production processes (Limberg 

et al., 2016). This relates to the definition of evaluation criteria, which is another important point. 

Since an improved bioprocess is the main aim of the CoNoS approach, product titer, yield per mol 

D-glucose, and productivity (titer g/ Lreactor·h) are the primary evaluation criteria (Noack and 

Baumgart, 2019). Under consideration of the desired product and the possible conditions in the 

specific niche, the community members are selected. Here, the production capacities, specific 

tolerances, and efforts to construct viable strains for industrial-scale use, have to be considered 

(Noack and Baumgart, 2019). Same species co-cultures as well as mixed co-cultures are possible 

and have been successfully used before, e.g., an E. coli strains co-culture for resveratrol production 

(Camacho-Zaragoza et al., 2016) or an E. coli – C. glutamicum co-culture for L-lysine production 

from starch and sucrose (Sgobba et al., 2018). The selection of possible pathways for deletion 

should be made after consideration of the strains’ niche. Deleting genes for highly expressed 

proteins involved in key metabolic pathways, such as amino acid biosynthesis, is an attractive 

option since amino acid auxotrophies are common and highly relevant regarding their energy 

demand, in case of L-arginine formation 2 mol ATP and 3 mol NADPH per mol L-arginine (Goyal, 

2018, Noack and Baumgart, 2019). In a cycle of iterative optimization steps, additional strain 

engineering can be used to improve the CoNoS regarding growth behavior and product titer. Here, 

a combination of rational and evolution-guided steps is advisable, as the untargeted coevolution of 

the strains leading to a precise adaptation to the specific niche is of high importance (Noack and 

Baumgart, 2019). Extensive characterization of both single strains in supplemented monocultures 

and of the community is necessary to avoid the buildup of side effects such as strongly reduced 

growth or toxic intermediate accumulation in the community, which would later impair the process 

(Noack and Baumgart, 2019). 

 

The CoNoS concept represents one potential strategy to harness the benefits of genome reduction 

and microbial co-cultures for a more efficient bioproduction. Experimentally, this hypothesis is 

backed up by growth benefits of auxotrophic strains and communities without performance losses 
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that have almost exclusively been shown for E. coli (D'Souza et al., 2014, Pande et al., 2014). 

However, several challenges and uncertainties have to be solved to reach this ambitious aim. As 

these benefits have almost exclusively been shown for E. coli, it is unclear if these increases in 

efficiency are applicable to other organisms. Experiments with co-cultures of, e.g., two 

C. glutamicum strains suggest that, at least in this example, the L-lysine-auxotrophic strain cross-

fed by its partner strain cannot keep up with the growth rate of the comparable monoculture 

(Burmeister et al., 2019). Especially gram-positive bacteria such as C. glutamicum possess a more 

complex cell envelope, including an outer mycolic acid layer already known for impeding amino 

acid efflux, making, for example, the addition of detergents or penicillin necessary for high-efflux 

of L-glutamate (Eggeling and Sahm, 2001). This makes amino acid cross-feeding regarding both 

uptake and export potentially costlier than for E. coli. Although this costly export is not limited to 

microbial consortia, since an “extended” overflow metabolism was determined for several 

biotechnologically relevant production organisms, the concentrations are – besides a few 

exceptions such as acetate for E. coli (Helling et al., 1987) – likely not high enough to sustain an 

auxotrophic partner strain (Paczia et al., 2012).  

It might also be a fallacy to assume that the savings in carbon and energy result in improved 

production titers: Even if a single strain in a supplemented monoculture is more efficient and the 

synergy between the two strains in co-culture is optimal, the efficiency benefits might be topped 

by the energy and carbon costs to sustain the helper strain. A targeted shut-off of the helper strain 

to reduce its resource consumption after the transition to the production phase was suggested for 

growth-decoupled processes (Noack and Baumgart, 2019). Examples, e.g., optogenetic control to 

regulate the population ratio and productivity of mixed consortia, are known (Lalwani et al., 2021). 

However, they do not include a reference process in a comparable monoculture. Additional 

modifications, such as switch-based strain shut-off, could result in yet-to-be-discovered problems 

with community dynamics regarding production. Lastly, even if this approach were to be more 

efficient on a small scale, results from comparable large-scale production processes are missing, 

therefore yet unknown problems might loom in the upscaling (Takors, 2012).  

Overall, many challenges and pitfalls must be overcome to set up a successful production 

process with a CoNoS. In the following three subchapters, the specific design of a CoNoS 

bioprocess to be established in this work will be described.  
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1.3.2 Defining niche, product, and community members 

Among the key products of industrial biotechnology are amino acids, making up the largest 

fraction of the global amino acid market volume in 2022 of 28.3 billion US$, estimated to rise by 

2050 to 49.67 billion US$ (GrandViewResearch, 2023, Wendisch, 2020). Especially for bulk 

chemicals like several of the amino acids, only a few percent increase in process efficiency are 

easily worth millions, making research in this direction worthwhile. Microbial production of amino 

acids is mostly done with C. glutamicum since, in the 1950s, a low-cost glutamate production 

process with this organism was developed, causing researchers to pursue establishing and 

improving further amino acid production processes (Hashimoto, 2017, Kinoshita et al., 1957).  

C. glutamicum is a gram-positive, non-pathogenic, non-sporulating, non-motile, facultative 

anaerobic, biotin-auxotrophic soil bacterium with a high GC-content, with single cells forming 

short rods to ellipsoidal spheres (Abe et al., 1967). The genome sequence of C. glutamicum has 

been available for twenty years now (Kalinowski et al., 2003, Ikeda and Nakagawa, 2003), and 

the bacterium has, in contrast to its relatives Mycobacterium tuberculosis and 

Corynebacterium diphtheriae from the same phylum Actinomycetota, GRAS (“generally regarded 

as safe”) status. C. glutamicum is genetically well accessible. Many tools are available for stable 

genomic mutations and integrations (Schäfer et al., 1994), plasmid-based gene expression 

(Kirchner and Tauch, 2003), CRISPR-Cpf1 (Jiang et al., 2017) and CRISPRi (Cleto et al., 2016). 

A genome-scale network model was already established, enabling future in-depth metabolic 

modeling studies (Zelle et al., 2015). A characteristic feature of C. glutamicum and most other 

members of the CMN group (Corynebacterium, Mycobacterium, Nocardia) of Actinomycetota is 

its unusual structural cell envelope organization, which comprises a thick arabinogalactan-

peptidoglycan layer linked to an outer membrane-like lipid layer consisting mainly of mycolic 

acids (Bayan et al., 2003). Together with its high tolerance to stresses and its phage resistance, 

C. glutamicum has become a favorite host for biotechnological production processes (Eggeling 

and Bott, 2005).  

During the last decades, C. glutamicum was engineered to produce about 70 natural and 

non-natural compounds, including food, feed, and a variety of products for medical, 

pharmaceutical, and nutraceutical applications as well as for the chemical industry, including bulk 

biofuels (Becker et al., 2018, Wolf et al., 2021). Among those, industrially relevant production 

strains – mainly for amino acids – were usually constructed based on either mutagenesis and 
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selection or, more recently, by rational metabolic engineering (Lee and Wendisch, 2017). Almost 

all amino acids can be produced via fermentation with C. glutamicum. The annual production in 

2019 was, for example, 500 metric tons of L-leucine, 1,200 metric tons of L-arginine, 41,000 tons 

of L-tryptophan, 2,600,000 tons of L-lysine, and 3,210,000 tons of L-glutamic acid, with a minor 

contribution of extraction and enzymatic processing for some of them (Wendisch, 2020). 

C. glutamicum could also harbor potential for higher production efficiency through genome 

reduction. Quantitative proteomics studies identified parts of their relevant enzymatic machinery 

as unnecessary. Many central metabolic enzymes are present in much higher amounts than 

required for maintaining optimal growth in a bioreactor (Voges et al., 2015). Moreover, it was 

shown for some carbon sources such as D-glucose that the cells maintain stable enzyme 

concentrations independent of the availability of the substrate (Noack et al., 2017), basically 

freezing high amounts of carbon and energy in presumably unused proteins (Noack and Baumgart, 

2019). This all makes up for C. glutamicum as an ideal host organism to set up an amino acid 

production process applying the CoNoS concept. Notably, in one approach, the 13.4 % genome-

reduced C. glutamicum C1* strain was constructed, for which, however, no increased growth rate 

or production capacity was yet found (Baumgart et al., 2017).  

In this thesis, the production of L-arginine with the CoNoS approach will be pursued. This 

semi-essential amino acid has a variety of uses as food and health supplement as well as in the 

pharmaceutical and cosmetics industry, with functions as an ergogenic aid and potential effects 

against hypertension and coronary heart diseases (Siani et al., 2000, Alvares et al., 2011, Park et 

al., 2014). High titer reference processes for L-arginine production were established based on 

rational engineering and mutagenesis cycles, yielding for example 92.5 g L-1 of L-arginine with a 

yield of 0.40 g L-arginine per gram carbon source (D-glucose plus sucrose), and several targets for 

strain engineering are known (Park et al., 2014, Zhan et al., 2019). Such reference processes are 

required to compare yield, productivity, and titer of the CoNoS-based production process later. 

For C. glutamicum grown on D-glucose as energy and carbon source, the synthesis of 1 mol 

L-arginine is highly demanding. It requires 2 mol ATP and 3 mol NADPH, suggesting that savings 

in parallel energy-demanding processes could improve its production. 

As a medium, growth of C. glutamicum in complex medium or with molasses as a C-source 

is possible (Eggeling and Bott, 2005). The use of defined CGXII medium (Keilhauer et al., 1993), 

which has become the standard medium for C. glutamicum cultivation for metabolic engineering 
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and systems biology, allows for very high growth rates and high reproducibility (Unthan et al., 

2014). Defined minimal medium prevents unwanted side reactions and changing media qualities, 

simplifies product analysis, and renders downstream processing more cost-efficient (Hermann, 

2003). To study cross-feeding interactions, a medium without the exchanged metabolites is also 

essential, making CGXII the medium of choice. 

 

1.3.3 Deletion targets: Amino acid synthesis pathways  

Having decided on the production of L-arginine with a co-culture of two C. glutamicum strains in 

CGXII medium, the following step is to decide on the targets for genome reduction that yield the 

two auxotrophic strains. We formulated several criteria an auxotrophy has to meet to be considered 

suitable in the CoNoS setup:  

1) Cross-fed compounds must be primary metabolites for their synthesis to be coupled to biomass 

formation. This ensures that growth without cross-feeding is not possible and that cross-feeding is 

required right from the start of the cultivation (Noack and Baumgart, 2019). 

2) Complementation of the auxotrophy must be possible by external supply of the missing 

metabolite, allowing for the phenotyping of monocultures of each strain (Schito et al., 2022). 

3) A decrease in carbon and energy demand must accompany the introduced auxotrophies. This 

decrease must be higher than the costs for metabolite uptake and carbon flux changes in each strain 

(Schito et al., 2022). 

4) Introducing auxotrophies by deleting genes or operons should not affect the transcription of 

other genes unrelated to the respective biosynthesis pathway (Schito et al., 2022). 

As described in previous chapters, amino acid biosynthesis pathways perfectly match these 

criteria and are typical auxotrophies of native microorganisms, allowing for high energy savings 

(D'Souza et al., 2014, Goyal, 2018, Noack and Baumgart, 2019). Additionally, as an amino acid 

was chosen as the desired product, this would reduce the number of modifications in the producer 

strain, as it is not required to produce one metabolite for cross-feeding as well as a second 

metabolite for the desired bioprocess. During this work, the potential of all amino acids for the 

CoNoS setup was evaluated, identifying that not all amino acids are equally suitable for cross-

feeding interactions, and several different auxotrophies were tested (Schito et al., 2022). Based on 

those results, the final choice fell on a CoNoS based on an L-arginine and an L-leucine auxotrophic 

strain. The biosynthesis of L-arginine and L-leucine branching from the primary carbon 
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metabolism in C. glutamicum and the genomic organization of the biosynthetic genes are shown 

in Figure 1.3.  

   
 

 
Figure 1.3: L-Arginine and L-leucine biosynthesis and transport during the primary carbon 

metabolism of C. glutamicum. (A) Primary carbon metabolism of C. glutamicum with D-glucose 
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as carbon source. L-Arginine and L-leucine biosynthesis, their respective structure as well as their 

feedback inhibition on protein level are shown. Adapted from (Park et al., 2014, Vogt et al., 2014, 

Zelle et al., 2015, Ramp, 2022). (B) Genomic organization with promoters (black arrows) and 

transcription-based regulation (red arrows) of L-leucine and L-arginine biosynthetic genes. 

Adapted from (Schito et al., 2022). Abbreviations: αKG (α-ketoglutarate), AC-COA (acetyl 

coenzyme A), ACGLU (acetylglutamate), ACGLU-P (acetylglutamyl-phosphate), ACG5SA 

(acetylglutamate-5-semialdehyde), ACORN (acetylornithine), ArgB (acetylglutamate kinase), 

ArgC (N-acetyl-γ-glutamyl-phosphate reductase), ArgD (acetylornithine aminotransferase), ArgF 

(ornithine carbamoyltransferase), ArgG (argininosuccinate synthase), ArgH (argininosuccinate 

lyase), ArgJ (N-acetylglutamate synthase), ArgR (transcriptional repressor of arginine 

biosynthesis), ARGSUC (argininosuccinate), ACT (acetate), BrnFE (branched-chain amino acid 

exporter), BrnQ (branched-chain amino acid uptake carrier), CgmA (cadaverine export permease), 

Def1 (peptide deformylase 1), DHAP (dihydroxyacetone phosphate), FarR (transcriptional 

regulator involved in amino acid biosynthesis), FUM (fumarate), Gdh (glutamate dehydrogenase), 

Glk (glucokinase), GLU-L (L-glutamic acid), IlvE (branched-chain amino acid aminotransferase), 

IolT1 (myo-Inositol transporter 1), IolT2 (myo-Inositol transporter 2), 2-IPPM 

(2-isopropylmalate), 3-IPPM (3-isopropylmalate), LeuA (2-isopropylmalate synthase), LeuB (3-

isopropylmalate dehydrogenase), LeuCD (isopropylmalate isomerase), LtbR (leucine and 

tryptophan biosynthesis regulator), LysE (lysine efflux permease), NagS (N-acetylglutamate 

synthase), PEP (2-phosphoenolpyruvate), PfkA (6-phosphofructokinase), Pgi (glucose-6-

phosphate isomerase), PpgK (polyphosphate glucokinase), PtsG (glucose phosphotransferase 

system), RipA (transcriptional regulator of iron proteins and repressor of aconitase), TCA 

(tricarboxylic acid cycle).  

 

1.3.4 Iterative strain engineering and production process development 

To establish an efficient production process with a CoNoS, the co-culture has to grow to a high 

cell density within an acceptable amount of time. The production of the cross-fed amino acids has 

to be increased, as previous analyses of C. glutamicum wild type culture supernatant suggested 

only 35 µM of L-arginine accumulation and no detectable L-leucine (Paczia et al., 2012). 

Especially in larger volumes in which these metabolites are further diluted, this could impede 

CoNoS growth. To change this, several rational metabolic engineering targets for optimization of 

their synthesis are already known.  

Biosynthesis of L-arginine starts from L-glutamic acid derived from the TCA cycle. The 

enzymatic machinery is encoded by the ARG-operon argCJBDFGH (Sakanyan et al., 1996) and 

nagS (encoding N-acetylglutamate synthase) (Petri et al., 2013). Two transcriptional start sites 

were found, one in front of argC (encoding N-acetyl-γ-glutamyl-phosphate reductase) and the 

other in front of argG (encoding argininosuccinate synthase) (Pfeifer-Sancar et al., 2013). The key 

enzyme for L-arginine production is the N-acetylglutamate kinase (ArgB), which is feedback 

inhibited by L-arginine (see Figure 1.3A). This regulation can be circumvented via the point 
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mutations A26V and M31V in ArgB (Ikeda et al., 2009). Furthermore, the two transcriptional 

regulators ArgR and FarR are known to regulate the L-arginine biosynthesis gene cluster. ArgR 

binds at the promoters of argC and argG, regulating the expression level of argCJBDF – but not 

of argGH – in dependence on the intracellular arginine concentration (Yim et al., 2011). The other 

regulator, FarR, controls not only the transcript level of the ARG cluster (see Figure 1.3B) but also 

of the gdh gene (encoding glutamate dehydrogenase) (Hänßler et al., 2007). The deletion of both 

regulators was beneficial for L-arginine production (Ikeda et al., 2009, Park et al., 2014). Another 

target for metabolic engineering is the L-arginine export. Two exporters of L-arginine are known: 

lysine efflux permease (LysE) and cadaverine export permease (CgmA). Plasmid-based expression 

of the gene encoding the major L-arginine exporter LysE results in an increased L-arginine titer 

(Xu et al., 2013). CgmA, on the other hand, is the export system for putrescine and cadaverine 

with some activity for L-arginine, therefore deletion of its repressor CgmR improves the final 

L-arginine titer as well (Lubitz et al., 2016). The availability of the precursor molecule for 

L-arginine production, L-glutamate, depends, amongst others, on L-glutamate export via the 

mechanosensitive exporter YggB (Nakamura et al., 2007). YggB deletion is beneficial for 

L-arginine production (Park et al., 2014). General carbon flux optimization and increases in the 

NADPH level via a cofactor manipulating strategy, including increased flux into the PPP or 

expression of pntAB encoding the membrane-bound transhydrogenase from E. coli, are also 

promising ways of improving the L-arginine titer (Park et al., 2014, Zhan et al., 2019). 

L-Leucine biosynthesis starts from central metabolism at the level of pyruvate, and four 

genes, leuA (Patek et al., 1994), leuB (Patek et al., 1998), and leuCD (Patek et al., 1994), encode 

the enzymatic machinery. Metabolic engineering for improving L-leucine production is 

challenging since its biosynthesis is linked to the other branched-chain amino acids (BCAA) by 

parallel and debranching reactions, partly of identical enzymes (Leyval et al., 2003). The key 

enzyme 2-isopropylmalate synthase (LeuA), catalyzing the first reaction specific for L-leucine 

biosynthesis, i.e., the conversion of 2-ketoisovalerate and acetyl-CoA to 2-isopropylmalate and 

CoA, is feedback inhibited by L-leucine (Patek et al., 1994) (see Figure 1.3A&B). Expression of 

leuA on transcription level is also regulated via an upstream attenuator sequence (Patek et al., 

1994). LeuA can be deregulated via a promoter exchange to a stronger promoter in front of leuA, 

which can be even more effective when combined with further gene copies (Vogt et al., 2014). 

Using the leuA sequence of the L-leucine-producing strain B018 created via random mutagenesis 
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by Amino GmbH (Frellstedt, Germany), containing mutations resulting in the amino acid 

exchanges R529H and G532D, is also a viable strategy (Vogt et al., 2014). The protein leucine 

and tryptophan biosynthesis regulator (LtbR) regulates the transcription of leuB (encoding 3-

isopropylmalate dehydrogenase) and leuCD (encoding isopropylmalate isomerase) (Brune et al., 

2007), and its deletion improves L-leucine production significantly (Vogt et al., 2014). Increasing 

D-glucose uptake and cofactor supply is also beneficial, while plasmid-based expression of the 

L-leucine exporter BrnFE (Kennerknecht et al., 2002) did not improve production (Vogt et al., 

2014). One problem of BCAA production is the formation of other BCAA as byproducts, as the 

final aminotransferase step via branched-chain amino acid aminotransferase (IlvE) is unspecific 

(Radmacher et al., 2002) and general metabolic engineering steps toward increased L-leucine 

production such as relieving feedback-inhibition of acetohydroxy acid synthase (AHAS) 

(Keilhauer et al., 1993, Elisakova et al., 2005) also increase formation of the other BCAA. This 

could ideally be improved to increase the overall L-leucine titer as well. Testing other, more 

specific aminotransferases, however, did not result in improved titer yet (Feng et al., 2018).  

For reaching sufficient CoNoS growth, as few rational changes in the helper-strain as 

possible are desirable. Especially large-scale carbon flux and cofactor supply changes might hinder 

the CoNoS process later. Therefore, relieving feedback inhibition will be the starting point. In 

Figure 1.3A, metabolic engineering strategies to relieve feedback inhibition in L-leucine and 

L-arginine production are marked. 

As soon as sufficient growth of the CoNoS is established, ALE can be conducted to 

generate strains better adapted to the generated niche. However, further, neutral or non-beneficial 

mutations can accumulate in addition to the desired mutations during evolution experiments, 

especially when production-decreasing mutations would enable faster growth of subpopulations 

(Stella et al., 2021, Zuchowski et al., 2023). Since only verified, stable genomic changes are 

sought, sequencing and rational reengineering of only the beneficial mutations are necessary to 

establish a reproducible production process later. Co-culture evolution experiments resulting in 

improved growth were successfully applied before (Zhang and Reed, 2014, Preussger et al., 2020), 

which led to improved production of the cross-fed metabolite. This suggests that cross-feeding is 

often the growth rate-limiting factor for the communities. Therefore, co-culture-based ALE is an 

interesting concept for metabolic engineering to identify traits that improve cross-feeding of 

C. glutamicum (Stella et al., 2019). Compared to established procedures with monocultures, this 
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ideally results in finding novel production traits in amino acid biosynthesis or transport. This could 

extend the benefits of the CoNoS approach also to current best-producing monocultures. 

 

1.4 Aims of this thesis 

In this thesis, the establishment of a novel L-arginine production process based on synthetic 

communities of niche-optimized strains (Noack and Baumgart, 2019) with a moderate L-arginine 

producer strain as a proof-of-principle is pursued. Due to a reduction of the metabolic burden of 

one amino acid synthesis pathway of C. glutamicum enabled by growing in a highly efficient 

community of obligate cross-feeders, the final production process is hypothesized to be more 

efficient in producing this relevant bulk chemical. This is the first step toward the overall aim of 

the project “CoNoS” this thesis is contributing to, the generation of a CoNoS that produces a 

selected amino acid more efficiently than pure cultures of current best producers.  

As a first step, several different communities harboring different metabolic auxotrophies 

need to be set up and characterized in detail. These first-generation CoNoS, stably but compared 

to the WT slowly growing, should then be employed in ALE experiments to enable better 

adaptation of the synthetic community to the provided niche. The resulting strains should be 

sequenced, and selected mutations could be reintroduced afterward into the unevolved strain. The 

identified mutations could then provide new knowledge about the evolution of communities in 

general, as they will point to the main hindrances in the way of community stabilization. Moreover, 

novel targets and knowledge for improving current amino acid-producing strains could be 

generated by evolving either monocultures or co-cultures.  

Based on the evolved and reengineered communities, further rational metabolic 

engineering could be applied to improve both mono- and co-culture production titer. Further 

adaptations to the production process, for example, by regulating the strain ratio, should then be 

tested. The final second-generation CoNoS must then be characterized regarding the efficiency of 

its L-arginine production in comparison to a monoculture harboring the same mutations for 

improved arginine in larger-scale fermentation systems. Higher L-arginine titers in the co-culture 

would then be a proof of concept regarding the CoNoS principle for biotechnological production.  
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2. Results 

2.1 Communities of Niche-optimized Strains (CoNoS) – Design and creation of stable, 

genome-reduced co-cultures 

Schito, S.*, Zuchowski, R.*, Bergen, D., Strohmeier, D., Wollenhaupt, B., Menke, P., Seiffarth, J., 

Nöh, K., Kohlheyer, D., Bott, M., Wiechert, W., Baumgart, M., Noack, S. (2022). Communities 

of Niche-optimized Strains (CoNoS) - Design and creation of stable, genome-reduced co-cultures. 

Metabolic engineering, 73, 91-103. 

 

* These authors contributed equally to this work. 

 

Author contributions 

SS:  Conceptualization, Methodology, Investigation, Data analysis, Writing – Initial Draft, 

Visualization, Revision & Writing – final manuscript 

RZ:  Conceptualization, Methodology, Investigation, Data analysis, Writing – Initial Draft, 

Visualization, Revision & Writing – final manuscript 

DS:  Investigation, Methodology, Data analysis 

BW:  Investigation, Data analysis, Writing – Initial Draft 

PM:  Investigation, Data analysis 

JS:  Investigation, Data analysis 

KN: Supervision, Data analysis, Writing – Initial Draft 

DK:  Supervision, Data analysis, Writing – Initial Draft, Funding acquisition 

MBo:  Revision & Writing – final manuscript, Funding acquisition 

WW:  Revision & Writing – final manuscript, Funding acquisition 

MBa:  Conceptualization, Supervision, Revision & Writing – final manuscript, Funding 

acquisition 

SN:  Conceptualization, Supervision, Revision & Writing – final manuscript, Funding 

acquisition 

 

Overall contribution: 30% 

  



Results 

21 

 

 



Results 

22 

 

 



Results 

23 

 

 



Results 

24 

 



Results 

25 

 



Results 

26 

 



Results 

27 

 



Results 

28 

 



Results 

29 

 



Results 

30 

 



Results 

31 

 



Results 

32 

 



Results 

33 

 

  



Results 

34 

 

Supplementary information 

Communities of Niche-optimized Strains (CoNoS) – Design and 

creation of stable, genome-reduced co-cultures 

Simone Schito1#, Rico Zuchowski1#, Daniel Bergen1, Daniel Strohmeier1, Bastian Wollenhaupt1, 

Philipp Menke1, Johannes Seiffarth1, Katharina Nöh1, Dietrich Kohlheyer1, Michael Bott1, 

Wolfgang Wiechert1,2, Meike Baumgart1, Stephan Noack1,* 

 

1Institut für Bio- und Geowissenschaften, IBG-1: Biotechnologie, Forschungszentrum Jülich, 

Jülich, Germany 

2Computational Systems Biotechnology (AVT.CSB), RWTH Aachen University, D-52074 

Aachen, Germany 

 

#These authors contributed equally to this work 

 

* Corresponding author at: Institute of Bio- and Geosciences, IBG-1: Biotechnology, 

Forschungszentrum Jülich GmbH, Jülich D-52425, Germany. E-mail address: s.noack@fz-

juelich.de  

mailto:s.noack@fz-juelich.de
mailto:s.noack@fz-juelich.de


Results 

35 

 

 



Results 

36 

 

Figure S1: Microfluidic batch cultivation of ΔARG LEU++::Ptac-crimson (red 

cells) ↔ ΔLEU ARG+::Ptac-eYFP (green cells) CoNoS (A) and C. glutamicum WT (B) in defined 

CGXII medium with 111 mM D-glucose. Cluster of cells which stopped growing after a certain 

cultivation time are marked with dashed circles.  
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Table S1: List of plasmids used in this study. 

Plasmid Relevant characteristics  Source or reference 

pK19mobsacB Kanr.; plasmid for allelic exchange in 
C. glutamicum; (pK18 oriVE.c., sacB, lacZα) 

(Schäfer et al., 1994) 

pK19mobsacB Δtrp Kanr.; pK19mobsacB derivative for deletion of 
ΔtrpP (cg3357) ΔtrpE (cg3359) ΔtrpG 
(cg3360) ΔtrpD (cg3361) ΔtrpCF (cg3362) 
ΔtrpB (cg3363) ΔtrpA (cg3364) in 
C. glutamicum 

This study 

pK19mobsacB 
ΔserA 

Kanr.; pK19mobsacB derivative for deletion of 
serA (cg1451) in C. glutamicum 

This study 

pK19mobsacB 
ΔserC 

Kanr.; pK19mobsacB derivative for deletion of 
serC (cg0948) in C. glutamicum 

This study 

pK19mobsacB 
ΔserB 

Kanr.; pK19mobsacB derivative for deletion of 
serB (cg2779) in C. glutamicum 

This study 

pK19mobsacB 
ΔleuA 

Kanr.; pK19mobsacB derivative for deletion of 
leuA (cg0303) in C. glutamicum 

This study 

pK19mobsacB 
ΔleuCD 

Kanr.; pK19mobsacB derivative for deletion of 
leuC (cg1487) leuD (cg1488) in 
C. glutamicum 

This study 

pK19mobsacB 
ΔleuB 

Kanr.; pK19mobsacB derivative for deletion of 
leuB (cg1453) in C. glutamicum 

This study 

pK19mobsacB 
ΔnagS 

Kanr.; pK19mobsacB derivative for deletion of 
nagS (cg3035) in C. glutamicum 

This study 

pK19mobsacB Δarg Kanr.; pK19mobsacB derivative for deletion of 
ΔargC (cg1580) ΔargJ (cg1581) ΔargB 
(cg1582) ΔargD (cg1583) ΔargF (cg1584) 
ΔargR (cg1585) ΔargG (cg1586) ΔargH 
(cg1588) in C. glutamicum 

This study 

pK19mobsacB 
ΔargR 

Kanr.; pK19mobsacB derivative for deletion of 
ΔargR (cg1585) in C. glutamicum 

This study 

pK19mobsacB 
ΔhisEG 

Kanr.; pK19mobsacB derivative for deletion of 
ΔhisE (cg1699) ΔhisG (cg1698) in 
C. glutamicum 

This study 

pK19mobsacB 
ΔhisHAFI 

Kanr.; pK19mobsacB derivative for deletion of 
ΔhisH (cg2300) ΔhisA (cg2299) ΔimpA 
(cg2298) ΔhisF (cg2297) ΔhisI (cg2296) in 
C. glutamicum 

This study 

pK19mobsacB 
ΔhisBCD 

Kanr.; pK19mobsacB derivative for deletion of 
ΔhisD (cg2305) ΔhisC (cg2304) ΔhisB 
(cg2303) in C. glutamicum 

This study 

pK19mobsacB 
ΔhisN 

Kanr.; pK19mobsacB derivative for deletion of 
ΔhisN (cg0910) in C. glutamicum 

This study 

pK19mobsacB-Ptuf 

leuA_B018_BS 
Kanr.; pK19mobsacB derivative containing 
leuA gene from B018 (MluI/SpeI) under 
control of the tuf promoter (NdeI/MluI) flanked 
by upstream and downstream regions of leuA 

(Vogt et al., 2014) 
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Plasmid Relevant characteristics  Source or reference 

pK19mobsacB-
ArgBA29V M31V  

Kanr.; pK19mobsacB derivative for mutation 
of ArgB (Cg1582) A29V M31V in 
C. glutamicum 

This study 

pK19mobsacB-
HisGA270D 

Kanr.; pK19mobsacB derivative for mutation 
of HisG (Cg1698) A270D in C. glutamicum 

This study 

pK19mobsacB-
TrpLfbr TrpES38R 

Kanr.; pK19mobsacB derivative for mutation 
of trpL (TGG->TGA) and TrpE (Cg3359) 
S38R in C. glutamicum 

This study 

pK18mobsacB-Ptac-
eYFP 

Kanr.; pK18mobsacB derivative for 
integration of Ptac-eYFP fluorescent protein in 
IGR between cg1121 and 1122 

(Baumgart et al., 2013) 

pK18mobsacB-Ptac-
crimson 

pK18mobsacB derivative for integration of 
Ptac-crimson fluorescent protein in IGR 
between cg1121 and 1122 

(Baumgart et al., 2013) 

 

Table S2: Oligonucleotides used in this study. 

Oligonucleotide Sequence (5’ → 3’)  

Sequencing primers 

B223_M13-fw CGCCAGGGTTTTCCCAGTCAC 

B224_M13-rv AGCGGATAACAATTTCACACAGGA 

Construction of and work 
with pK19mobsacB Δtrp  

B453_TRP-D1 AAAACGACGGCCAGTGAATTAATGCCGAGCCATTTGCCAG 

B454_TRP-D2 AACAACAACTCTATCCCCACCAATATTCC 

B455_TRP-D3 
GTGGGGATAGAGTTGTTGTTGCCTTTAAATGTGGCAATGTTTCAC
G 

B456_TRP-D4 CAGGTCGACTCTAGAGGAAGTATTTGGCGCCTTTGCCAAC 

B457_TRP-Dfw TAGAGCGCTTGGGATGCTCC 

B458_TRP-Drv TGGTCCCCCACTTCTTCACTGG 

Construction and work with 
pK19mobsacB Δcg3035  

B459_cg3035_D1 AAAACGACGGCCAGTGAATTCCTACCCAGCTTGTTACTGAGG 

B460_cg3035_D2 CTAGGCGTCATGCCCGAAAG 

B461_cg3035_D3 
CTTTCGGGCATGACGCCTAGTTAAAATCCAAAACAGCTAGGGTAT
AAGTCATGC 

B462_cg3035_D4 CAGGTCGACTCTAGAGGACGCGATGTTGAAGTCGCCG 

B463_cg3035_Dfw GCGGAAAGCATGCTTAGAATGTTGCC 

B464_cg3035_Drv CACGTTCTGGTTCGGTGACG 

Construction and work with 
pK19mobsacB Δarg  
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Oligonucleotide Sequence (5’ → 3’)  

B465_ARG-D1 AAAACGACGGCCAGTGAATTGCATCACTGGTCGCTTGTGG 

B466_ARG-D2 AGTTACACCATACACGTTATGCATGATC 

B467_ARG-D3 ATAACGTGTATGGTGTAACTGCATTAGTTTATGGCCTGTGCTGC 

B468_ARG-D4 CAGGTCGACTCTAGAGGAACATGTCGGTGATGGTTCCG 

B469_ARG-Dfw AGCTCCCGCTAAGGTAGCTACC 

B470_ARG-Drv TTGGGTTTCATTCAACAACGCGCC 

Construction and work with 
pK19mobsacB ΔserA  

B471_serA-D1 AAAACGACGGCCAGTGAATTGGGCCGTTCAAAGTGTTGCC 

B472_serA-D2 AAGTTACTCCTGGAAAAACTAGGAATGTCC 

B473_serA-D3 AGTTTTTCCAGGAGTAACTTTTAGAGATCCATTTGCTTGAACCGCC 

B474_serA-D4 CAGGTCGACTCTAGAGGAGGTCGATGGCGCCATCAAAC 

B503_ser-Dfw_V2 GTGTGTTTGGTCAGGTTTAGTCGG 

B476_serA-Drv TTAATGTTGAGCATTGCGCCGC 

Construction and work with 
pK19mobsacB ΔserB  

B477_serB-D1 AAAACGACGGCCAGTGAATTCCTGCTTGGCCTGTCTGTCATTC 

B478_serB-D2 GGCAACAATTGTCTCATGTCTGAGCG 

B479_serB-D3 GACATGAGACAATTGTTGCCAGATTCGCTTCTCGACGCCC 

B480_serB-D4 CAGGTCGACTCTAGAGGATTCCCAGCGTCATCTTCAACG 

B481_serB-Dfw GTCGTTACGCTGACTACCTGG 

B482_serB-Drv TGCTCCACCCACTCAAACGG 

Construction and work with 
pK19mobsacB ΔserC  

B483_serC-D1 AAAACGACGGCCAGTGAATTCAGCCACCGTAATCAGTAGCC 

B484_serC-D2 GTCTTCGGGCAACTTTCTGCG 

B485_serC-D3 GCAGAAAGTTGCCCGAAGACTACCCCCACTTTGAAAAACACCCC 

B486_serC-D4 CAGGTCGACTCTAGAGGATGGGGTGTGATTGCTTAGCC 

B487_serC-Dfw CGATAAATGCGGTTTAGCCATATCCG 

B488_serC-Drv AACGCCGTTGCAAGAATTTCCC 

Construction and work with 
pK19mobsacB ΔleuA  

Z1_leuA-D1 AAAACGACGGCCAGTGAATTGATCTTGTGATTCCGAAGTG 

Z2_leuA-D2 GCTTTACGACGCCTCCCCCTAGGCTC 

Z3_leuA-D3 AGGGGGAGGCGTCGTAAAGCTTTCGACGCCCAGTTCCAG 

Z4_leuA-D4 CAGGTCGACTCTAGAGGAAGTACTTTTAGTCGGCGTTG 

Z5_leuA-Dfw GGGTGGATTCCACTTGATTG 

Z6_leuA-Drv GGCTACCCTCCTCACCGTAG 
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Oligonucleotide Sequence (5’ → 3’)  

Construction and work with 
pK19mobsacB ΔleuB  

Z7_leuB-D1 AAAACGACGGCCAGTGAATTGTTTGTGGCTGCCGCGTTTG 

Z8_leuB-D2 TCACTAGTGTAGCTGATTGATC 

Z9_leuB-D3 TCAATCAGCTACACTAGTGAGACCCCCTTGCCTTTTATG 

Z10_leuB-D4 CAGGTCGACTCTAGAGGAAACGTGCATTACCCGGTGAG 

Z11_leuB-Dfw GGTGCTTAAGGCGGATAAGG 

Z12_leuB-Drv TAAACACCCTCGGTGCTCTG 

Construction and work with 
pK19mobsacB ΔleuCD  

Z13_leuCD-D1 AAAACGACGGCCAGTGAATTGGAGGTAGGCGGCAAAAACG 

Z14_leuCD-D2 ACCCCCACACACAGTGAATCCCTTC 

Z15_leuCD-D3 GATTCACTGTGTGTGGGGGTGTTCAGTCTGATAGCGAAAG 

Z16_leuCD-D4 CAGGTCGACTCTAGAGGAAAGGTGGCGTGCCGATGATC 

Z17_leuCD-Dfw CCCACGGACTCCGCTAAGC 

Z18_leuCD-Drv TCAAACCCACCGCAATTTACTCG 

Construction and work with 
pK19mobsacB ΔhisEG  

Z19_hisEG-D1 AAAACGACGGCCAGTGAATTTGATCCATACAGCGTTCCTC 

Z20_hisEG-D2 TTTAACTACCCCCGAAAATGTAGTGG 

Z21_hisEG-D3 CATTTTCGGGGGTAGTTAAATAATTTCACTCCCCCACCTG 

Z22_hisEG-D4 CAGGTCGACTCTAGAGGACGAATCCCTCGTCCCAAATC 

Z65_HisEG_fw_neu GACTGGGACATGTTCACATC 

Z66_HisEG_rv_neu CACGCAGGCATTACATTGAG 

Construction and work with 
pK19mobsacB ΔhisHAFI  

Z46_hisAHFI-D1_neu AAAACGACGGCCAGTGAATTGCTCATACTGATTGCTTTTC 

Z44_hisAHFI-D2_neu GGAAGAAATCTTATGAAGCCACGCG 

Z45_hisAHFI-D3_neu GGCTTCATAAGATTTCTTCCATCCACCACACTGGCCTAGC 

Z28_hisAHFI-D4 CAGGTCGACTCTAGAGGAGATCTCAGTCTGGTGAGATG 

Z29_hisAHFI-Dfw CCTCGATGGTTACCCAGTTC 

Z30_hisAHFI-Drv GCCCAGAAATCTGTCTAGGC 

Construction and work with 
pK19mobsacB ΔhisBCD  

Z31_hisBCD-D1 CAGGTCGACTCTAGAGGACGCTGAAGATGTACCCGATG 

Z32_hisBCD-D2 CATGAACTCTTCTCCCATCTCTG 

Z33_hisBCD-D3 AGATGGGAGAAGAGTTCATGAATGACCACCCCAGATTTAC 

Z34_hisBCD-D4 AAAACGACGGCCAGTGAATTCGCTCCAGAATATAGGTCAC 
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Oligonucleotide Sequence (5’ → 3’)  

Z35_hisBCD-Dfw TCAGCCACCAACGCAGATTC 

Z36_hisBCD-Drv ACGAGATCTGCTTGGTCTTG 

Construction and work with 
pK19mobsacB ΔhisN  

Z37_hisN-D1 AAAACGACGGCCAGTGAATTCTTTTAACTAGACGCGGTTC 

Z38_hisN-D2 CCGGGTTTTGCTTGGTTTTC 

Z39_hisN-D3 GAAAACCAAGCAAAACCCGGGTTAGTCTAGTGCGCTTAAA 

Z40_hisN-D4 CAGGTCGACTCTAGAGGAGATGGCACCTACAACTTCAC 

Z41_hisN-Dfw TTCAGCTCTGCGTTCTTTCC 

Z42_hisN-Drv TTGAAGCGTTGCGGCCTGAG 

Construction and work with 
pK19mobsacB ΔargR  

Z51_ArgR-D1 AAAACGACGGCCAGTGAATTCTGAAGAAGGCCCAGCAGGC 

Z52_ArgR-D2 GTCTTACCTCGGCTGGTTGG 

Z53_ArgR-D3 CCAACCAGCCGAGGTAAGACAGCGCCCCTAGTTCAAGGCT 

Z54_ArgR-D4 CAGGTCGACTCTAGAGGAAGCCGTGTGCAACGTGGGTA 

Z55_ArgR-Dfw ACTGTGCCGCTGGTGAACTC 

Z56_ArgR-Drv AGTCACGAGCAGGTGCAATG 

Construction and work with 
pK19mobsacB-ArgBA29V 

M31V  

Z74_ArgB_mut-D1_neu AAAACGACGGCCAGTGAATTACAATTTGTTCAAGTGCGCA 

Z75_ArgB_mut-D2_neu ACCACGTCGGCAGCAAAAACAGCCTT 

Z76_ArgB_mut-D3_neu GTTTTTGCTGCCGACGTGGTCTTCTTGCGCACCGTGG 

Z77_ArgB_mut-D4_neu CAGGTCGACTCTAGAGGATCCACATTGGTGAGAACCAG 

Z78_ArgB_mut-fw_neu TGTGACCAAGCGCGTTGCTG 

Z64_ArgB-mut_rv GCCGTCAATGACATGAGCAG 

Construction and work with 
pK19mobsacB-TrpLfbr 
TrpES38R  

Z79_TrpE_mut-D1_neu AAAACGACGGCCAGTGAATTGGCCGTTGAAGGTGGTGAAG 

Z80_TrpE_mut-D2_neu GCTTAGTTAGCGCGTCACCACCACTG 

Z81_TrpE_mut-D3_neu TGGTGACGCGCTAACTAAGCGAGCCTGACACCTCAAGTTG 

Z82_TrpE_mut-D4_neu_V3 GGTGATATCAGCGCGTTCCAACAGG 

Z83_TrpE_mut-D5_neu GGAACGCGCTGATATCACCACCAAGAATGGTATTTCTTCC 

Z84_TrpE_mut-D6_neu CAGGTCGACTCTAGAGGACCAGGTCGTTGCGGGCGAGA 

Z59_TrpE_mut_fw GCTGCGGAAACTACGCAAG 

Z85_TrpE_mut_rv_neu CACGGGACACCAAGTGCATC 

Z90_TrpE_mut_seq1 GGGCACCTACCGAGGAAATC 
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Oligonucleotide Sequence (5’ → 3’)  

Z91_TrpE_mut_seq2 GAGACAAGCTTCCCACTATG 

Construction and work with 
pK19mobsacB-HisGA270D  

Z86_HisG_A270D-D2 GGCGCTGAAGATATCCTGGC 

Z87_HisG_A270D-D3 GCCAGGATATCTTCAGCGCCGAGTCCAGCAAGC 

Z88_HisG_A270D-D4 CAGGTCGACTCTAGAGGACGAAAAGCTCGACGGCAAG 

Z89_HisG_A270D_rv GGTTCCTCCACTTTCCGTTAC 

Work with pK19mobsacB-
Ptuf leuA_B018_BS   

Z92_LeuA_Ptuf_fw CTGGACTTCGTGGTGGCTAC 

Z93_LeuA_Ptuf_seq_rv TGCCACAGGGTAGCTGGTAG 

Z67_PtufLeuA_seq_fw CTCAGTGGTGTGCTGTTGAC 

Z68_PtufLeuA_seq_rv TCCTTGCCGTTGTGGATGAG 

Analysis of fluorescent 
protein integration  

Z109_Intcg1121 fwd TTGGCGTGTGGTTGGTTAG 

Z110_Intcg1122 rev CGCATCAAGCAGATCTCTG 
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Supplemental tables 

Table S1: Amino acid importer in C. glutamicum 

Locus tag(s) NCgl synonyms Transporter name Amino acid 
substrate 

Reference 

cg0606-cg0610 NCgl0497-
NCgl0501 

MetQNI L-methionine (Trötschel et al., 

2008) 

cg1105 NCgl0929 LysI L-lysine (Seep-Feldhaus et 
al., 1991) 

cg1167-cg1169 NCgl0985-
NCgl0986 

MetPS L-methionine, L-
alanine 

(Trötschel et al., 

2008) 

cg1257 NCgl1062 AroP L-phenylalanine, 
L-tryptophan, 
L-tyrosine, 
L-histidine 

(Shang et al., 
2013, Wehrmann 
et al., 1995) 

cg1305 NCgl1108 PheP L-phenylalanine, L-
histidine 

(Zhao et al., 2011, 
Kulis-Horn et al., 
2014) 

cg1314 NCgl1116 PutP L-proline (Peter et al., 1997) 

cg1502-cg1504 NCgl1276-
NCgl1278 

ArgTUV L-arginine This study 

cg2136-cg2139 NCgl1875-
NCgl1878 

GluABCD L-glutamate (Kronemeyer et 
al., 1995) 

cg2537 NCgl2228 BrnQ L-leucine, L-valine, 
L-isoleucine 

(Ebbighausen et 
al., 1989, Tauch et 
al., 1998) 

cg2539 NCgl2230 EctP L-proline (Peter et al., 1998) 

cg2810 NCgl2643 CynT L-cysteine (Kondoh and 
Hirasawa, 2019) 

cg3396 NCgl2962 ProP L-proline (Peter et al., 1998) 
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Table S2: Mean pLDDT and Cα r.m.s.d. values for WT and mutant structures predicted 

in this study. 

 

 

 

 

 

Table S3: Ligands tested for binding to ArgT via ITC measurements. 

Tested amino acids Binding observed? Tested concentrations 

L-arginine yes 50 µM - 200 µM 

L-citrulline yes 200 µM, 100 µM 

L-cysteine no 200 µM, 2 mM 

L-glutamate no 200 µM, 2 mM 

L-glutamine no 200 µM, 2 mM 

L-histidine no 200 µM, 2 mM 

L-lysine no 200 µM, 2 mM 

 

 

  

Structures predicted by 
AlphaFold2 (rank 1) 

Mean pLDDT 
(0–100) 

Cα r.m.s.d. of WT and mutant 

MetC  97.96 
0.26 Å 

MetCS322F 97.84 

Cg1874  94.52 
0.13 Å 

Cg1874G93D 94.69 

Cg2850  89.13 0.21 Å 
(excluding disordered residues 1–27) 

Cg2850G30R 89.46 
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Table S4: Plasmids used in this study. 

Plasmid Relevant characteristics  Source or reference 

pK19mobsacB Kanr; plasmid for allelic exchange in C. glutamicum; 
(pK18 oriVE.c., sacB, lacZα) 

(Schäfer et al., 1994) 

pK19mobsacB-
ArgBA29V M31V  

Kanr; pK19mobsacB derivative for mutation of argB 
(cg1582) to yield ArgBA29V M31V in C. glutamicum 

(Schito et al., 2022) 

pK19mobsacB- 
MetCS322F/PbrnQ* 

Kanr; pK19mobsacB derivative for mutation of MetC 
(Cg2536) S322F in C. glutamicum. This mutation also 
affects the promoter region of brnQ (cg2537). 

This study 

pK19mobsacB-
Mrp1CG29D 

Kanr; pK19mobsacB derivative for mutation of Mrp1C 
(Cg0325) G29D in C. glutamicum 

This study 

pK19mobsacB-
Mrp1AH335P 

Kanr; pK19mobsacB derivative for mutation of Mrp1A 
(Cg0326) H335P in C. glutamicum 

This study 

pK19mobsacB-
PargT*1 

Kanr; pK19mobsacB derivative for the mutation AG 
35 bp upstream of the argT (cg1504) TSS/TLS  

This study 

pK19mobsacB-
argT* 

Kanr; pK19mobsacB derivative for mutation of the 3rd 
codon of argT (cg1504) GAGGAA, synonymous 
mutation 

This study 

pK19mobsacB-
∆argTUV 

Kanr; pK19mobsacB derivative for in frame deletion of 
argTUV (cg1504-cg1502) in C. glutamicum 

This study 

pK19mobsacB-
∆cg1505-cg1506 

Kanr; pK19mobsacB derivative for in frame deletion of 
cg1505-cg1506 in C. glutamicum 

This study 

pK19mobsacB-
∆mrp1 

Kanr; pK19mobsacB derivative for deletion of mrp1 
(cg0321-cg0326) and cg0317-cg0319 in C. 
glutamicum. The latter encode genes for 
arsenate/arsenite resistance and were deleted 
accidentally. 

This study 

pPREx2 Kanr; E. coli/C. glutamicum shuttle vector for 
expression of target genes. Cured pEKEx2-derivative 
with corrected lacIq and without replicative sequences. 
PtacI; lacIq; oriC.g. of pBL1; oriE.c. ColE1 of pUC18.  

(Bakkes et al., 2020) 

pPREx2-argTUV Kanr; pPREx2 derivative with the argTUV genes 
(cg1504-cg1502) under control of Ptac promoter 

This study 

pET-TEV KanR; pET28b derivative for overexpression of genes in 
E. coli, adding an N-terminal decahistdine tag and a 
TEV protease cleavage site to the target protein 

(pBR322 oriVE.c., PT7, lacI) 

(Bussmann et al., 
2010) 

pET-TEV-argT KanR; pET-TEV derivative coding for the ArgT protein 
(Cg1504) with an N-terminal decahistdine tag and a 
TEV protease cleavage site 

This study 
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Table S5: Oligonucleotides used in this study. 

Oligonucleotide Sequence (5’ → 3’)1 

Sequencing primers 

B223_M13-fw 

 

CGCCAGGGTTTTCCCAGTCAC 

B224_M13-rv AGCGGATAACAATTTCACACAGGA 

Verification of deletion of cg3035 

B463_cg3035_Dfw GCGGAAAGCATGCTTAGAATGTTGCC 

B464_cg3035_Drv CACGTTCTGGTTCGGTGACG 

Work with pK19mobsacB-Δarg 

B469_ARG-Dfw AGCTCCCGCTAAGGTAGCTACC 

B470_ARG-Drv TTGGGTTTCATTCAACAACGCGCC 

Verification of deletion of leuA 

Z5_leuA-Dfw GGGTGGATTCCACTTGATTG 

Z6_leuA-Drv GGCTACCCTCCTCACCGTAG 

Verification of deletion of leuB 

Z11_leuB-Dfw GGTGCTTAAGGCGGATAAGG 

Z12_leuB-Drv TAAACACCCTCGGTGCTCTG 

Verification of deletion of leuCD 

Z17_leuCD-Dfw CCCACGGACTCCGCTAAGC 

Z18_leuCD-Drv TCAAACCCACCGCAATTTACTCG 

Verification of deletion of argR 

Z55_ArgR-Dfw ACTGTGCCGCTGGTGAACTC 

Z56_ArgR-Drv AGTCACGAGCAGGTGCAATG 

Work with pK19mobsacB-ArgBA29V M31V 

Z78_ArgB_mut-fw_neu TGTGACCAAGCGCGTTGCTG 

Z64_ArgB-mut_rv GCCGTCAATGACATGAGCAG 

Verification of Ptuf leuA_B018_BS 

Z92_LeuA_Ptuf_fw CTGGACTTCGTGGTGGCTAC 

Z93_LeuA_Ptuf_seq_rv TGCCACAGGGTAGCTGGTAG 

Z67_PtufLeuA_seq_fw CTCAGTGGTGTGCTGTTGAC 

Z68_PtufLeuA_seq_rv TCCTTGCCGTTGTGGATGAG 

Construction and work with pK19mobsacB-MetCS322F 

n071_cg2536_D1 AAAACGACGGCCAGTGAATTGATTCCACGACAACGCC 

n072_cg2536_D2 GAGGCGCCTTTTAAAATTCTTCG 

n073_cg2536_D3 GAATTTTAAAAGGCGCCTCTTCGATCTTG 

n074_cg2536_D4 CAGGTCGACTCTAGAGGAGCTGACGGTGCGGGATC 

n021_cg2536_Dfw TGCCTGCATACCCTCCTTTC 

n022_cg2536_Drv AACTTGGCTACCGACAACAC 

Construction of and work with pK19mobsacB-Mrp1CG29D 

n023_cg0325_D1 AAAACGACGGCCAGTGAATTGCTCCTGTACCTGTCCAA 

n024_cg0325_D2 TCAGTGACATGTCGAAGACGATGC 
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Oligonucleotide Sequence (5’ → 3’)1 

n025_cg0325_D3 CGTCTTCGACATGTCACTGATCGGCCACGCAGCGAACTTG 

n026_cg0325_D4 CAGGTCGACTCTAGAGGAGGGGATTGCCACGCCACCGACA 

n051_cg0325_Dfw CACCGACGATGGTGGCAAAC 

n052_cg0325_Drv GCGCTATGCTTCTTGAGCTTC 

Construction of and work with pK19mobsacB-Mrp1AH335P 

n027_cg0326_D1 AAAACGACGGCCAGTGAATTCGCTGCTTACTGCGGTGGCG 

n028_cg0326_D2 CTTAAACAGCGCGGGGCTGAGCGTG 

n029_cg0326_D3 CAGCCCCGCGCTGTTTAAGTCCTCGTTGTTCATGCTC 

n030_cg0326_D4 CAGGTCGACTCTAGAGGAGTGGGGTGTTGATGCCGTGCC 

n053_cg0326_Dfw ACCAGCATCGATAGGATGTC 

n054_cg0326_Drv TGTTGATTGCGCGTTCGG 

Construction of and work with pK19mobsacB-PargT*1 

n039_cg1504_1399043_D1 AAAACGACGGCCAGTGAATTCTTGTGCGGGTGATACTCC 

n040_cg1504_1399043_D2 GCAATAACCTCAAGTGAGGC 

n041_cg1504_1399043_D3 CTCACTTGAGGTTATTGCACCATGGCAGGTAG 

n042_cg1504_1399043_D4 CAGGTCGACTCTAGAGGAGTTCTCGCGGCGTTCCTCG 

n057_cg1504_Dfw ACGGACATCGTCGGTCTCTG 

n058_cg1504_Drv CTGCATTTGGATCTGCCTGTTG 

Construction of and work with pK19mobsacB-argT* 

n035_cg1504_1399000_D1 AAAACGACGGCCAGTGAATTCCCAACGATCACTTCCACTC 

n036_cg1504_1399000_D2 CGGGTGAAACTTTCAATCATGG 

n037_cg1504_1399000_D3 GATTGAAAGTTTCACCCGATTGCGAATTTCGCAGACAC 

n038_cg1504_1399000_D4 CAGGTCGACTCTAGAGGAGGTTTCACGATCAGTTGCCTGC 

n057_cg1504_Dfw ACGGACATCGTCGGTCTCTG 

n058_cg1504_Drv CTGCATTTGGATCTGCCTGTTG 

Construction of and work with pK19mobsacB-∆argTUV 

n043_cg1502-1504_D1 AAAACGACGGCCAGTGAATTCTGCCTCTTCCACTTGTGC 

n044_cg1502-1504_D2 AGCCGATAATGACTCGCAGCAATAACCTTAAGTGAGGC 

n045_cg1502-1504_D3 CTTAAGGTTATTGCGCGAGTCATTATCGGCT 

n046_cg1502-1504_D4 CAGGTCGACTCTAGAGGAGACACGTGAAATAAGGAGG 

n059_cg1502-1504_Dfw AAGAAGTTGCCCGCTTCGGTG 

n060_cg1502-1504_Drv CTGCATTTGGATCTGCCTGTTG 

Construction of and work with pK19mobsacB-∆cg1505-1506 

n047_cg1505-1506_D1 AAAACGACGGCCAGTGAATTGCACCACTACCAGCG 

n048_cg1505-1506_D2 GTTTTATCCGGCATGGGCCAATTATCTTTCTTTGGCG 

n049_cg1505-1506_D3 CAAAGAAAGATAATTGGCCCATGCCGGATAAAAC 

n050_cg1505-1506_D4 CAGGTCGACTCTAGAGGAGCTTGAACCGATGGAAGG 

n061_cg1505-1506_Dfw ACGGACATCGTCGGTCTCTG 

n062_cg1505-1506_Drv TACTCGGCCATGCTGACTCAC 

Construction of and work with pK19mobsacB-∆mrp1 
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Oligonucleotide Sequence (5’ → 3’)1 

n031_cg0322-0326_D1 AAAACGACGGCCAGTGAATTCTGTACAACGACAAGACCGCC 

n032_cg0322-0326_D2 CTGCAATAGAATGTGTTCCTACTTGATGAGTTAGCAAGAGCAC 

n033_cg0322-0326_D3 CTTGCTAACTCATCAAGTAGGAACACATTCTATTGCAGGG 

n034_cg0322-0326_D4 CAGGTCGACTCTAGAGGAGCACCTTGTTGAGCGTTG 

n055_cg0322-0326_Dfw ACGTTTCGCAGCAATGCGATAG 

n056_cg0322-0326_Drv TGTTTGCGCAGGTCTTCGG 

Primer for gene expression analysis via qPCR 

n083_ddh_qPCR_fw CCGGAAAGCAAACCCACAAG 

n084_ddh_qPCR_rev CTCGGAGTCGAAGGTTGCTT 

n085_cg1502_qPCR_fw GCAAGTCAATGCCCTTGAGC 

n086_cg1502_qPCR_rv CTGATGCTGAAGGCGCAATC 

n087_cg1504_qPCR_fw ACGAGGTCCATTTCCACACC 

n088_cg1504_qPCR_rv CGTTCCAGATCCTGTACCGG 

n089_cg2537_qPCR_fw AAGGACATGGCTTCTCGTGG 

n090_cg2537_qPCR_rv AACAAGCCCGAATAAAGCGC 

Z315_cg2538_qPCR_fw TCGCCAAATTGTCGACATGC 

Z316_cg2538_qPCR_rv ATATTGCGCGTGGTTGCTTC 

Analysis of fluorescent protein integration 

Z109_Intcg1121 fwd TTGGCGTGTGGTTGGTTAG 

Z110_Intcg1122 rev CGCATCAAGCAGATCTCTG 

Construction of and work with pK19mobsacB-Cg1874G93D 

n003_cg1874_Dfw TAAATTGCGGGTGCTGTTGG 

n004_cg1874_Drv CTGCAAGCAGCACTGGATCG 

n013_cg1874_mutate-D1 AAAACGACGGCCAGTGAATTACTAAAGCTTGGGCAGCGAC 

n014_cg1874_mutate-D2 CCGGCAACGAGGTCCTTCTTGTC 

n015_cg1874_mutate-D3 AAGAAGGACCTCGTTGCCGGCGGATGGCGCTTTTCAGATC 

n016_cg1874_mutate-D4 CAGGTCGACTCTAGAGGACTGAGGCAATTCCCCTGGAA 
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Construction of and work with pK19mobsacB-Cg2850G30R 

n007_cg2850_Dfw AACCGCGAACCAACGAGTCC 

n008_cg2850_Drv CCGCTAGTGCGGTATCGAAC 

n017_cg2850_mutate-D1 AAAACGACGGCCAGTGAATTCTTCCGAATCAACTCCACCA 

n018_cg2850_mutate-D2 TGCGTCGGATCGGCTGATGCTTG 

n019_cg2850_mutate-D3 GCATCAGCCGATCCGACGCAGTAAACCTCGCTGCCGAACA 

n020_cg2850_mutate-D4 CAGGTCGACTCTAGAGGAAGTTCGTTGGTTGGAAGCAG 

Construction of pET-TEV-argT 
DB029_pET-
TEV_cg1504_AS78_D2 ACCTGTATTTTCAGGGCCATCCCGAAGCTCTGGCTCAGCG 
DB030_pET--
TEV_cg1504_D3_rev AAGCTTGTCGACGGAGCTCGCTAGTTGAGTGGCTGTTCGTTG 
1 Overhangs for Gibson assembly (Gibson et al., 2009) are marked with bold letters. 
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Supplemental figures 
 S1 

 
Fig. S1: Growth rates of different CoNoS established using colonies isolated from an ALE 

experiment. Single auxotrophic CoNoS member were isolated on CGXII plates supplemented 

with the required amino acid and six colonies from each ALE replicate were tested in 

combination with the non-evolved partner in a CoNoS setup. The dotted line and the 

corresponding blue shady background indicate the relative growth rate and the standard 

deviation of the non-evolved CoNoS as reference cultivation. Control CoNoS were cultivated 

in biological triplicates, test CoNoS were cultivated in technical duplicates. (A) Test of colonies 

derived from evolved C. glutamicum ΔLEU ARG+. (B) Test of colonies derived from evolved 

C. glutamicum ΔARG LEU++.  

 

 

 
 

Fig. S2: Genomic organization of the region near metC and brnQ. Black arrows represent 

transcriptional start sites. Black lines in the lower part of the figure represent potential operons 

and sub operons. Transcript and promoter data based on published RNAseq data (Pfeifer-Sancar 

et al., 2013). 
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Fig. S3: Multiple sequence alignment of MetC (Cg2536 – Accession number 

WP_011015029.1) with homologous sequences of C. freiburgense (WP_027011762.1), 

C. gallinarium (WP_191732314.1), C. callunae (WP_015651815.1 ), C. comes 
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(WP_156228685.1), C. humireducens (WP_040086403.1), C. pollutisoli (NLP39668.1), 

C. vitaeruminis (WP_025253321.1), C. rouxii (WP_155873664.1), C. diptheriae 

(WP_014310694.1), C. belfantii (WP_197691522.1), Rhodococcus (R. jostii – 

WP_073366627.1), Mycolicibacterium (M. smegmatis – WP_233043953.1) and 

Mycobacterium (M. tuberculosis – WP_055353591.1) species. Clustal Omega (Sievers et al., 

2011) was used to create the alignment. ESPribt 3.0 (Robert and Gouet, 2014) was used to 

prepare the figure. Similar residues are marked with red colored letters, completely conserved 

residues with a red background. Structure predictions are given as predicted by AF2 (helices 

are marked with squiggles, β-strands with arrows and turns with TT letters). An asterisk 

indicates the position mutated in the evolved strains (S322F).  
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Fig. S4: AlphaFold2 models for proteins mutated during ALE of a CoNoS. (A) Left, 

superimposition of top-ranked AlphaFold2 predicted structures of MetC (cyan) and MetCS322F 

(yellow). Right, enlarged view of residues surrounding the site of mutation (S322F); nitrogen: 

blue, oxygen: red. Here, the second-rank MetCS322F model is included for comparison (violet). 

Conformational changes predicted by alternative models are indicated: a slight upward shift of 

the helix around the F322 position (asterisk), leaving the χ1 torsion in res. 322 mostly 

unaffected, and a re-orientation of the F322 side chain (arrow) without major main chain 

displacement. The green dashed line represents the hydrogen bond formed in MetC between 

the S322 gamma oxygen and the L333 carbonyl oxygen. (B) Superimposition of top-ranked 

AlphaFold2 predicted structures (overview, left, and close-up, right) of Cg2850 (tan) and 

Cg2850G30R (orange); nitrogen: blue, oxygen: red. The sidechains R30 of the mutant and E169 

of WT and mutant are displayed. The yellow dashed line represents the salt bridge between R30 

and E169 of Cg2850G30R. (C) Superimposition of AlphaFold2 predicted structures of Cg1874 

(green) and Cg1874G93D (violet). Figure generation and structure analysis were performed using 

ChimeraX (Pettersen et al., 2021).  
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Fig. S5: Growth performance of ∆LEU ARG+ reengineered strains. WT monoculture is shown 

as reference cultivation. (A) Monocultures of reengineered strains ∆LEU ARG+ with mutations 

MetC/PbrnQ*, Mrp1AH335P, and Mrp1CG29D as well as ∆LEU ARG+ in CGXII medium with 2 % 

(w/v) glucose and 3 mM L-leucine. (B) CoNoS comprising one mutated strain and one parental 

strain in comparison with the native non-evolved CoNoS. Cultures were performed in 

biological triplicate in CGXII medium with 2 % (w/v) glucose. Mean values and standard 

deviations are shown as lines and shaded areas, respectively. 
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Fig. S6: (A) Growth performance of the reengineered strain ΔLEU ARG+ PbrnQ* Mrp1CG29D 

and ΔLEU ARG+ in monoculture supplemented with different amounts of L-leucine. Cultures 

were performed in triplicate in CGXII medium. (B) Growth performance of the reengineered 

strain ΔARG LEU++ PargTUV* Mrp1CG29D and ΔARG LEU+ in monoculture supplemented with 

different amounts of L-leucine. Cultures were performed in triplicate in CGXII medium. Mean 

values and standard deviations are shown as points and dashes, respectively. 

 

 
Fig. S7: Effects of Mrp1 point mutations or mrp1 deletion on in vivo NaCl sensitivity of 

C. glutamicum. The given C. glutamicum strains were precultivated in liquid cultures first for 

8 h in BHI and afterwards overnight in CGXII with 2 % (w/v) glucose and 3 mM L-leucine for 

auxotrophic strains. Tenfold serial dilutions were spotted onto CGXII-agar plates with 2 % 

(w/v) glucose, 3 mM L-leucine, pH 7 with different NaCl concentrations (left: 0 M, right 0.6 

M) and incubated at 30 °C for 48 h, as performed in (Xu et al., 2018).  
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Fig. S8: Multiple sequence alignment of Cg1874 (Accession number WP_011015029.1) with 

homologous sequences of C. crudilactis (WP_066565970.1), C. suranareeae 

(WP_096456201.1), C. deserti (WP_053545063.1), C. calunae (WP_015651448.1), 

C. gallinarum (WP_191733525.1), C. efficiens (WP_035108832.1), C. occultum 

(WP_156231041.1), C. marinum (WP_042622591.1), C. comes (WP_156229426.1), C. casei 

(WP_006823593.1), C. lubricantis (WP_018295645.1), C. pilosum (WP_018581290.1), 

Arthrobacter (A. gandavensis – WP_194782106.1) Rhodococcus (R. rhodochrous – 

OOL31646.1) and Mycobacterium (M. gallinarum – BBY93031.1) species. Clustal Omega 

(Sievers et al., 2011) was used to create the alignment. ESPribt 3.0 (Robert and Gouet, 2014) 

was used to prepare the figure. Similar residues are marked with red colored letters, identical 

residues with a red background color. Structural data were assigned according to the rank 1 

AF2 model (helices are marked with squiggles, β-strands with arrows and turns with TT letters). 

The position mutated in the evolved strains (G93D) is indicated by an asterisk.  
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Fig. S9: Multiple sequence alignment of Cg2850 (Accession number WP_011015029.1) with 

homologous sequences from C. efficiens (WP_006769171.1), C. gallinarum 

(WP_191733242.1), C. crudilactis (WP_066567847.1), C. suranareeae (WP_096458136.1), 

C. deserti (WP_053545607.1), C. callunae (WP_247776159.1), C. renale (WP_115243769.1), 

C. occultum (WP_156231609.1), C. halotolerans (WP_015401779.1), C. kutscheri 

(WP_046438926.1), C. diphtheriae (WP_014320394.1), C. pelargi (WP_128889270.1), 



Results 

83 

 

Rhodococcus (R. rhodochrous – OOL29119.1) and Mycolicibacterium (M. smegmatis – 

WP_233043311.1) and Mycobacterium (M. tuberculosis – WP_031701164.1) species. Clustal 

Omega (Sievers et al., 2011) was used to create the alignment. ESPribt 3.0 (Robert and Gouet, 

2014) was used to prepare the figure. Similar residues are marked with red colored letters, 

identical residues with a red background color. Structure predictions are given as predicted by 

AF2 rank 1 model (helices are marked with squiggles, β-strands with arrows and turns with TT 

letters). The position mutated in the evolved strains (G30R) is indicated by an asterisk.  
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Fig. S10: Promoter regions upstream of argT (cg1504) in C. glutamicum WT and three evolved 

∆ARG LEU++ strains. -10 site according to (Pfeifer-Sancar et al., 2013), transcriptional start 

site (red letter and black arrow), and mutated positions/regions in the evolved strains (purple) 

are given. In Evo2, 2829 bp were deleted starting 18 bp upstream of TSS, which resulted in the 

given sequence. 
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Fig. S11: Growth performance of strains with reengineered mutations in supplemented 

monocultures and in a CoNoS setting. Mutations were introduced into the promoter (PargTUV*) 

or into the third codon of the coding region (argTUV*). In a third strain, cg1505-cg1506 were 

deleted. (A) Comparison of ΔARG LEU++ PargT*1 and ΔARG LEU++ argT* in CGXII with 2 % 

(w/v) glucose and 3 mM L-arginine in comparison to a WT monoculture. For comparison with 

the non-mutated reference strain ΔARG LEU++, please refer to figure 4A where ΔARG LEU++ 

PargT*1 grew better that the reference. (B) Comparison of the above mentioned strains in a 

CoNoS setup in comparison with a CoNoS containing the evolved strain and a WT 

monoculture. For comparison with the non-mutated reference strain ΔARG LEU++, please refer 

to figure 4B where the culture with ΔARG LEU++ PargT*1 grew better than the reference. (C) 

Growth of ∆ARG LEU++ ∆cg1505-1506 in comparison to ∆ARG LEU++ and WT monoculture 

in CGXII medium with 2 % (w/v) glucose and 3 mM - L-arginine. (D) Growth of ∆ARG 

LEU++∆cg1505-1506 in comparison to ∆ARG LEU++ in a CoNoS in CGXII medium with 2 % 

(w/v) glucose. Mean values and standard deviations of biological triplicates are shown as lines 

and shaded areas, respectively. 
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Fig. S12: Growth performance of ∆ARG LEU++ strains with reengineered mutations. The 

WT monoculture is shown as reference cultivation. (A) Monocultures in CGXII medium with 

2 % (w/v) glucose and 3 mM L-arginine. B) CoNoS cultures in CGXII minimal medium with 

2 % (w/v) glucose. Mean values and standard deviations of biological triplicates are shown as 

lines and shaded areas, respectively. 

 

 

Fig. S13: SDS-PAGE of purified His10-ArgT protein. The protein was overproduced in E. 

coli BL21(DE3) using plasmid pET-TEV-argT and purified by Ni-NTA affinity 

chromatography and subsequent size exclusion chromatography. The theoretical molecular 

weight of ArgT is 33 kDa. The protein sample was mixed with 5x SDS loading buffer and 

analyzed by SDS-PAGE and Coomassie staining. Lane 1, marker; lane 2, His10-ArgT protein. 
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Fig. S14: Representative ITC experiment with His10-ArgT and L-citrulline. (A) Raw data 

of a titration experiment performed with 100 µM L-citrulline and 30 µM His10-ArgT in 40 mM 

HEPES-NaOH buffer, pH 7.4, with 100 mM NaCl. (B) Corresponding binding isotherm leading 

to a KD value of 432 nM. 
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Figure S15: Growth performance of CoNoS comprising ∆LEU ARG+ and ∆ARG LEU++ 

strains as well as these strains with reengineered mutations. Cultures were performed in 

biological triplicates in CGXII medium with 2 % (w/v) glucose. (A) The solid line represents 

the average growth of the replicates, the shady line background represents the standard 

deviation. WT monoculture is shown as reference cultivation. (B) Average growth rate and 

standard deviation of the cultures shown in (A). 
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3. Discussion 

3.1 Development of cooperation and bacterial coevolution 

Genome reduction is a frequent consequence of adaptation in nature, and mutual or commensal 

cooperation via cross-feeding interactions can stabilize species after severe gene loss (see 

chapter 1.2). Synthetic communities of genome-reduced strains were so far mainly constructed 

with E. coli or S. cerevisiae (Shou et al., 2007, Pande et al., 2014). In this thesis, we showed 

that synthetic communities of C. glutamicum strains with different amino acid auxotrophies 

could be generated. Metabolic dependency is sufficient for microbial cooperation to arise, but 

engineering of the strains for overproduction of the amino acid fed to the partner strain is 

required for robust growth (Schito et al., 2022). This is absolutely in line with the finding that 

obligate dependencies in a spatially isolated, cheater-free environment are one ideal prerequisite 

for cooperation, as this is from an experimental and also from a mathematical modeling 

perspective a viable pathway for the emergence of cooperation (Nowak and May, 1992, Hol et 

al., 2013). Starting with different amino acid auxotrophic strains, only a small number of 

pairings were able to grow, and their growth was extremely slow, requiring several days to 

increase the OD two-fold. These pairs constituted our 1st generation CoNoS. There are two 

possible explanations for the minimal growth of these co-cultures. The first one is that growth 

was based on the small amount of leakage including the required amino acids (Wendering and 

Nikoloski, 2022) or exported “extended” overflow metabolites produced by the cells (Paczia et 

al., 2012), initially supported by the tiny amount of essential amino acids remaining from the 

pre-cultivation. This is in line with models for community development (Wendering and 

Nikoloski, 2022) and with the CoNoS growth later being strongly improved by metabolic 

engineering to increase the production of the amino acid to be fed to the partner strain. One 

alternative explanation would be adaptations of the strain that result in both strains 

overproducing the essential metabolite for the partner strain. This was observed before in a co-

culture of two E. coli strains, having either an L-leucine or an L-isoleucine auxotrophy, in which 

a global activation of the anabolic metabolism was observed via a transcriptome analysis 

(Hosoda et al., 2011). Such coexistence and transcriptomic responses between closely related 

Salinibacter ruber strains isolated from their natural habitats were also shown before 

(Gonzalez-Torres et al., 2015). The mathematical description of the viability of those artificial 

communities is the rule S1S2 > C1C2 with Si (i = 1, 2) being the amount of the cross-fed 

metabolite being supplied by each strain and Ci the required metabolite consumption necessary 

for growth (Momeni et al., 2011), accurately describing also the growing CoNoS.  
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Several auxotrophic strain pairs were improved to yield a number of viable, engineered 

2nd generation CoNoS by increased cross-feeding due to relieved feedback inhibition of key 

enzymes of the relevant amino acid biosynthesis pathways, similar to approaches for other 

communities (Pande et al., 2014). These metabolically engineered CoNoS grew significantly 

faster. The growth rates were further increased by additional mutations, suggesting that 

community growth depended directly on the concentration of the cross-fed amino acids each 

partner produced (Schito et al., 2022). The best growing CoNoS at this stage, a ΔHIS LEU++↔ 

ΔLEU HIS+ community, reached 88 % and 97 % of the WT growth rate of and final backscatter, 

respectively, with the CoNoS notably not being limited to the slower growth rate of the two 

individual monocultures supplemented with the missing amino acids (see Figure 5.1 in 

Appendix). Based on that result, it does seem possible to set up a further optimized 

C. glutamicum based CoNoS that can compete with the WT, as it was shown for E. coli before 

(Pande et al., 2014). 

One interesting question in the field of microbial communities is how microbes react to 

other organisms in their surroundings and how symbiosis develops. In our studies, the 

cooperation between the two strains was determined mainly as a measure of community growth 

rate (calculated from growth in the BioLector systems), supported by data about the amino acid 

production (measured via HPLC, allowing only for snapshots of the respective concentrations 

at certain time points). Metabolic and transcriptomic changes in the strains, however, could 

prove to be highly interesting for studying and understanding the used CoNoS. Similar 

approaches with genetically-engineered auxotrophic strains of E. coli strongly suggested such 

transcriptomic changes upon one strain encountering the other (Hosoda et al., 2011). In this 

study, for example, they found a global activation of the anabolic metabolism, which included 

pathways for the specific cross-fed metabolites, instead of only activating specific biosynthetic 

pathways and transporters (Hosoda et al., 2011). Improved RNAseq methods also enable 

differential expression analysis between mono- and co-culture, as demonstrated elsewhere, e.g., 

for a mixed culture of Phascolarctobacterium faecium and Bacteroides thetaiotaomicron 

(Ikeyama et al., 2020) and for Bacillus subtilis natto and Bifidobacterium animalis subsp. lactis 

(Wang et al., 2015). This might also be used to elucidate the transcriptional responses of the 

C. glutamicum CoNoS partner strains but would require a further step of separation of the two 

strains, based, for example, on fluorescence via a FACS (Hullet et al., 1969) or would require 

single cell isolation (Gross et al., 2015) and single-cell RNAseq (Tang et al., 2009, Olsen and 

Baryawno, 2018). This could answer questions regarding the origin and the persistence of 

symbiosis, factors in its ecology, and symbiotic partner adaptations, which are interesting to be 
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studied in an artificial community with reduced complexity and good controllability as a model 

for natural systems (Momeni et al., 2011). The general advantages of laboratory-based 

microbial model systems to answer such questions unattainable via field observation and field 

experiments have been pointed out before (Jessup et al., 2004). 

When synthetic co-cultures are designed, initial metabolite exchange is most likely not 

optimal. Evolution, together with the identification of evolved changes, is a powerful tool to 

improve community growth and to identify bottlenecks. Similar to obligate cross-feeding 

communities of E. coli (Lloyd et al., 2019, Preussger et al., 2020) or lactic acid bacteria in 

mixed cultures with S. cerevisiae (Konstantinidis et al., 2021), coevolution of the ΔARG LEU++ 

↔ ΔLEU ARG+ CoNoS with stable, beneficial mutations occurred over time (Neuheuser, 2022, 

Zuchowski et al., 2023). Mutations with a beneficial effect on community growth accumulated 

in both partner strains, which is not uncommon (Hillesland and Stahl, 2010, Lloyd et al., 2019, 

Preussger et al., 2020). Our finding that genomic changes are primarily related to amino acid 

import matches with the findings in the mentioned evolved E. coli and lactic acid bacteria, in 

which mainly mutations or duplications in different amino acid uptake systems and 

transcriptional regulators were found (Lloyd et al., 2019, Konstantinidis et al., 2021). In other 

examples of sequenced communities, mutations in a porin and a global regulator were found in 

an evolved E. coli strain auxotrophic for L-tryptophan (Shendure et al., 2005), and mutations in 

a gene for lipopolysaccharide biosynthesis resulted in improved adherence to the (exploited) 

partner in P. putida (Hansen et al., 2007). For sequenced evolved consortia so far, this suggests 

that the metabolite uptake is often the bottleneck and – if this is relieved – that genomic changes 

resulting in improved production rather affect transcriptional regulators than the genes for the 

cross-fed metabolite synthesis pathways.  

One potential selective pressure on co-cultures over the long run are culture 

heterogeneity and cheater-cells, which can often arise in spatially unstructured environments 

during evolution of E. coli and C. glutamicum (Hol et al., 2013, Stella et al., 2021). As cross-

fed amino acids are a costly public good, cheating by losing the ability to overproduce the amino 

acid while still benefitting from those produced by others is a valid, selectively favored strategy 

(West et al., 2007). In case of the ΔARG LEU++ ↔ ΔLEU ARG+ CoNoS, mutations in the 

genes encoding the feedback-resistant ArgB and LeuA that yield feedback-sensitive variants 

again could result in faster individual cell growth, and was presumably also observed in this 

work, in which some isolated cells of the last batch failed to grow with an unevolved partner 

strain (see Figure S1, (Zuchowski et al., 2023)). This underlines the importance of testing at 

least several clones after an ALE. Also, as long as the selective pressure lies on faster growth, 
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strains with mutations resulting in improved production but slower growth are not favored 

during the ALE (Dragosits and Mattanovich, 2013). Mutations with relation to transport, 

however, which give an advantage only to the individual cell, are proof to those cheaters in the 

long run. Still, valuable novel production traits could be identified by the coevolution of the 

CoNoS (Zuchowski et al., 2023), exemplifying why the evolution of communities is an 

interesting new approach for evolution-guided metabolic engineering. 

 

3.2 The CoNoS approach as a new strategy for evolution-guided metabolic engineering 

Evolution-guided metabolic engineering harbors the potential to use the power of evolution to 

improve strain performance via novel ways not considered by rational strain design. This 

strategy, however, is only effective under specific conditions, and therefore, novel approaches 

such as the CoNoS concept are a valuable addition. Of main importance for the success of the 

evolution-guided approach is to link the phenotype of the desired mutation that improves small-

molecule production to something easily identifiable such as fitness or fluorescence, which has 

repeatedly been applied to C. glutamicum, as reviewed elsewhere (Stella et al., 2019). ALE 

experiments to select for increased small molecule production were reported that depended on 

linking the productivity to growth or product tolerance, as observed for putrescine (Li et al., 

2018b), L-ornithine (Jiang et al., 2018) and fatty acids (Takeno et al., 2013). For example, in 

the case of putrescine, high product concentrations impeded strain growth (Schneider and 

Wendisch, 2010), which was presumably improved via the ALE, resulting in increased growth 

rate and production at the same time (Li et al., 2018b). A further possibility is the screening for 

evolved strains with higher production via coupling production of a small molecule, such as 

L-valine, to fluorescence in a biosensor-coupled approach (Mahr et al., 2015). Nevertheless, the 

toolbox for identifying novel production traits not related to improved growth or fitness in 

C. glutamicum as well as in other organisms is limited. Therefore, recent successes in evolving 

communities that rely on cross-feeding interactions, such as a CoNoS, are promising for 

evolution-guided metabolic engineering for improved small molecule production (Harcombe, 

2010, Preussger et al., 2020, Konstantinidis et al., 2021, Zuchowski et al., 2023). It was 

proposed that the rate of mutations, i.e., molecular evolution, increases in coevolution 

approaches, leading to accelerated evolution (Paterson et al., 2010, Schulte et al., 2010), which 

makes community evolution attractive. It is a matter of debate, though, if this applies mainly to 

antagonistic behavior or also to mutual cross-feeding interactions (Bergstrom and Lachmann, 

2003). The fact that the examples from other working groups were often either not sequenced 

or that the identified mutations were not reintroduced in the parental strain limits the knowledge 
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available in that field. However, our success in identifying a yet unknown transporter for 

L-arginine as a novel production trait proves the high potential of the CoNoS approach. Notably, 

also the evolution-guided engineering of poorly growing monocultures, such as the ΔTRP 

strain, was successful in identifying a novel L-tryptophan production trait (see Appendix 

chapter 5.2), suggesting that this procedure can be a relevant first step for certain CoNoS. 

Due to the variety of microorganisms that successfully evolved in communities before, 

we assume that the CoNoS approach is easily transferrable to other organisms or co-culture 

setups. However, this concept is limited by the effort and resources of the evolution experiment, 

especially if the growth rate of the community is high: We failed to evolve a further engineered 

faster growing ΔARG LEU++ ↔ ΔLEU ARG++ CoNoS in comparison to the one we 

successfully evolved with the same 16 repetitive-batches ALE approach (Zuchowski et al., 

2023). In a laboratory approach for E. coli to gain the capacity to metabolize citrate, this took 

31,500 generations in an evolution experiment taking 20 years (Blount et al., 2008), suggesting 

that significantly longer robotic ALEs might be needed if no “easy” mutations are available 

such as the inactivation of a repressor. Changing our ALE approach (Radek et al., 2017, 

Tenhaef et al., 2018, Zuchowski et al., 2023) by choosing to evolve fewer replicates and thereby 

enabling more transfers per replicate might be one suitable solution, especially since the number 

of possible paths for proteins to evolve can be very limited (Weinreich et al., 2006). On the 

other hand, screening not for faster growth but for higher community member fluorescence – 

either increased eYFP or Crimson signal since both strains harbor a different fluorescent protein 

– could be a complementary approach, employing a different selection regime for improved 

small-molecule production similar to biosensor approaches (Dragosits and Mattanovich, 2013, 

Mahr et al., 2015, Preussger et al., 2020). The problem of identifying mainly false positives 

with mutations in the fluorophore gene can partly be circumvented, as those mutations would 

only increase the amount of one signal, while mutations increasing cross-feeding would benefit 

both strains, yielding two increased signals.  

Another considerable challenge of this community evolution concept is that it seems to 

be hitherto limited to mutations in transporters and transcriptional regulators, as those are the 

important bottlenecks that can easily be relieved due to mutations (Shendure et al., 2005, 

Konstantinidis et al., 2021, Zuchowski et al., 2023). Additional approaches therefore need to 

be developed to reach desired mutations in the biosynthetic machinery, as in the cited 

approaches, mutations in the biosynthetic machinery were either introduced via metabolic 

engineering (Zuchowski et al., 2023) or were natural prerequisites by choosing natural 

producers from a natural isolate collection (Konstantinidis et al., 2021). Based on the mutations 
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identified in the engineered ΔARG LEU++ ↔ ΔLEU ARG+ CoNoS, it might be a possible 

solution to introduce the identified beneficial mutations leading to uptake improvements into 

the 1st generation CoNoS. In a second ALE experiment, this community with improved 

transporter capacities could experience a selective pressure that potentially shifted to production 

improvements. To be noted, in liquid cultures in general, the selective pressure seems to push 

firmly to improving transport. To circumvent this, an alternative would be using spatially 

structured environments. In one example, this was previously shown to be a viable way for 

evolving an E. coli – Salmonella typhimurium community (Harcombe, 2010). This approach on 

minimal medium plates yields increasing local metabolite concentration, improves cell 

aggregation, and limits cheating (Harcombe, 2010, Stella et al., 2021).  

With the community-based evolutionary engineering approach, the identification of 

further production traits, also for other cross-feeding pairs, should be possible. As long as a 

mutual dependency is guaranteed, further communities could be set up and evolved, potentially 

also involving cross-feeding of organic acids, vitamins, and carbohydrates since those are also 

common (predicted) auxotrophies (Goyal, 2018). Experimentally verified examples of cross-

feeding interactions include metabolites such as xylose and acetate (Riviere et al., 2015). 

However, not all pairings might be possible. As discussed in Appendix chapter 5.1, we were 

not able to evolve the rapidly growing ΔHIS LEU++↔ ΔLEU HIS+ CoNoS with a similar 

approach as reported (Zuchowski et al., 2023), but instead observed a substantial decrease in 

growth rate after transfer to the second batch. This points to yet unknown limits of the approach, 

such as the accumulation of toxic intermediates or the disruption of stable strain ratios. Further 

refined liquid handling robotic systems that allow for intermediate washing steps or that allow 

for a flexible, fluorescence-based amount of cells transferred to ensure a minimum cell number 

of both partner strains could be developed in this regard. 

 

3.3 Studying and improving community dynamics within a CoNoS 

Through this work, we studied the growth of synthetic C. glutamicum communities in detail. 

One key parameter for co-culture growth is the ratio between the two partner strains, which was 

therefore in silico modeled with the SteadyCom approach predicting metabolic flux 

distributions consistent with the steady-state community dynamics (Chan et al., 2017) by our 

project partners (Bergen, 2021) and compared to our findings via colony PCR, fluorescence 

signal measurements, and automated cell counting (Schito et al., 2022). The simulated strain 

distribution takes the different demands of amino acids for the cellular composition into 

account. Due to the metabolic engineering to relieve growth bottlenecks, the strain ratio for the 
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differently engineered ΔARG ↔ ΔLEU CoNoS changed with each engineering step 

(ARG/LEU0/+/+/+), also changing which of the two strains is more abundant (Schito et al., 2022). 

However, the stoichiometry of the fastest growing ΔARG LEU++ ↔ ΔLEU ARG++ CoNoS is 

still far from the optimum 67:33 ratio predicted by the model (Schito et al., 2022). The two 

most critical points of this model might be an incomplete knowledge about the metabolism and 

the physiology of C. glutamicum, as well as that the model does not take the rate and costs of 

the transport of the cross-fed metabolites into account. Therefore, this ideal ratio can likely not 

be reached in a biological system (Chan et al., 2017). Further developed gap-filling algorithms 

that make predictions of metabolic interactions and retrieve fitting biochemical reactions from 

external databases could be implemented to get better models (Giannari et al., 2021). 

To circumvent unbalanced strain ratios, several tools of microbial consortia control were 

recently developed. These tools would enable us to adjust the strain ratio closer to the modeled 

or, even better, to an experimentally identified ratio for ideal, efficient cross-feeding rates or, 

in a different setup, to control the strain ratio for a specific increase in the abundance of the 

strain used for production purposes. One example are metabolic switches based on the exchange 

of the promoter of an essential gene with a regulable promoter to tune gene expression by 

adding specific molecules. For C. glutamicum, different examples of nutrient-responsive 

regulation of single-strain growth via gluconate, vanillin, and myo-inositol are known 

(Baumgart et al., 2016, Siebert et al., 2021). Other examples, such as arabinose- and propionate-

inducible plasmid-based expression of secretion or production genes for the cross-fed amino 

acids, were used to control a synthetic community of L-tyrosine or L-tryptophan auxotrophic 

E. coli strains, allowing for a wide range of strain ratio and overall community growth rate 

(Kerner et al., 2012, Hol et al., 2014). One regulable synthetic C. glutamicum consortium was 

also already established, comprising an L-lysine auxotrophic strain and an L-lysine producer 

strain regulated via the inducer IPTG as well as through optogenetic control via photocaged 

IPTG (Burmeister et al., 2021). However, in those examples, the community did not possess a 

mutual metabolic dependency, therefore the comparison to a CoNoS is difficult. Optogenetic 

control was also employed to regulate an E. coli – S. cerevisiae community (Lalwani et al., 

2021). In monocultures, automated optogenetic control reaches high precision and repeatability 

in regulating gene expression (Milias-Argeitis et al., 2016). Further potential mechanisms 

successfully applied in different consortia include quorum-sensing systems based on orthogonal 

cell-signaling molecules and autoinducers (Chen et al., 2015, Stephens et al., 2019) and 

peptide-based communication systems (Marchand and Collins, 2013). 
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To control the strain ratio of a C. glutamicum co-culture, a metabolic switch system 

allowing for efficient regulation of the strain ratio did not exist and had to be developed. In the 

course of this thesis and a related master thesis, different switches for nutrient-responsive gene 

regulation to control the ΔARG strain via gluconate, vanillin, and myo-inositol were tested 

(Berger, 2023). The gluconate switch (Baumgart et al., 2016) involving the exchange of the 

native phosphofructokinase pfkA promoter (cg1409) with the promoter of the gluconate kinase 

gntK (cg2732) indeed allowed the regulation of the helper strain growth in relation to the initial 

gluconate concentration. Due to the gluconate-sensitive promoter in front of the essential pfkA 

gene, expression of pfkA was repressed by GntR (gluconate-responsive repressor 1 and 2) after 

the initially present gluconate was fully metabolized (Frunzke et al., 2008) (see Figure 3.4). 

The CoNoS growth rates and final backscatter signal were regulable. With this tool, an 

increased accumulation of L-arginine in the supernatant of the ΔARG LEU++ ↔ ΔLEU ARG+++ 

CoNoS was possible, presenting this approach as very interesting for the setup of an L-arginine 

production process (Figure 3.1).  

Another notable insight next to the fluctuations in the strains’ ratio was the suggested 

“island effect”, meaning that close physical contact between the cells of the partner strains was 

required, as shown for growth in the microfluidic chamber, especially during the early stage of 

cultivation (Schito et al., 2022). A high dilution of the cells and the cross-fed amino acids at 

low starting ODs also significantly reduced the growth rate (see Figure 5.1B). This became 

especially relevant when a ΔARG LEU++ ↔ ΔLEU ARG+++ CoNoS growing with a specific 

growth rate of µmax = 0.47 ± 0.01 h-1 (equivalent to 83% of the WT) in a microscale (800 µL) 

BioLector experiment was cultivated in a 1 L scale batch experiment (see Figure 5.2). In this 

initially highly diluted and more heterogeneous environment, a µmax = 0.19 ± 0.01 h-1 was 

observed, equivalent to only 53% of WT growth.  

One frequent adaptation in nature as well as in synthetic communities are physical 

aggregation and filaments or tubule formation (Preussger et al., 2020, Ishii et al., 2005, Wanner 

et al., 2008). Since C. glutamicum does not show autoaggregation naturally, engineering the 

partner strains for physical adherence might be a viable approach for improving community 

growth. In general, multiple different principles for increased cell interaction in nature were 

already described, such as the formation of biofilms, pili, or the presentation of either an 

antibody-antigen pair or other specific interacting proteins on the cell surface (Proft and Baker, 

2009, Flemming et al., 2016, Trunk et al., 2018, Nwoko and Okeke, 2021).  

 



Discussion 

99 

 

 

Figure 3.1: Gluconate-dependent regulation of CoNoS growth and L-arginine production 

(A) Primary carbon metabolism of C. glutamicum with D-glucose as carbon source. Gluconate 

is taken up separately from D-glucose and enters the central metabolism via the pentose 

phosphate pathway (PPP). The native pfkA promoter was exchanged with the gluconate-

sensitive promoter PgntK, which is repressed by GntR1 and GntR2 in the absence of gluconate, 

resulting in an interruption of central metabolism. Adapted from (Frunzke et al., 2008, Zelle et 

al., 2015, Ramp, 2022). (B) Characterization of the growth rate of the CoNoS ΔLEU 

ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK in relation to different initial gluconate concentrations 

(dashed orange line). The growth rates of this CoNoS are compared to the parental CoNoS 

ΔLEU ARG+++ ↔ ΔARG LEU++ with and without 1 mM gluconate (dashed blue line) (C) End-
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point determination of L-arginine accumulation in the CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++ 

ΔPpfkA::PgntK (orange bars). The L -arginine titer is compared to the parental CoNoS ΔLEU 

ARG+++ ↔ ΔARG LEU++ with and without 1 mM gluconate (blue bars). All cultures were 

performed in triplicate in CGXII medium with 111 mM D-glucose in 800 µL at 30°C and 1400 

rpm. CoNoS were inoculated in a 1:1 ratio to OD600 = 1. Based on the maximum value recorded 

for each WT in the respective experiment, the backscatter data were normalized. The mean 

values are shown as points/bars, and standard deviations as vertical lines. Adapted from 

(Berger, 2023). Abbreviations: GntK (gluconate kinase), GntP (gluconate permease), GntR1 

(gluconate-responsive repressor 1), GntR2 (gluconate-responsive repressor 2), IolT1 (myo-

Inositol transporter 1), IolT2 (myo-Inositol transporter 2), PEP (2-phosphoenolpyruvate), PfkA 

(6-phosphofructokinase), Pgi (glucose-6-phosphate isomerase), PpgK (polyphosphate 

glucokinase), PPP (pentose phosphate pathway), PtsG (glucose phosphotransferase system), 

TCA (tricarboxylic acid cycle).  

 

For stirred tank bioreactors, especially autoaggregation mediated by self-recognizing surface 

structures such as exopolysaccharides or proteins might be favorable. Examples for 

C. glutamicum are yet lacking, but in E. coli, heterologous expression and surface display of 

YadA of Yersinia enterocolitica, for example, resulted in cell aggregation (Trunk et al., 2018). 

Furthermore, multicellular self-assembly in various patterns could also be conferred to E. coli 

via outer membrane-displayed nanobodies and antigens (Glass and Riedel-Kruse, 2018). 

Proteins like this could be displayed on the surface of C. glutamicum on anchor proteins such 

as PgsA of Bacillus subtilis (Tateno et al., 2007), and several further homologous and 

heterologous anchor proteins are known (Lee and Kim, 2018). Successful aggregation between 

the partner strains could then increase the exchange of the cross-fed amino acids, relieving the 

transport as a bottleneck and thereby improving community growth in large-scale 

fermentations. Eventually, this could also shift the selective pressure in an ALE experiment 

from amino acid transport toward a different bottleneck related to production. 

 

3.4 Setting up a production process with a CoNoS 

None of the auxotrophic strains had shown a higher growth rate or maximum backscatter as 

predicted by the in silico analyses (Schito et al., 2022) and shown for E. coli auxotrophs 

(D'Souza et al., 2014) before. The additional carbon supply and the energy savings due to the 

deletion of the highly abundant amino acid synthesis enzymes may still result in a production 

advantage. For C. glutamicum grown on D-glucose as energy and carbon source, the synthesis 

of 1 mol L-arginine is highly demanding and requires 2 mol ATP and 3 mol NADPH. Providing 

sufficient cofactors for high L-arginine titers therefore is a metabolic challenge, and metabolic 

stress could be relieved by the cells not being required to produce those metabolites (Noack and 

Baumgart, 2019). We analyzed the L-arginine titer of a CoNoS comprising ΔLEU ARG+++ as a 
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producer strain and ΔARG LEU++ ΔPpfkA::PgntK as a regulable partner strain to set up a 

production process in 1 L scale. In addition to previously known targets for metabolic 

engineering, the genes encoding the L-arginine importer ArgTUV were deleted in the producer 

strain to prevent the reuptake of the exported product (Zuchowski et al., 2023). Growth and 

L-arginine production were compared to a WT ARG+++ strain, harboring the same modifications 

for improved L-arginine production without having the auxotrophy for L-leucine (Figure 3.2, 

see also Appendix 5.1.3). 

 

Figure 3.2 Comparison of L-arginine production in 1 L batch cultivation in a CoNoS setup 

and a WT ARG+++ monoculture. The strain WT ARG+++ (A) and the CoNoS ΔLEU 

ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK (B) were cultivated in duplicates in CGXII medium with 

111 mM D-glucose in a DASGIP 1 L fermentation system. The cultivation was started with an 

OD600 = 1 (i.e., 0.5 per strain in co-culture), and 0.5 mM gluconate was added to the CoNoS. 

The mean values are shown as diamonds (cell dry weight g/L), circles (D-glucose g/L) and 

triangles (L-arginine mM), and standard deviations as lines. For further details, see Appendix 

chapter 5.1. 

 

Astonishingly, a clear increase in L-arginine titer in the CoNoS was observed compared to the 

reference monoculture, both in a 1 L batch reactor as well as a 1 L fed-batch experiment (see 

Appendix Figure 5.3). In smaller scales, this result was observed as well (Berger, 2023). This 

result could indeed implicate that the higher efficiency of communities regarding carbon and 

energy usage described before (Bernstein et al., 2012, Pande et al., 2014, Yang et al., 2020) 

can result in improved production, despite the doubts regarding the CoNoS concept (described 

in chapter 1.3.1). Effects on the production titer could also be attributed to cell lysis effects in 

the CoNoS, as observable in the CDW development over time. To our knowledge, this is the 

first time that an increased titer upon introducing selected auxotrophies relieved by cross-

feeding interaction in a synthetic co-culture was reported (Noack and Baumgart, 2019). 
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Previous examples of improved production with natural or synthetic communities exist but are 

rare (Sabra et al., 2010, Rosero-Chasoy et al., 2021) and can often be related to other factors, 

such as in the case of increased poly-(3-hydroxybutyrate) (PHB) production to substrates being 

consumed entirely only in the co-culture (Mohanakrishnan et al., 2020). Other examples, e.g., 

for improved organic acid production, heavily rely on beneficial synthesis pathway separation 

on two strains (Li et al., 2018a, Guo et al., 2020) or on spatially separated synergistic fungi 

(Hölker et al., 2004), which is also not the case for the shown CoNoS, suggesting the discovery 

of a different way for improving small molecule production utilizing communities. 

From these results alone, it cannot be precisely determined what factor is causing this 

improved L-arginine production. One important hint about the source of the improved 

production is the observed increase in L-arginine titer related to the L-leucine auxotrophy in a 

shake flask experiment comparing WT ARG+++ and ΔLEU ARG+++ (see Appendix chapter 5.1, 

Figure 5.5). In this experiment, the monoculture ΔLEU ARG+++ (supplemented with L-leucine) 

produced 300% more L-arginine than the strain WT ARG+++. This auxotrophic monoculture 

also produced 11 % more L-arginine than the CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++ 

ΔPpfkA::PgntK. Considering the determined ratio of about 80:20 between the two partner strains 

(see Appendix Figure 5.3), it seems likely that the carbon and energy loss toward the helper 

strain caused the lower L-arginine titer compared to the supplemented monoculture. The 

advantage due to the auxotrophy is in line with the prediction of the CoNoS hypothesis about 

auxotrophies in production strains. Auxotrophies, including for amino acids, are not uncommon 

for microbial production strains, as, for example, in an L-tyrosine-auxotrophic L-phenylalanine 

producing E. coli strain (Konstantinov et al., 1991) and an L-methionine and L-isoleucine 

auxotrophic L-leucine producing C. glutamicum strain (Tsuchida and Momose, 1975). The 

currently best L-arginine producer is auxotrophic for the vitamins biotin and thiamine, and 

potentially for further metabolites, as the genome of the strain is not published and corn steep 

liquor, containing vitamins and amino acids, is fed to the strain (Park et al., 2014). For our 

producer strain ΔLEU ARG+++, it seems likely that the increased production measured in the 

fermentations is either due to increased efficiency due to the better flow of carbon and energy, 

which could be related to less concurring side reactions, due to cell lysis effects, or due to 

specific changes in the transcriptome and proteome due to the auxotrophy. To study this, one 

crucial first step would be a transcriptomic and proteomic comparison between monocultures 

of ΔLEU ARG+++ and WT ARG+++. Ruling out the possibility that general adaptions to the 

auxotrophy are at play that result in a generally higher synthesis of other amino acids would be 

one important step toward nailing down the reason for the increased production with 
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auxotrophic strains, a prerequisite for a CoNoS. Additionally, it needs to be ruled out that the 

increases in L-arginine titer result only from increased cell lysis due to the auxotrophy. Both for 

CoNoS and auxotrophic monocultures in the BioLector (see, e.g., Figure 3 and Figure 6 in 

(Schito et al., 2022) and Figure 8 in (Zuchowski et al., 2023)), in shake flasks (Appendix Figure 

5.5) as well as in the 1 L bioreactor (Figure 3.2), backscatter, OD600, and the CDW development 

suggested losses in biomass. To sum this up, from these results, it cannot be determined why 

the introduced L-leucine auxotrophy is resulting in this improved L-arginine production. This 

proof-of-principle could nevertheless be used as a basis for strains producing on an industrial 

scale, i.e., producing higher titers and growing in scales far beyond 1 L. 

The titer of the process could likely be improved since several other targets for rational 

metabolic engineering are known (see chapter 1.3.4). In addition, further evolution-guided 

metabolic engineering could be performed, evolving either the current best CoNoS or a slower-

growing CoNoS with improved amino acid uptake to identify further targets. Autoaggregation 

of the CoNoS strains for improved cross-feeding interactions could also benefit the production 

process (see chapter 3.3). One critical point is the metabolic switch used to control the CoNoS. 

From the three switches tried, the switch coupling CoNoS growth to the presence of the inducer 

molecule gluconate worked best (Berger, 2023). However, other switches might prove to be 

better. One potential downside of using the gluconate-based switch is the effect of gluconate 

on other genes in the producer strain. An inactive GntK, for example, was shown to be 

beneficial for L-ornithine production, a precursor in L-arginine production (Hwang and Cho, 

2012). The corresponding gene gntK, however, is strongly upregulated in presence of gluconate 

(Frunzke et al., 2008). Testing further methods of CoNoS regulation, e.g., via an optogenetic 

approach (see chapter 3.3), could prove to be more beneficial for production, even if those 

approaches are limited, e.g., by their upscaling capacity. 

We currently see numerous options to develop the CoNoS concept further. One CoNoS 

approach could employ the combination of the producer strain with a “mother strain”. Instead 

of introducing only one auxotrophy for a central metabolite in the producer strain, several 

further auxotrophies, e.g., for different amino acids, could still be feasible and increase 

efficiency. This should not be a metabolic problem since the median of the number of 

auxotrophies was found in one study to be in the range of 2, and examples of free-living 

organisms with more than 20 different auxotrophies are known (D'Souza et al., 2014). Since 

only a surprisingly small fraction of bacteria was found to synthesize the amino acids L-tyrosine, 

L-phenylalanine, L-histidine, and L-lysine (Mee et al., 2014), those could be ideal further targets 

for genome reduction. The mother strain, slightly overproducing the respective metabolites, 
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would provide the producer strain with the relevant metabolites. Synthetic communities with 

more than two members are also feasible but more difficult to regulate and stabilize (Mee et al., 

2014). 

 

3.5 Conclusion  

The studies summarized in this thesis describe the design and setup of a synthetic, genome-

reduced microbial community according to the CoNoS concept for establishing an L-arginine 

production process with C. glutamicum (Figure 3.3). Mutual dependencies were identified as a 

sole prerequisite for stable cooperation via cross-feeding to arise, which opened up a lot of 

possibilities for constructing more stable communities of two or even more C. glutamicum 

strains with different auxotrophies in the future. Based on the constructed auxotrophic strains, 

both the mono- and co-culture evolution-guided metabolic engineering approach enabled the 

identification of relevant novel amino acid production traits, such as the L-arginine-importer 

ArgTUV. Furthermore, unexpected links between the yet uncharacterized trpP gene and the 

function of the suf operon and L-tryptophan production were identified in this way. Combining 

different pairs and following the presented evolution approach, further genes of interest could 

be identified and characterized. This can also contribute to the identification of the function of 

yet uncharacterized genes of the biotechnological workhorse C. glutamicum.  

 

 

Figure 3.3: Community of Niche-optimized Strains (CoNoS) for L-arginine production. 

Two C. glutamicum strains, a producer strain – harboring an L-leucine auxotrophy and 

mutations for increased L-arginine production – and a helper strain – harboring an L-arginine 

auxotrophy and mutations for increased L-leucine production as well as a gluconate dependent 

metabolic switch – are used to set up a synthetic community. Only by cross-feeding interaction 

of common goods relieving the specific auxotrophies growth is possible. Growth of the helper 

strain is controlled via the gluconate concentration (indicated by green color in the presence of 

gluconate and by grey color without sufficient gluconate). The synthetic community will grow 

in a bioreactor, enabling tight control of the environmental conditions, e.g., regarding pH, 

temperature, and O2 availability. Using a suitable initial gluconate concentration, growth of the 

helper strain is limited, resulting in a shift in strain ratio towards the L-arginine producer strain, 

which results in improved L-arginine accumulation. Adapted from (Noack and Baumgart, 

2019). 
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We could show that the L-arginine titer of a CoNoS-based production process consisting of an 

L-leucine auxotrophic L-arginine producer and a gluconate-regulable L-arginine auxotrophic 

L-leucine producer can outcompete a fermentation based on pure cultures. We hypothesized 

that this might be due to energy and carbon savings from the auxotrophy, but critical 

experiments to prove this are yet missing. Demonstrating a higher carbon flux into the desired 

product instead of, e.g., biosynthetic enzymes via 13C metabolic flux analysis (MFA) that can 

discriminate between the different strains could provide important evidence (Weitzel et al., 

2013, Gebreselassie and Antoniewicz, 2015). Nevertheless, the reported results are an 

important step toward even better high-yield production processes, as the introduction of the 

L-leucine-auxotrophy clearly improved the L-arginine titer. If, for the final process, 

supplementation of L-leucine or usage of a helper strain in a CoNoS setup is the economically 

better choice, remains an open question. In general, the increased efficiency of a genome-

reduced community presents the CoNoS approach as a relevant concept for bioprocesses, 

potentially improving the production of L-arginine and further value-added compounds in a 

sustainable bioeconomy in the future.  
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5. Appendix 

5.1 Communities of Niche-optimized strains: Analyzing community cultivation in 1 L 

scale and alternative pairings  

5.1.1 Establishing further Communities of Niche-optimized Strains 

In the beginning of the experimental work of this thesis, we aimed on constructing several 

pairings of auxotrophic strains to set up our CoNoS, to have the option of choosing the best 

ones later. Therefore, ten different pairings were set up and characterized (Schito et al., 2022). 

However, no stable growth was observed for most communities, and thus amino acid 

production was improved by metabolic engineering. Here, we report two further CoNoS, which 

showed rapid and stable growth afterward (Figure 5.1). 

The first is the CoNoS comprising the strains WT ΔLEU HIS+ ↔ WT ΔHIS LEU++ was 

set up. For WT ΔHIS LEU++, feedback inhibition of L-leucine biosynthesis was relieved via 

increased expression of the leuA variant of BS018 (Vogt et al., 2014). For WT ΔLEU HIS+, we 

used the feedback resistant ATP phosphoribosyltransferase variant HisGA270D (Kulis-Horn et 

al., 2015). The WT ΔLEU HIS+ ↔ WT ΔHIS LEU++ community grew with a growth rate of 

0.49 h-1 ± 0.02 when cultivated in CGXII medium with 2% (w/v) glucose (Keilhauer et al., 

1993). In comparison to a WT cultivated under similar conditions on the same BioLector plate, 

this was equivalent to 88% of WT growth and 97% of WT backscatter. In comparison, the 

monocultures of the single strains supplemented with either L-leucine or L-histidine had growth 

rates of 0.49 h-1 ± 0.004 (WT ΔLEU HIS+) and 0.32 h-1 ± 0.01 (WT ΔHIS LEU++). These growth 

rates suggested that CoNoS growth is not limited by the growth rate of the individual strains, at 

least not by the slower-growing one. However, it needs to be kept in mind that a comparison of 

the growth rate of the CoNoS and the single strains is difficult, as the CoNoS was inoculated to 

a starting OD600 of 1 (i..e., 0.5 per strain), the single strains only to an OD600 of 0.5. Lower 

starting ODs than 0.5 per strain in a CoNoS setting proofed to be problematic (Schito et al., 

2022). The high community growth rate is an important result and makes this CoNoS another 

suitable candidate for establishing a production process, which could be pursued in the future. 

Similarly, a WT ΔLEU TRP+ ↔ WT ΔTRP LEU++ CoNoS was engineered. The 

mutations for L-leucine production were identical to the WT ΔHIS LEU++ strain. For slight 

L-tryptophan production, translation attenuation via the leader peptide trpL was interrupted via 

a mutation, and feedback inhibition by L-tryptophan was relieved via mutation of TrpES38R 

(Matsui et al., 1987). The CoNoS was characterized in comparison to the WT in CGXII medium 

with 2% (w/v) glucose (Keilhauer et al., 1993). The engineered CoNoS grew with a growth rate 

of 0.06 h-1 ± 0.01 (starting OD600 = 1). However, when using the starting OD600 = 5, a growth 
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rate of 0.23 h-1 ± 0.03 was reached. A higher starting inoculum enabled the CoNoS also to grow 

to a significantly higher final backscatter. 

Based on the WT ΔLEU HIS+ ↔ WT ΔHIS LEU++ CoNoS, the pairing WT ΔLEU 

HIS+::Ptac-crimson and WT ΔHIS LEU++:: Ptac-eYFP harboring fluorescent markers was 

constructed and given to S. Schito (AG Noack). In order to further optimize this community 

and to potentially identify novel relevant production traits of C. glutamicum, an ALE 

experiment was performed as described before (Zuchowski et al., 2023). In the automated ALE 

experiment, however, only the first batch per replicate grew as before (average growth rate 

0.45 h-1). Afterward, the growth rate decreased by almost 70 % to an average growth rate of 

0.15 h-1 and continued to decline (data not shown). This points to yet unknown limits of the 

evolution approach, such as the accumulation of toxic intermediates or the disruption of stable 

strain ratios. The exact mechanism behind this decrease in growth was not further examined. 

 

 

Figure 5.1: Growth characterization of further constructed CoNoS. Cultivation of (A) WT 

ΔLEU HIS+ ↔ WT ΔHIS LEU++ CoNoS and (B) WT ΔLEU TRP+ ↔ WT ΔTRP LEU++ 

CoNoS. All cultures were performed in biological triplicate in CGXII medium with 111 mM 

D-glucose in 800 µL at 30°C and 1400 rpm with 85% humidity control; 3 mM L-leucine or L-

histidine were added for monocultures. Monocultures were inoculated to a starting OD600 of 

0.5, and CoNoS were inoculated in a 1:1 ratio to OD600 = 1 if not stated otherwise. Backscatter 

data were normalized based on the maximum value recorded for each WT in the respective 

experiment. Mean values are shown as lines and standard deviations as shaded areas. 

 

5.1.2 First upscaling of CoNoS cultures to 1 L scale 

For a first analysis of the growth behavior of a CoNoS in the 1 L scale, the WT ΔARG 

LEU++ ↔ WT ΔLEU ARG++ CoNoS was used and compared to the WT (Figure 5.2). On this 

scale, the WT grew fast with a growth rate of which a µmax = 0.36 ± 0.01 h-1, reaching its 
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maximum OD600 and entire D-glucose consumption after 10 h. Stable CoNoS growth was 

possible as well. For the CoNoS, the maximum OD600 and entire D-glucose consumption was 

reached after 16 h, which was 6 h later than the WT. A µmax = 0.19 ± 0.01 h-1 was calculated 

from these growth curves, equivalent to only 53% of WT growth. In comparison to previous 

cultivations in the BioLector 800 µL scale, in which a µmax = 0.47 ± 0.01 h-1 (equivalent to 83% 

of the WT) was measured (Schito et al., 2022), this suggested that the gap in growth became 

more prominent in the highly diluted 1 L scale. An “island effect” was previously observed for 

a CoNoS in the microfluidic chamber, describing the inability of isolated cells to grow (Schito 

et al., 2022). Thus, this decrease in CoNoS growth relative to the WT could be attributable to 

the high dilution. 

 

 

Figure 5.2: Characterization of CoNoS growth in 1 L scale. The CoNoS ΔLEU 

ARG++ ↔ ΔARG LEU++ and the WT were cultivated in duplicates in CGXII medium with 

111 mM D-glucose in a DASGIP 1 L fermentation system. The cultivation was started with an 

OD600 = 1. The mean OD600 values are shown as diamonds, and circles mark the average 

D-glucose concentrations (g/L), and standard deviations as lines.  

 

5.1.3 Upscaling of CoNoS cultures for L-arginine production 

In the course of this thesis, the CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK was 

established, harboring the gntK promoter in front of pfkA, which resulted in a dependence of 

strain growth on gluconate concentration. With this metabolic switch, the carbon and energy 

flow into the helper strain should be limited to the bare minimum, which should result in a 

higher fraction of the producer strain in the culture and thereby a higher L-arginine titer. This 
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co-culture was characterized as well and compared to a monoculture of the L-arginine 

production strain WT ARG+++ which harbors identical mutations for increased L-arginine 

production, however, without harboring a L-leucine auxotrophy (Berger, 2023). The strains 

were cultivated in a 1 L scale in a batch- (see Figure 3.2) and a fed-batch (Figure 5.3) manner. 

In both cultivations, the final L-arginine accumulation in the supernatant was significantly 

increased by at least 70% in the CoNoS.  

 

 

Figure 5.3: Comparison of an L-arginine producer strains in monoculture with a CoNoS 

in 1 L scale. The WT ARG+++ (A) and the CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK 

(B) were cultivated in duplicates in CGXII medium with 111 mM D-glucose and 1 mM IPTG 

in a DASGIP 1 L fermentation system. The cultivation was started with a starting OD600 = 1 

(i.e., 0.5 per strain in co-culture), and 0.5 mM gluconate was added to the CoNoS. The mean 

values are shown as diamonds (blue: cell dry weight g/L; yellow: L-leucine mM), circles 

(D-glucose g/L) and triangles (L-arginine mM), and standard deviations as lines. (C) Analysis 

of the ratio between the two strains in the CoNoS in the bioreactor based on fluorescence signal 

detection of the different fluorophores in the individual strains and (D) of the fraction of dead 

cells during the cultivation via propidium iodide staining with a MACSQuant (Miltenyi Biotec, 



Appendix 

125 

 

Bergisch Gladbach, Germany). The mean values are shown as green circles (percentage of the 

amount of ΔLEU ARG+++ in the CoNoS), diamonds (percentage of dead cells of the CoNoS), 

and black circles (percentage of dead cells of the monoculture WT ARG+++ ), and the standard 

deviations as lines. 

 

Notably, the number of dead cells identified via propidium iodide staining in the CoNoS 

measured via MACS (magnetic-activated cell sorting, Miltenyi Biotec, Bergisch Gladbach, 

Germany) was drastically higher for the CoNoS than for the monoculture, even during early 

time points of cultivation where D-glucose was still present (Figure 5.3D). Lysis effects could 

therefore contribute to the improved L-arginine production with the CoNoS. Despite this large 

amount of dead cells, the depletion in biomass is lower in the CoNoS over time, which can only 

partly be caused by the overall slower growth and D-glucose consumption. The reason for the 

drastic loss in biomass, especially in the monoculture WT ARG+++, is unclear. 

The MACS analysis also allowed for determining the cell ratio in the CoNoS by 

discriminating between the eYFP and the Crimson protein fluorescence signals. This ratio 

shifted quickly from the initial 50:50 ratio to 80:20, favoring the ΔLEU ARG+++ strain, which 

is supposedly due to the helper strain with the gluconate-dependent switch being limited in 

growth (Figure 5.3C). This ratio, however, decreases during the course of the cultivation, 

yielding an almost 50:50 ratio after 45h and onwards. These changes in the ratio could be 

attributed to a higher number of dead ΔLEU ARG+++ cells, as the decrease in the ratio coincided 

with the increase in dead cells. Alternatively or additionally, a suppressor mutation in the 

metabolic switch of the helper strain could have occurred, resulting in the helper strain 

increasing in abundance. This hypothesis is backed by the increase in L-leucine titer in the 

supernatant of the CoNoS after 40h, which results in a significant difference in titer between 

CoNoS and WT ARG+++ monoculture. In the monoculture, this could be attributed to overflow 

metabolism during times of high D-glucose concentrations (Paczia et al., 2012). However, for 

the co-culture, this must result from the action of the helper strain.  

Overall, further experiments analyzing cell lysis and strain ratio development should be 

performed before drawing a conclusion regarding the beneficial effect of the community 

approach on production. Nevertheless, these data suggest that the benefits of L-arginine 

production with the communities observed on smaller scales (Berger, 2023) are also valid in 

1 L scale. Further upscaling experiments could therefore be performed, testing the growth of 

the CoNoS in larger volumes closer to industrial standards. 
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5.1.4 By-products of CoNoS-based L-arginine production 

During the fed-batch cultivation (Figure 5.3), more than 400 mM D-glucose was present in the 

medium at specific time points. Despite this amount of carbon source, the determined CDW 

decreased or only increased further, suggesting that the D-glucose was not fully incorporated to 

form biomass. Therefore, various metabolites have likely accumulated during the extended 

overflow metabolism (Paczia et al., 2012). Two 145h samples, one from the CoNoS ΔLEU 

ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK and one from the WT ARG+++ were submitted for GC-

ToF analysis (AG Noack, analysis is pending). The samples were also analyzed regarding 

further amino acids by HPLC (Figure 5.4). Over 125 mM amino acids were detected in the 

CoNoS supernatant, including notable concentrations of L-alanine, L-arginine, L-glutamic acid, 

L-glycine, L-isoleucine, L-leucine, L-lysine, and L-valine. Except for L-glycine, the quantities 

detected in the CoNoS’ supernatant surpassed the amounts accumulated in the monoculture by 

many-fold. Especially for L-valine, which was present in the monoculture only in small 

amounts, accumulated in the CoNoS to a concentration of approx. 45 mM.  

 

 

Figure 5.4: Characterization of amino acid accumulation in a CoNoS and the comparable 

L-arginine producer monoculture. The WT ARG+++ (A) and the CoNoS ΔLEU 

ARG+++ ↔ ΔARG LEU++ ΔPpfkA::PgntK (B) were cultivated in duplicates in CGXII medium with 

111 mM D-glucose in a DASGIP 1 L fermentation system (see Figure 5.3). The cultivation was 

started with a starting OD600 = 1 (i.e. 0.5 per strain in co-culture), and 0.5 mM gluconate was 

added to the CoNoS (as inducer molecule for the gluconate-dependent helper strain ΔARG 

LEU++ ΔPpfkA::PgntK). The mean values at two different time points are shown as columns and 

standard deviations as lines.  

 

This significant difference in accumulated amino acids raised two main questions. i) Is this 

reproducible, and is this accumulation of amino acids only related to the vast amount of glucose 

present during the cultivation, resulting in drastic extended overflow metabolism? ii) What is 

the course of the accumulation over time, especially in comparison to the CoNoS without the 

metabolic switch, ΔLEU ARG+++ ↔ ΔARG LEU++, and to the monoculture of the producer 
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strain ΔLEU ARG+++ supplemented with L-leucine? To answer these questions, a shake flask 

experiment was performed. (Figure 5.5). 

While all strains and communities grew almost equally fast and to a similar final OD600, 

a significant decrease in OD600 was detected for the CoNoSs as well as for the auxotrophic 

monoculture. This is in accordance with the backscatter development of various previous 

CoNoS and auxotrophic monocultures in the BioLector (see, e.g., Figure 3 and Figure 6 in 

(Schito et al., 2022) and Figure 8 in (Zuchowski et al., 2023)) as well as the CDW development 

in the batch experiment (Figure 3.2). 

The four different cultures showed significant differences regarding their amino acid 

accumulation for most amino acids except for L-glutamic acid, which was accumulated in 

similar amounts in the supernatant of all cultures. For all other amino acids identified, 

significant differences between the monoculture of ΔLEU ARG+++ supplemented with 

L-leucine and WT ARG+++ were observed. This suggested that the L-leucine auxotrophy caused 

a drastic increase in the titers of some amino acids, which was most prominent for L-alanine, 

L-arginine, and L-glycine. While for those amino acids, the titers in the CoNoSs were smaller, 

this was different for L-isoleucine, L-lysine, and L-valine. This can partly be attributed to the 

metabolic switch. While both CoNoS’ showed similar L-lysine accumulation, the titers 

L-isoleucine and L-valine were increased in the CoNoS harboring the switch. From this, it can 

be concluded that three different effects play a role: Firstly, the L-leucine auxotrophy, which 

potentially caused this drastic increase the amino acid titers. Secondly, growing in a community 

seems to have an effect, which could be attributed to the helper strain with the L-arginine 

auxotrophy exporting amino acids as well. Lastly, the metabolic switch influenced the titer. The 

switch effect resulted in changes in the stoichiometry between the producer and the helper 

strain, suggesting that for most amino acids, the producer strain contributes more to the formed 

amino acids.  



Appendix 

128 

 

 

Figure 5.5: Growth and amino acid accumulation in different CoNoS and in comparable 

L-arginine producer monocultures. The WT ARG+++, the ΔLEU ARG+++ producer strain, the 

CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++, and the CoNoS ΔLEU ARG+++ ↔ ΔARG LEU++ 

ΔPpfkA::PgntK were cultivated in biological triplicates in CGXII medium with 111 mM D-glucose 

in 500 ml shake flasks at 30°C, 130 rpm with 85% humidity control. Cultures were inoculated 
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with a starting OD600 = 0.5 per strain (i.e., 0.5 per strain in co-culture), and 0.5 mM gluconate 

was added to the CoNoS with the metabolic switch. Shown are the development of the optical 

density (A) as well as the accumulation of L-alanine (B), L-arginine (C), L-glutamic acid (D), 

L-glycine (E), L-isoleucine (F), L-lysine (G), and L-valine (H). The mean values are shown as 

diamonds and standard deviations as lines.  

 

A beneficial effect of amino acid auxotrophies on the formation of other amino acids 

has been observed before. For example, an L-isoleucine auxotrophy resulted in increased 

L-valine formation, supposedly by increased ilvBNC expression upon L-isoleucine shortage via 

an attenuation mechanism and less competing reaction for BCAA formation in C. glutamicum 

(Radmacher et al., 2002). Amino acid auxotrophies are not uncommon in production strains. 

The L-tyrosine-auxotrophic L-phenylalanine producing E. coli (Konstantinov et al., 1991) and 

the L-methionine and L-isoleucine auxotrophic L-leucine producing C. glutamicum (Tsuchida 

and Momose, 1975) are examples for this. Moreover, the current best L-arginine producer is 

auxotrophic for the vitamins biotin and thiamine, and potentially for further metabolites, as the 

genome of the strain is not published and corn steep liquor, containing vitamins and amino 

acids, is fed to the strain (Park et al., 2014). 

Especially for L-arginine, it seems likely that the increased production measured in the 

fermentations is either caused by increased efficiency due to the better flow of carbon and 

energy, as proposed by the CoNoS concept (Noack and Baumgart, 2019), which could be 

related to less concurring side reactions, or due to specific changes in the transcriptome or 

proteome due to the auxotrophy. To study this, one crucial first step would be a transcriptomic/ 

proteomic comparison between monocultures of ΔLEU ARG+++ and WT ARG+++. Ruling out 

the possibility that general adaptions to the auxotrophy are at play that result in a generally 

higher synthesis of other amino acids would be one important step toward nailing down the 

reason for the increased production with a CoNoS. A further alternative explanation are the 

above-mentioned lysis effects in auxotrophic strains and in CoNoS. In order to verify that the 

auxotrophy resulted in energy savings, a drastic effect of cell lysis has to be excluded via further 

experiments as well. 

 

5.2 Insights into metabolic changes and secondary mutations after trpP deletion with 

relevance for L-tryptophan production in Corynebacterium glutamicum  

5.2.1 Background 

For the setup for the first CoNoS cultures, we generated various strains with auxotrophies for 

several amino acids. The constructed strains with deletions of the whole biosynthetic machinery 

for one of the amino acids L-arginine, L-histidine, L-leucine, and L-serine revealed similar 
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growth behavior when supplemented (Schito et al., 2022). The noteworthy exception was the 

L-tryptophan auxotrophic strain, with its growth rate also deviating significantly from the 

previously simulated one (Schito et al., 2022). This piqued our interest in L-tryptophan 

metabolism in C. glutamicum. In this organism, the genes required for L-tryptophan formation 

from chorismate are organized in one operon, trpEGDCFBA (cg3359-3364, see Figure 5.6A). 

Immediately upstream of this operon, an sRNA potentially involved in regulating TrpE (Mentz 

et al., 2013) and the divergently located trpP is encoded. The gene trpP (cg3357) was annotated 

as an L-tryptophan permease (Kalinowski et al., 2003). Further studies with transposon mutants 

showed that L-tryptophan auxotrophy is caused when all trp genes are hit except for trpP 

(Mormann et al., 2006). The conclusion about TrpP being a permease, however, is solely based 

on homology data to previously identified transporters in 1994 (Heery et al., 1994). This was 

supported by the finding that the trpP gene product from an L-tryptophan hyper-producer – but 

not the tested WT sequence, which differed by two point mutations and a potential frameshift-

inducing insertion – conferred 5-methyltryptophan (5MT) resistance to E. coli (Heery and 

Dunican, 1993, Heery et al., 1994). With regards to transport of L-tryptophan, the aromatic 

amino acid transporter AroP (Cg1257) was identified as the main, but, potentially, not the only 

L-tryptophan importer in C. glutamicum (Wehrmann et al., 1995). 

 
Figure 5.6: Genomic organization of the trp-operon (A) and the suf-operon (B). TSS are 

given according to previous studies (Pfeifer-Sancar et al., 2013), sRNAs are given according to 

(Mentz et al., 2013). The gene cg1759 was assigned sufT based on the homology to sufT from 

M. tuberculosis (Tripathi et al., 2022).  
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More recent homology analyses, however, suggested a higher similarity between TrpP 

(in the study named Cgl1) and the SdpI protein of Bacillus subtilis (Povolotsky et al., 2010). 

Notably, C. glutamicum ATCC 13032 TrpP clustered together with proteins of C. diphteriae 

and other Corynebacteria but not with proteins of C. glutamicum R and 

Corynebacterium accolens, whose SdpI-homologs possess several more transmembrane 

domains (Povolotsky et al., 2010). B. subtilis SdpI is a part of a three-protein signal-

transduction system involving SdpI, SdpR, and SpdC, that orchestrates a delay of endospore 

formation and confers protection against a cannibalistic process induced by SdpC (Ellermeier 

et al., 2006, Gonzalez-Pastor et al., 2003). The extracellular signaling protein SdpC – after 

maturation to the 42-residue peptide SDP, harboring one disulfide bridge (Liu et al., 2010), due 

to the posttranslational action of SdpAB (Perez Morales et al., 2013) – is a toxin involved with 

intraspecies as well as interspecies defense, as it has, e.g., strong inhibitory effect on B. simplex 

growth (Rosenberg et al., 2016). SDP collapses the proton motive force, which triggers cell 

autolysis, making it a toxin beneficial in biofilms by inhibiting various neighboring Gram-

positive species and releasing their nutrients (Lamsa et al., 2012). SdpC was suggested to 

interact with the membrane protein SdpI, which changes its conformation upon SdpC binding, 

resulting in SdpI sequestering the internal autorepressor SdpR – an ArsR family transcription 

factor – by an unknown mechanism at the membrane and thereby derepressing the sdpRI 

operon, leading to more sdpI transcription and thereby to a reaction to the SDP toxin (Ellermeier 

et al., 2006). When overexpressed, sporulation is delayed, potentially in order to use the 

nutrients of lysed cells before activating its own starvation response (Gonzalez-Pastor et al., 

2003). SdpI protects the cells from the toxin which was proposed to insert itself into the 

membrane, causing the membrane to become leaky (Ellermeier et al., 2006), resulting in the 

disruption of the membrane potential and lysis (Lamsa et al., 2012). 

C. glutamicum – a non-sporulating bacterium – supposedly does not need a mechanism 

involved in endospore formation delay and contains no SdpABC homologs. In this study, we 

aimed to elucidate the role of TrpP in C. glutamicum and its potential interaction partner, as 

well as its role in L-tryptophan metabolism. We identified trpP to be a non-essential but highly 

relevant gene for cell growth, with a surprising linkage to the Fe-S-cluster assembly machinery 

found via an evolution-guided approach. Moreover, despite TrpP in all likelihood not being the 

annotated L-tryptophan permease, deletion of trpP significantly improved L-tryptophan 

production, uncovering a relevant new production trait in C. glutamicum. 
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5.2.2 Absence of trpP impairs growth of C. glutamicum  

The deletion of cg3357-cg3364 (i.e., the L-tryptophan auxotrophy used) impaired the growth of 

C. glutamicum ΔTRP even in the presence of external L-tryptophan supplementation (Schito et 

al., 2022). First, we wanted to examine whether this is a general effect of the L-tryptophan 

auxotrophy due to, e.g., limited uptake of external L-tryptophan or whether it can be assigned 

to the deletion of a certain gene. Thus, we constructed strain WT Δcg3359-3364 that lacks the 

tryptophan biosynthesis genes but still possesses trpP. This strain grew almost with WT-level 

growth rate when supplemented with external L-tryptophan (data not shown). Furthermore, we 

constructed a deletion mutant lacking only trpP (WT ΔtrpP), which had a similar growth defect 

as WT Δcg3357-3364 (Figure 5.7A). The observed lower maximum backscatter of WT ΔtrpP 

corresponded to a 17% lower OD600 after 46h. Analysis of WT ΔtrpP strain supernatant after 

46h revealed no leftover glucose and no noteworthy organic acid formation (data not shown). 

From this, we concluded that the deletion of the gene trpP caused the growth defect observed 

in the WT ΔTRP strain published (Schito et al., 2022). 

To exclude that the observed growth defect is due to any secondary mutation that happened 

during the deletion process, we performed a complementation experiment. The growth defect 

of WT ΔtrpP was relieved through plasmid-based trpP expression with pPREx2-trpP (Fig. 

5.7B), confirming that the observed growth defect was indeed caused by the absence of TrpP. 

Already low trpP expression levels in the absence of IPTG were sufficient to restore strain 

growth.  

 
 

  

Figure 5.7: Growth characterization and complementation of trpP deletion strain. 
Cultivation of (A) WT and WT ΔtrpP and (B) WT and WT ΔtrpP strains harboring expression 

plasmids. All cultures were performed in biological triplicates at 30°C, 1400 rpm, and 85% 

humidity control in non-supplemented CGXII medium with 111 mM D-glucose; 25 µg/ml 
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kanamycin and no IPTG were added for strains harboring a plasmid. Cultures were inoculated 

to an OD600 of 0.5 with material from a culture first cultivated in BHI medium for 8 h and 

afterward in CGXII (111 mM D-glucose) medium overnight (25 µg/ml kanamycin was added 

for strains harboring a plasmid). Based on the maximum value recorded for each WT in the 

respective experiment, the backscatter data were normalized. The mean values are shown as 

lines and standard deviations as shaded areas. 

 

The observed growth defect upon trpP deletion in C. glutamicum appeared to be independent 

of the L-tryptophan auxotrophy. Nevertheless, a link between trpP and L-tryptophan and 5MT 

has been suggested before (Heery et al., 1994, Heery and Dunican, 1993). Therefore, we 

analyzed the effect of those two metabolites on growth of WT and WT ΔtrpP (data not shown). 

In both strains, adding small amounts of 5MT led to a prolonged lag phase; afterward, growth 

proceeded for both strains as in medium without 5MT to similar final backscatters with similar 

growth rates. Moreover, the addition of extracellular L-tryptophan had no negative but, instead, 

a slightly positive effect on growth rate and maximum backscatter of both strains (data not 

shown). This suggested that the presence of L-tryptophan and 5MT is not likely to be involved 

in the observed negative phenotype of the ΔtrpP strain. 

Growth defects caused by deletion of uncharacterized genes often differ depending on 

the media and the carbon sources used. Therefore, we analyzed the growth of WT and WT 

ΔtrpP in different media and with different carbon sources. Under all tested conditions, a clear 

growth defect of WT ΔtrpP compared to WT was observed (Figure 5.8). The growth defect of 

WT ΔtrpP was the smallest in BHI complex medium, while in CGXII with carbon sources such 

as gluconate or myo-inositol, the lag phase of WT ΔtrpP was prolonged. Notably, in the case 

of acetate as the sole carbon source, an initial acetate concentration of 400 mM inhibited the 

growth of WT ΔtrpP, while WT could still grow after a prolonged lag phase. The observation 

suggested a link to the uncoupling activity of acetate on C. glutamicum (Wolf et al., 2020). An 

increased sensitivity of WT ΔtrpP to the protonophore carbonyl cyanide m-chlorophenyl 

hydrazone (CCCP), however, was not observed (data not shown). Overall, these results 

suggested that WT ΔtrpP has severe problems adapting to new environments with different 

carbon sources. 
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Figure 5.8: Growth characterization of WT and WT ΔtrpP in different media. Cultivation 

in (A) CGXII medium with 111 mM D-glucose, (B) Brain-heart-infusion complex medium 

(DifcoTM), (C) CGXII medium with 100 mM gluconate, (D) CGXII medium with 100 mM 

myo-inositol, (E) CGXII medium with 200 mM acetate, and (F) CGXII medium with 400 mM 

acetate at 30°C, 1400 rpm, 85% humidity control. All cultures were performed in biological 

triplicates. Based on the maximum value recorded for WT in CGXII with D-glucose, the 

backscatter data were normalized. The mean values are shown as lines and standard deviations 

as shaded areas. 
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5.2.3 Evolution-guided WT ΔTRP ΔtrpP improvement reveals suf-cluster upregulation to 

be beneficial 

Since the exact mechanism of why the deletion of trpP had impaired WT ΔTRP ΔtrpP growth 

was unknown, Adaptive Laboratory Evolution (ALE) was used to identify the bottlenecks of 

the L-tryptophan auxotrophic strains. Since the C1* ΔTRP ΔtrpP (constructed before 

WT ΔTRP ΔtrpP in (Schito et al., 2022)) possessed a drastically lower growth rate than the 

WT, there was a high selective pressure on the strain to grow faster, which makes the ALE 

approach particularly useful for identifying novel uptake and production traits (Radek et al., 

2017). For the ALE, the strain C1* ΔTRP ΔtrpP (i.e., with the deletion cg3357-3364) was used 

because the isolated effect of the trpP deletion on strain growth was not known at that time. 

The ALE with the C1* ΔTRP ΔtrpP was performed in triplicates with a supplemented 

monoculture. From each replicate, single strains were isolated after 16 independent cultivations 

and tested afterward regarding growth in comparison to the unevolved C1* ΔTRP ΔtrpP. 

Indeed, in all three replicates, the growth rate increased significantly from 0.41 h-1 to 0.49 h-1 

(work from S. Schito, data not part of this thesis). Genomic DNA was prepared and sequenced 

from those three independent replicates via whole genome sequencing. This revealed one 

mutation per replicate in the SufR regulatory protein: L25P, R77G, and Q193* (see Table 5.1).  

Two mutations were reintroduced in WT ΔTRP ΔtrpP, yielding WT ΔTRP ΔtrpP 

SufRL25P and WT ΔTRP ΔtrpP SufRQ193*. Reengineering of those mutations verified their effect 

on improving the growth of the L-tryptophan auxotrophic strains (see Figure 5.9A). SufR L25 

and R77 positions are highly conserved residues, suggesting that their mutation inhibits protein 

function (see Figure 5.10).  

To test whether deletion of SufR has a similar effect, we constructed WT ΔTRP 

ΔtrpP ΔsufR. This strain grew indeed better than WT ΔTRP ΔtrpP, so we assumed that the 

observed mutation indeed led to loss of SufR function. (see also Figure 5.9A). Similarly, growth 

of the WT ΔtrpP strain could be improved due to the effect of the sufR deletion, while the sufR 

deletion itself did not improve strain growth (see Figure 5.9B). The WT ΔTRP ΔtrpP ΔsufR 

strain was subsequently used as a basis for a further evolution experiment to identify additional 

mutations that improve growth of this strain. However, no further growth improvement was 

achieved within 16 batches (work from S. Schito, data not part of this thesis). 
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Table 5.1: Mutations identified in the evolved C1* ∆TRP ∆trpP strains 

Strain 
Position & mutation 

on DNA level
1
 

Locus tag 
Mutation 

C1* ∆TRP ∆trpP evo1 SNV A1481472G cg1765 SufRL25P 

 

C1* ∆TRP ∆trpP evo2 

   

SNV T1481317C cg1765 SufRR77G 

    

C1* ∆TRP ∆trpP evo3 SNV G1480969A  

 

cg1765 SufRQ193*
  

1Genome sequencing was performed with clones isolated from the three independent 16th 

batches of the ALE experiment. Reads were mapped using accession NZ_CP017995 as the 

reference genome, single nucleotide variants (SNV) are given for the plus strand. 

 

 

 

Figure 5.9: Growth of C. glutamicum strains with reengineered mutations that appeared 

during ALE of WT ΔTRP ΔtrpP. (A) Cultivation of WT ΔTRP based strains. (B) Cultivation 

of WT based strains. All cultures were performed in biological triplicates in CGXII medium 

with 111 mM D-glucose and 500 µM L-tryptophan for auxotrophic strains at 30°C, 1400 rpm, 

and 85 % humidity control. Based on the maximum value recorded for each WT in the 

respective experiment, the backscatter data were normalized. The mean values are shown as 

lines and standard deviations as shaded areas. 
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Figure 5.10: Multiple sequence alignment of SufR sequences of different species. 

Comparison of SufR of Corynebacterium species, Mycobacterium tuberculosis, Nocardia 

macrotermitis, Rhodococcus tukisamuensis. Clustal Omega was used for the sequence 

alignment (Sievers et al., 2011). Via Swissmodel, a potential structure of C. glutamicum SufR 

was predicted as a reference (modeled after the crystal structure of RecX PDB 3d5l.1.A) 

(Waterhouse et al., 2018). The alignment was visualized with ESPribt 3.0 (Robert and Gouet, 

2014). The mutation sites identified in the evolved C. glutamicum strains are marked with an 

asterisk. 

 

SufR is a transcriptional regulator with a predicted DNA binding domain located near the N-

terminus (Paysan-Lafosse et al., 2023), and the link between iron-sulfur-cluster formation and 

TrpP is up to now not clear. Only one binding site of SufR in the promoter region of sufR itself 

was predicted according to CoryneRegNet 7 in C. glutamicum (Parise et al., 2020). This 

regulator located upstream of the suf operon is transcribed via its own promoter (see Figure 

5.6). Since SufR could have yet unknown target genes, we performed microarray experiments 

to identify genes differentially regulated in the absence of SufR. The results of the transcriptome 

analysis of WT ΔTRP ΔtrpP and WT ΔTRP ΔtrpP ΔsufR are shown in Table 5.2. 

 

Table 5.2: Transcriptomic comparison of WT ΔTRP ΔtrpP ΔsufR and WT ΔTRP ΔtrpP 

Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg1760 sufU cysteine desulfhydrase 3 8.04 0.01 

cg1762 sufC 
Fe-S cluster assembly 

ATPase 
3 6.88 < 0.01 

cg1764 sufB Fe-S cluster assembly protein 4 6.70 < 0.01 

cg1763 sufD 
Fe-S cluster assembly 
membrane protein 

4 6.61 < 0.01 

cg1765 sufR 
transcriptional regulator of 

suf-operon 
4 6.32 < 0.01 

cg3096 ald aldehyde dehydrogenase 4 4.11 < 0.01 

cg2538  
alkanal monooxygenase 

alpha chain 
3 2.88 0.01 

cg3335 malE malic enzyme 3 2.71 < 0.01 

cg2838  
putative dithiol-disulfide 

isomerase 
3 2.42 < 0.01 

cg2181 oppA 
ABC-type peptide transport 

system, secreted component 
4 2.39 < 0.01 

cg0133 abgT 
p-aminobenzoyl-glutamate 
transporter 

3 2.30 0.011 

cg2106  hypothetical protein cg2106 3 2.28 < 0.01 

cg2184 oppD 
ATPase component of 

peptide ABC-type transport 
3 2.14 0.016 
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Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

system, contains duplicated 

ATPase domains  

cg2183 oppC 
ABC-type peptide transport 

system, permease component 
3 2.08 < 0.01 

cg1881  
putative iron-dependent 
peroxidase, secreted protein, 

conserved 

4 0.48 < 0.01 

cg1883  putative secreted protein 4 0.46 0.017 

cg1884  
putative copper resistance 

protein C 
4 0.45 < 0.01 

cg3140 tagA1 
probable DNA-3-
methyladenine glycosylase I 

protein 

4 0.37 < 0.01 

cg3139  hypothetical protein Cg3139 4 0.37 < 0.01 

cg1300 cydB 
cytochrome D terminal 

oxidase polypeptide subunit 
3 0.33 0.035 

cg1343 narH 
dissimilatory nitrate 
reductase, β-subunit, iron 

sulfur protein 

4 0.33 < 0.01 

cg1342 narJ 
dissimilatory nitrate 
reductase, δ-subunit, 

assembly factor 

4 0.32 < 0.01 

cg1341 narI 

dissimilatory nitrate 

reductase, γ-subunit, 
cytochrome b 

4 0.31 < 0.01 

cg3138 ppmA 
putative membrane-bound 

protease modulator 
4 0.31 < 0.01 

cg1344 narG 

dissimilatory nitrate 

reductase, α-subunit, Mo 

cofactor-containing 

4 0.28 < 0.01 

cg1345 narK nitrate/nitrite antiporter 4 0.26 < 0.01 

1 Number of experiments 
2 Results of microarray experiments comparing the gene expression in WT ΔTRP ΔtrpP ΔsufR / 

WT ΔTRP ΔtrpP. Shown are all target genes with at least 2-fold change in at least 3 of 4 

experiments (p-value < 0.05).  

 

The analysis revealed 11 genes or gene clusters to be ≥ 2 times differently regulated in the WT 

ΔTRP ΔtrpP ΔsufR strain. Most strongly upregulated is the suf-operon. Except for the suf 

operon, none of the other target genes show an obvious relation to SufR, and from the identified 

genes, only the nitrate reductase contains a Fe-S cluster. This suggested that SufR primarily 

regulates the suf-cluster expression and no other target, which is in line with the data published 

at CoryneRegNet 7 (Parise et al., 2020). It cannot be excluded, though, that further genes are 

regulated by SufR since their differential regulation in absence of SufR could be concealed by 

another regulator.  
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To verify that higher expression levels of the suf-cluster in the strain WT ΔTRP ΔtrpP are 

indeed responsible for the improved growth of WT ΔTRP ΔtrpP ΔsufR, the whole suf-operon 

was expressed in WT ΔTRP ΔtrpP. For this, the pAN6 shuttle vector for regulated gene 

expression with a Ptac promoter in front of the suf-operon (Frunzke et al., 2008) was used. The 

resulting strain WT ΔTRP ΔtrpP pAN6-suf-cluster was characterized in a BioLector 

experiment with various initial IPTG concentrations (data not shown). However, all tested IPTG 

concentrations > 0 mM resulted in a growth defect, while the concentration of 0 µM did not 

change strain growth in comparison to the empty vector control WT ΔTRP ΔtrpP pAN6. From 

this result, it could not be concluded if the expression system of the suf-cluster is problematic 

or if the hypothesis about the increased expression of the cluster being responsible for the 

improved strain growth is wrong. Therefore, in a further experiment, we tested changing the 

expression levels via promoter exchanges in front of the main promoter of the suf-operon, PsufB, 

to verify that strain growth can be modulated according to the expression level of the suf-

operon. The native promoter PsufB in the strain WT ΔTRP ΔtrpP was exchanged with 

C. glutamicum promoters of different strengths (Ptuf, PdapA) that have been tested elsewhere 

before (Shang et al., 2018). The resulting strains were compared regarding their growth in 

CGXII medium with 2% (w/v) glucose supplemented with L-tryptophan with the WT, their 

parental strain WT ΔTRP ΔtrpP, and the improved strain WT ΔTRP ΔtrpP ΔsufR (Figure 5.11). 

In comparison to the parental WT ΔTRP ΔtrpP strain, the strain WT ΔtrpP ΔPsufB::PdapA with 

the weakly expressed PdapA grew slower, while the WT ΔtrpP ΔPsufB::Ptuf with the strongly 

expressed Ptuf grew faster, reaching a higher final backscatter level. Notably, the latter strain 

grew with a growth rate 12% higher than WT ΔtrpP ΔsufR. The high differences in growth 

rates suggested a positive correlation between an increased expression level of the suf-cluster 

and strain growth. This provides evidence that the inactivation of SufR found in the ALE indeed 

could have improved strain growth by increasing the suf-cluster expression. As the expression 

level of the suf-cluster in C. glutamicum is comparably high, with those genes belonging to the 

15% of genes transcribed the strongest (unpublished data J. Kalinowski, personal 

communication), this is in line with Ptuf, one of the strongest promoters of C. glutamicum 

(Shang et al., 2018), resulting in improved growth.  
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Figure 5.11: Influence of promoter strength in front of sufB in WT ΔTRP ΔtrpP ΔsufR. 
Cultivation in 800 µL CGXII medium 2% (w/v) D-glucose (supplemented with 500 µM l-

tryptophan for auxotrophic strains) in biological triplicates at 1400 rpm, 30°C, and 85% 

humidity control. Based on the maximum value recorded for each WT in the respective 

experiment, the backscatter data were normalized. The mean values are shown as lines and 

standard deviations as shaded areas. 

 

5.2.4 Consequences of trpP deletion  

Further microarray experiments were performed to elucidate the mechanism behind the 

negative effect on strain growth upon trpP deletion. The two differently growing strains, 

WT ΔTRP ΔtrpP and WT ΔTRP, were compared to identify genes differentially regulated in 

the absence of trpP (data not shown). Additionally, the transcriptomes of WT ΔtrpP and WT 

were analyzed to exclude any potential effects related to the L-tryptophan-auxotrophy (see 

Table 5.3).  

 

Table 5.3: Transcriptomic comparison of WT ΔtrpP and WT  

Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg0229 gltB 
glutamine 2-oxoglutarate 

aminotransferase large SU 
4 4.76 0.017 

cg1216 nadA quinolinate synthetase 4 3.99 0.002 

cg1628  
hydrolase of the alpha/beta 

superfamily 
4 3.99 0.004 

cg1218 ndnR 
transcriptional repressor of NAD 
de novo biosynthesis genes 

4 3.79 0.010 

cg1626  hypothetical protein cg1626 4 3.71 0.026 
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Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg1785 amt high-affinity ammonia permease 4 3.52 0.005 

cg0230 gltD 
glutamine 2-oxoglutarate 

aminotransferase small SU 
4 3.09 0.001 

cg1214 nadS 

cysteine desulfurase-like protein 

involved in Fe-S cluster 

assembly  

4 2.97 0.001 

cg1784 ocd ornithine cyclodeaminase 4 2.91 0.005 

cg1299 cydD 

ABC-type 

multidrug/protein/lipid transport 
system, ATPase component 

4 2.86 0.005 

cg1301 cydA 
cytochrome D ubiquinol oxidase 

subunit I 
4 2.77 < 0.001 

cg1215 nadC 
quinolinate 
phosphoribosyltransferase 

4 2.70 0.001 

cg1300 cydB 
cytochrome D terminal oxidase 

polypeptide subunit 
4 2.60 0.002 

cg1580 argC 
N-acetyl-gamma-glutamyl-

phosphate reductase 
4 2.29 0.110 

cg2047  putative secreted protein 4 2.20 0.014 

cg1298 cydC 

ABC-type 

multidrug/protein/lipid transport 

system, ATPase component 

4 2.19 0.008 

cg2845 pstC 
ABC-type phosphate transport 

system, permease component 
4 2.17 0.130 

cg2261 amtB 
low affinity ammonium uptake 
protein 

4 2.16 0.022 

cg2843 pstB 
ABC-type phosphate transport 

system, ATPase component 
4 2.11 0.098 

cg0175  secreted protein, signal peptide 4 2.10 0.115 

cg2407  hypothetical protein cg2407 4 2.08 0.004 

cg1139  allophanate hydrolase subunit 2 4 0.50 0.013 

cg1920  hypothetical protein cg1920 4 0.49 0.012 

cg1230  hypothetical protein cg1230 4 0.49 0.023 

cg1921  hypothetical protein cg1921 4 0.49 0.009 

cg1923  hypothetical protein cg1923 4 0.49 0.036 

cg1140  allophanate hydrolase subunit 1 4 0.49 0.018 

cg2732 gntV putative gluconokinase 4 0.48 0.165 

cg1595 uspA2 

universal stress protein UspA or 

related nucleotide-binding 

protein 

4 0.48 0.006 

cg0922  
secreted siderophore-binding 

lipoprotein  
4 0.48 0.012 

cg1412  
ribose/xylose/arabinose/galac-
toside ABC-type transport 

system, permease component 

4 0.48 0.010 



Appendix 

143 

 

Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg1310 tfdF maleylacetate reductase 4 0.48 0.012 

cg0097  hypothetical protein cg0097 |  4 0.48 0.008 

cg1922  hypothetical protein cg1922 4 0.48 0.015 

cg1919  hypothetical protein cg1919 4 0.47 0.009 

cg0202 iolD 
putative acetolactate synthase 

protein 
4 0.47 0.016 

cg3395 proP proline/ectoine carrier 4 0.47 0.005 

cg1924  hypothetical protein cg1924 4 0.46 0.014 

cg1231 chaA Ca2+/H+ antiporter 4 0.45 0.023 

cg0201 iolB 
enzyme involved in inositol 

metabolism 
4 0.45 0.013 

cg3385 catA3 catechol 1,2-dioxygenase  4 0.45 0.011 

cg1226 pobB 
4-hydroxybenzoate 3-

monooxygenase  
4 0.44 0.003 

cg1225 benK3 
putative benzoate transport 

transmembrane protein 
4 0.44 0.007 

cg1142  
Na+/proline, Na+/panthothenate 
symporter  

4 0.44 0.013 

cg3047 ackA acetate/propionate kinase 4 0.43 0.011 

cg0921  
cytoplasmic siderophore-

interacting protein 
4 0.43 0.016 

cg0205 iolH myo-inositol catabolism protein 4 0.43 0.003 

cg0254  
amino acid carrier protein 

(sodium/alanine symporter) 
4 0.42 0.012 

cg0347 hdtZ 
3-hydroxyacyl-thioester 
dehydratase 

4 0.42 0.002 

cg3374  
putative NADH-dependent 

flavin oxidoreductase  
4 0.42 < 0.001 

cg2937  

ABC-type 

dipeptide/oligopeptide/nickel 

transport system, secreted 

component  

4 0.42 0.010 

cg0204 iolG inositol dehydrogenase 4 0.42 0.002 

cg2940  
ATPase components of ABC-
type transport system 

4 0.41 0.003 

cg1109 porB anion-specific porin precursor 4 0.41 0.003 

cg0760 prpB2 2-methylisocitrate lyase 4 0.41 0.060 

cg2181 oppA 
ABC-type peptide transport 

system, secreted component  
4 0.41 0.013 

cg0344 fabG1 
3-oxoacyl-(acyl-carrier protein) 

reductase  
4 0.41 0.006 

cg3386 tcbF maleylacetate reductase 4 0.41 0.009 
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Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg0134  
hydrolase, Ama/HipO/HyuC 
family 

4 0.41 0.004 

cg0203 iolE 2-Keto-myo-inositol dehydratase 4 0.40 0.003 

cg3127 tctC tricarboxylate-binding protein 4 0.40 0.012 

cg0345  
metal-dependent hydrolase of 

the TIM-barrel fold 
4 0.40 0.011 

cg2628 pcaC 
γ-carboxymuconolactone 

decarboxylase 
4 0.39 0.004 

cg0346 fadE glutaryl-CoA dehydrogenase 4 0.38 0.003 

cg2629 pcaB 
β-carboxy-cis,cis-muconate 

cycloisomerase 
4 0.38 0.003 

cg2939  

ABC-type 
dipeptide/oligopeptide/nickel 

transport system, fused 

permease and ATPase 
components 

4 0.37 0.012 

cg3387 iolT2 myo-Inositol transporter 4 0.37 0.007 

cg0762 prpC2 2-methylcitrate synthase 4 0.36 0.055 

cg0759 prpD2 2-methycitrate dehydratase 4 0.36 0.071 

cg0212  phosphate isomerase/epimerase 4 0.36 0.008 

cg0637 betB 
putative betaine aldehyde 
dehydrogenase (BADH) 

oxidoreductase 

4 0.36 0.002 

cg0198  hypothetical protein cg0198 4 0.35 0.009 

cg0199 iolA 
myo-Inositol catabolism, 

aldehyde dehydrogenase 
4 0.35 0.009 

cg2938  

ABC-type 
dipeptide/oligopeptide/nickel 

transport system, permease 

component  

4 0.35 0.015 

cg0638  HD superfamily hydrolase 4 0.34 0.001 

cg2560 aceA isocitrate lyase 4 0.34 < 0.001 

cg2559 aceB malate synthase 4 0.34 0.003 

cg0211  putative oxidoreductase 4 0.33 0.005 

cg0639  ferredoxin reductase 4 0.33 0.002 

cg0133 abgT 
p-aminobenzoyl-glutamate 
transporter 

4 0.32 0.005 

cg1090 ggtB 

probable gamma-

glutamyltranspeptidase 
precursor PR 

4 0.32 0.001 

cg0645 cytP cytochrome P450 4 0.32 0.001 

cg2630 pcaG 
protocatechuate dioxygenase α 

subunit 
4 0.32 0.005 
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Locus tag 
Gene 

name 
Annotation N1 

Average 

mRNA 

ratio2 

p-value 

cg3126 tctB 
tricarboxylate transport 
membrane protein 

4 0.32 0.015 

cg2636 catA1 catechol 1,2-dioxygenase  4 0.31 0.002 

cg3125 tctA 
tricarboxylate transport 

membrane protein 
4 0.31 0.012 

cg0088 citH citrate transporter 4 0.31 0.001 

cg2631 pcaH 
protocatechuate dioxygenase 

beta subunit 
4 0.31 0.002 

cg2837 sucC 
succinyl-CoA synthetase subunit 
beta 

4 0.29 0.009 

cg0640 fdxB ferredoxin 4 0.28 0.004 

cg2966  phenol 2-monooxygenase 4 0.27 0.002 

cg0642  hypothetical protein cg0642 4 0.27 0.002 

cg0641 fabG2 
probable short-chain 

dehydrogenase, secreted 
4 0.25 0.001 

cg3216 gntP gluconate permease 4 0.24 0.002 

cg0223 iolT1 myo-Inositol transporter  4 0.23 0.002 

cg0644  
pyruvate phosphate dikinase, 
PEP/pyruvate binding 

4 0.22 0.005 

cg2836 sucD 
succinyl-CoA synthetase alpha 

subunit 
4 0.21 < 0.001 

cg1309  
3-(3-hydroxyphenyl)propionate 

hydroxylase 
4 0.21 0.002 

cg0961  homoserine O-acetyltransferase 4 0.21 0.001 

cg2312 gip 
putative hydroxypyruvate 

isomerase protein 
3 0.20 0.006 

cg2616 vanA 
vanillate demethylase, 
oxygenase subunit  

4 0.16 0.002 

cg1612  acetyltransferase 4 0.16 0.002 

cg2610  

ABC-type 

dipeptide/oligopeptide/nickel 

transport system, secreted 

component  

4 0.13 < 0.001 

cg3096 ald aldehyde dehydrogenase 4 0.13 0.001 

cg3195  
flavin-containing 
monooxygenase (FMO) 

4 0.09 < 0.001 

cg3107 adhA 
Zn-dependent alcohol 

dehydrogenase 
4 0.08 < 0.001 

cg3357 trpP tryptophan-specific permease 4 0.07 < 0.001 

1 Number of experiments 
2 Results of microarray experiments comparing the gene expression in WT ΔtrpP / WT. Shown 

are all target genes with at least 2-fold change in at least 3 of 4 experiments (p-value < 0.05).  
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Interestingly, a differential expression of the nadSCAR gene cluster (cg1214-1218), encoding 

the machinery for de novo NAD biosynthesis, was observed in all experiments, also in the 

microarray not shown of WT ΔTRP ΔtrpP and WT ΔTRP. It is known that this cluster is 

repressed in the presence of NAD via NadR or, vice versa, upregulated when concentration of 

the corepressor NAD in the cell is low (Teramoto et al., 2012, Teramoto et al., 2010). This 

suggested that the absence of TrpP could result in a shortage of NAD in WT ΔtrpP. NadA, the 

quinolinate synthetase, harbors an Fe-S-cluster, with NadS being responsible for the correct 

Fe-S-cluster formation of NadA.  

The gene cluster that is upregulated the most in WT ΔtrpP is gltBD (cg0229-0230), 

encoding GOGAT (glutamine 2-oxoglutarate aminotransferase). In the absence of trpP, these 

genes are almost four times higher expressed than in the WT, and, notably, GltD harbors an 

Fe-S-cluster as well. In C. glutamicum, GOGAT together with glutamine synthetase (GS) 

represents one of the two main pathways for ammonium assimilation, whereby the other way 

via the glutamate dehydrogenase (GDH) is favored under high ammonium concentrations, and 

GOGAT is inactive (Tesch et al., 1999). Nitrogen fixation via GOGAT is more expensive than 

the GDH pathway regarding its ATP and AMP demand (Schulz et al., 2001). GOGAT is only 

upregulated in the case of nitrogen limitation, and its activity is mainly regulated at the 

transcription level (Beckers et al., 2001, Schulz et al., 2001). GOGAT activity might also be 

controlled via product inhibition by NAD+ and NADP+, as this is the case in C. callunae where 

GOGAT utilizes either NADH or NADPH as coenzymes (Ertan, 1992). In line with the nitrogen 

limitation, the nitrogen uptake system encoding genes amt (cg1785) and amtB (cg2261) are 

more than two-fold upregulated in WT ΔtrpP. This also accounts for the ornithine 

cyclodeaminase gene (cg1784), which is almost three-fold upregulated. The ornithine 

cyclodeaminase with NAD+ as a cofactor catalyzes the reaction due to which free ammonium 

is formed, which occurs more often in a medium with a low amount of nitrogen source (Jensen 

and Wendisch, 2013).  

A further operon of interest that was 2.6-fold upregulated in WT ΔtrpP is the cydABCD 

operon (cg1298-1301), encoding the cytochrome bd oxidase. Cytochrome bd oxidase of 

C. glutamicum is one of the two terminal oxygen reductases that catalyzes the reduction of 

molecular oxygen to water and has a pseudosymmetrical heterodimeric architecture formed by 

the core subunits CydA and CydB (Grund et al., 2022). Both its upregulation and its deletion 

were shown before to reduce the growth efficiency, i.e., the final OD, and its deletion increased 

the L-lysine production (Kabus et al., 2007). It is assumed that this comes due to the alternative 

oxidase, the supercomplex of cytochrome bc1 complex and cytochrome aa3, being more 
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effective in contributing to the generation of the proton motive force by pumping protons after 

oxidizing menaquinone (Kabus et al., 2007). Cytochrome bd oxidase was suggested to be the 

main terminal oxygen reductase under low oxygen conditions, as it has a higher oxygen affinity, 

and under copper-deficient conditions (Bott and Niebisch, 2003). Also, in comparison to the 

cytochrome bc1 complex, the oxidase does not contain an Fe-S-cluster and could therefore be 

important under specific conditions where there are less functional Fe-S-cluster. A third 

pathway for menaquinone oxidation under anaerobic conditions is the nitrate reductase 

(encoded by nagGHJI cg1344-1341), which oxidizes menaquinone to reduce nitrate to nitrite 

(Bott and Niebisch, 2003, Nishimura et al., 2008). This nitrate reductase contains one Fe-S-

cluster, as well, and is downregulated in WT ΔTRP ΔtrpP ΔsufR (Table 5.2), potentially being 

regulated by SufR. 

In contrast to the 21 genes with increased transcription levels, a drastically higher 

number of genes was downregulated in WT ΔtrpP. This includes many genes involved in the 

uptake and metabolism of other carbon sources, such as myo-inositol, PCA, citrate, propionate, 

gluconate, vanillate, and 4-cresol. This result is in line with the observed difficulties of 

WT ΔtrpP when grown with different carbon sources (see Figure 5.7). Overall, the impact of 

the trpP deletion in C. glutamicum affected the transcription of a large number of genes, from 

which several could be candidates for being involved in a mechanism that TrpP is part of. 

Further research is necessary to determine the exact function of TrpP. 

 

5.2.5 The absence of TrpP strongly influenced L-tryptophan and L-valine titer  

Initially, a role of TrpP in L-tryptophan metabolism was assumed, especially with the 

suggestion of TrpP being involved in L-tryptophan transport in literature (Heery and Dunican, 

1993, Heery et al., 1994). Therefore, trpP and sufR were deleted in the moderate L-tryptophan 

producer strain WT TRP+++ in order to study changes in strain performance and L-tryptophan 

titer. WT TRP+++ harbors mutations relieving feedback resistance via TrpE and TrpD, relieving 

attenuation via trpL, as well as a deletion of the main L-tryptophan importer AroP. The growth 

performance and L-tryptophan accumulation in a shake flask experiment are shown in Figure 

5.12. Deletion of trpP decreased the growth rate of WT TRP+++ and resulted in an 8% lower 

maximum backscatter. Deletion of sufR increased the maximum backscatter of WT TRP+++ 

slightly, while the double deletion grew still worse than WT TRP+++ but significantly better 

than WT TRP+++ ΔtrpP. For the tested induction level with 200 µM IPTG, WT TRP+++ pPREx2-

trpP grew similarly to the empty vector control. Regarding the level of L-tryptophan 

accumulation, the deletion of trpP resulted in an increase of 260% in comparison to WT 



Appendix 

148 

 

TRP+++. The deletion of sufR alone did not change the L-tryptophan titer, whereby the double 

deletion increased the titer by more than 3-fold in comparison to WT TRP+++. The deletion of 

trpP, ideally with the deletion of sufR, therefore, marks a novel L-tryptophan production trait. 

This is true, however, also for the plasmid-based expression of trpP, which resulted at the given 

induction level in an increase in L-tryptophan accumulation by 60%. 

Notably, for the amino acid L-valine, drastic changes in production level were observed. 

While this amino acid appeared as a by-product in the WT TRP+++ and WT TRP+++ ΔsufR strain, 

the deletion of trpP almost completely inhibited the formation of L-valine. In contrast, plasmid-

based trpP expression increased the L-valine accumulation more than three-fold. It is not clear 

why trpP deletion almost completely abolished the L-valine accumulation. One potential link 

could be the expression level of the suf-cluster: it is known from an L-valine producer strain 

that its Fe-S cluster assembly proteins are upregulated (Zhang et al., 2018). IlvD, the dihydroxy-

acid dehydratase involved in a key step of BCAA biosynthesis (Radmacher et al., 2002), is 

predicted to possess an iron-sulfur cluster (Paysan-Lafosse et al., 2023). These results 

strengthen the link between TrpP and the SUF-cluster, suggesting that TrpP is relevant for the 

full activity of Fe-S-cluster-dependent proteins. The effect of its deletion on L-tryptophan titer, 

on the other hand, might be related primarily to increased precursor supply and decreased 

concurring reaction, e.g., because the serine dehydratase SdaA, involved in the degradation of 

L-serine, an L-tryptophan precursor, potentially contains an Fe-S-cluster (Netzer et al., 2004, 

Paysan-Lafosse et al., 2023). Another precursor, PEP, could also be available in higher 

concentrations if metabolic flux into the TCA is slower due to central enzymes such as the 

aconitase, which also contains an Fe-S cluster (Baumgart and Bott, 2011), which would 

improve L-tryptophan biosynthesis. However, since a detailed characterization of TrpP is still 

missing, no concluding evidence for the mechanism of these changed amino acid titers can be 

given. A further GC-ToF measurement to compare the metabolome of WT TRP+++ and WT 

TRP+++ ΔtrpP is currently pending (AG Noack). With this analysis, further changes in the 

metabolome, e.g., due to missing activity of Fe-S-cluster enzymes, could be detected. 

 



Appendix 

149 

 

 

Figure 5.12: Characterization of the influence of trpP on amino acid formation in 

C. glutamicum. Cultivation of WT TRP+++ derived trpP deletion (A, C, E) and plasmid-based 

expression (B, D, F) strains regarding their growth (A, B), their L-tryptophan accumulation (C, 

D), and their L-valine accumulation (E, F). The strains were cultivated in biological triplicates 
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(quadruplicates for the plasmid-harboring strains) in 50 ml CGXII medium with 111 mM 

D-glucose in 500 ml baffled shake flasks at 30°C, 130 rpm, and 85% humidity control. The 

cultivation was started with a starting OD600 = 0.8, and 200 µM IPTG and 25 µg/ml kanamycin 

were added to the plasmid-harboring strains. The mean values are shown as diamonds, and 

standard deviations as lines. 

 

5.2.6 Homology-based analysis of TrpP interaction partner 

A previous study suggested TrpP (in this study Cgl1) to be a homolog to the SdpI protein of 

B. subtilis (Povolotsky et al., 2010). Comparing the two sequences via BLAST with standard 

parameters gave an identity of 26.76 % (E-value 0.022). A sequence alignment suggested a 

high similarity between the second half of SdpI with the transmembrane domains 4-6, which 

are involved in the sequestration of the autorepressor SdpR in B. subtilis, and the three predicted 

TMDs of TrpP (Figure 5.13) (Povolotsky et al., 2010). The remaining part of TrpP involving 

the amino acids 107-170 is predicted to protrude into the cytoplasm with no function predicted 

via this homology, making additional functions aside from protein sequestration thinkable. The 

only published residues essential for SdpI-SdpR interaction, Q126 and S156 (Ellermeier et al., 

2006), however, are not conserved. 

The proteins SdpC, SdpA, and SdpB, responsible for toxin formation in B. subtilis, possess no 

homologs in C. glutamicum, and TrpP is missing the SdpC binding domain potentially involved 

in signal transduction (Povolotsky et al., 2010), suggesting that the function of TrpP in 

C. glutamicum is very different from B. subtilis. However, other related Corynebacteria were 

found to have such homologs, and especially SdpA and SdpB appear to be present in different 

Corynebacteria, such as Corynebacterium propinquum, Corynebacterium belfantii, 

C. diphtheriae, and Corynebacterium marambiense. This could mean that similar transduction 

cascades, not resulting in sporulation but something different, might also occur in 

Corynebacteria.  



Appendix 

151 

 

 

Figure 5.13: Sequence alignment of B. subtilis SdpI and C. glutamicum TrpP. Alignment 

prepared with Clustal Omega (Sievers et al., 2011), visualized with ESPribt 3.0 (Robert and 

Gouet, 2014). Transmembrane domains are given according to DeepTMHMM (Hallgren et al., 

2022) for SdpI in red and for TrpP in light red. 

 

For the autorepressor SdpR, homologs were identified via BlastP in C. glutamicum 

ATCC 13032, all – similar to SdpR (Gonzalez-Pastor et al., 2003)– members of the ArsR family 

of transcription factors. Such transcription factors constitute the largest family of regulators 

involved in toxic metal defense, acting as homodimers in winged-helix form with helix-turn-

helix DNA binding site (Ye et al., 2005, Summers, 2009). Among the ArsR type regulators 

with homology to SdpR is SufR, the regulator of the suf-cluster, which expression level was a 

decisive factor for growth rate in the absence of TrpP. TrpP might also interact with SufR, 

changing its capacity to regulate the suf-cluster, being a yet unknown member of its regulation 

cascade.  
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5.2.7 Summary and outlook 

Even after decades of research, important industrial workhorses such as Corynebacterium 

glutamicum contain plenty of uncharacterized genes. When constructing an L-tryptophan 

auxotrophic strain, we deleted the uncharacterized trpP gene (cg3357), which resulted in a 

severe decrease in strain growth rate and final cell density. The trpP deletion resulted in a 

similar phenotype in C. glutamicum WT, and can be complemented by low levels of plasmid-

based trpP expression. Via evolution-guided metabolic engineering, we identified the 

inactivation of SufR (Cg1765), annotated as ArsR-type transcriptional repressor of the SUF-

cluster (Cg1764-1759), to yield a partial recovery of the respective phenotype. The effect of 

those secondary inactivation mutations in SufR is related to the increased expression level of 

the suf-operon, which encodes the only system of C. glutamicum for the generation and repair 

of iron-sulfur clusters. The relevance of the expression level was verified via comparative 

analysis of the transcriptome of the strains as well as a library of different promoters in front of 

the suf-operon. Further transcriptomic analyses revealed several genes to be significantly 

differentially regulated in a WT ΔtrpP strain in comparison to the WT, including several 

operons encoding Fe-S cluster containing proteins such as nadSCAR, gltBD, and cydABCD. 

Here we suggest, based on homology data between TrpP and SdpI from B. subtilis, which has 

a function in sequestering an ArsR-type transcription factor, that TrpP is involved in a novel 

signal cascade that is related to the regulation of SufR and the suf-operon. Notably, deleting or 

expressing trpP in an L-tryptophan producer strain resulted in significant changes in amino acid 

level: deletion of trpP increased the final L-tryptophan titer and significantly decreased the 

L-valine titer, an amino acid synthesized involving an enzyme harboring an Fe-S-cluster. 

Plasmid-based trpP expression resulted in a drastic increase in L-valine. This marks the absence 

of TrpP as a novel interesting amino acid production trait in C. glutamicum. 

Further experimental work should include the analysis of potential interaction partners 

of TrpP. Chemical in vivo formaldehyde cross-linking of TrpP with interacting proteins 

followed by co-purification and MALDI-ToF-MS based protein identification (Kraxner et al., 

2019) could yield important links about the hypothesized signal cascade. When characterizing 

the TrpP homolog SdpI and its interaction partner in B. subtilis, SdpR, sequestration of SdpR 

with a fluorescent tag was shown in the presence of SdpI (Ellermeier et al., 2006). Showing 

this effect would yield proof for a similar transcriptional regulator sequestration model of TrpP 

in C. glutamicum. Further studies regarding the properties of TrpP, e.g., by constructing 

truncated versions of TrpP to estimate the effect of the C-terminus that is not homologues to 

SdpI, would be valuable. This could also include the characterization of the membrane topology 
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of TrpP via fusing the alkaline phosphatase (PhoA) or the β-galactosidase (LacZ) of E. coli to 

different portions of the protein (Sundermeyer et al., 2022).  

 

5.3 Material and Methods Appendix 

5.3.1 General methods as described in the previous publications 

Strain engineering was performed via the pK19mobsacB method (Schäfer et al., 1994) as 

described elsewhere (Schito et al., 2022). Strain phenotyping, L-arginine quantification via 

HPLC, bioinformatics protein analysis, and community evolution were performed as described 

(Zuchowski et al., 2023). The strains listed in Table 5.4 and the oligonucleotides listed in 

Table 5.5 were used for the experiments. 

 

Table 5.4: Bacterial strains and plasmids used in this study 

Strain or plasmid Relevant characteristics 
Source or 

Reference 

E. coli   

DH5α F- Φ80dlac∆(lacZ)M15 ∆(lacZYA-argF) U169 endA1 

recA1 hsdR17 (rK
- , mK

+) deoR thi-1 phoA supE44 λ- 

gyrA96 relA1; strain used for cloning procedures 

(Hanahan, 1983) 

   

C. glutamicum   

ATCC13032 (WT) Biotin-auxotrophic wild type (Kinoshita et al., 

1957) 

WT ΔHIS WT with an in-frame deletion of ΔhisE (cg1699), 

ΔhisG (cg1698), ΔhisH (cg2300), ΔhisA (cg2299), 

ΔimpA (cg2298), ΔhisF (cg2297), ΔhisI (cg2296), 

ΔhisN (cg0910), ΔhisD (cg2305), ΔhisC (cg2304), 

ΔhisB (cg2303) 

(Schito et al., 

2022) 

WT ΔLEU WT with an in-frame deletion of ΔleuA (cg0303), 

ΔleuC (cg1487), ΔleuD (cg1488), ΔleuB (cg1453) 

(Schito et al., 

2022) 

WT ΔTRP LEU++ WT ΔTRP with exchange of leuA (cg0303) and 180 bp 

upstream region to leuA_B018 (B018: L-leucine 

producing C. glutamicum strain created by random 

mutagenesis) under control of the tuf promoter 

This study 
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Strain or plasmid Relevant characteristics 
Source or 

Reference 

WT ΔHIS LEU++ WT ΔHIS with exchange of leuA (cg0303) and 180 bp 

upstream region to leuA_B018 (B018: L-leucine 

producing C. glutamicum strain created by random 

mutagenesis) under control of the tuf promoter 

This study 

WT ΔHIS LEU++ :: Ptac-

eYFP 

WT ΔHIS LEU++ with eYFP fluorescent protein 

under control of tac promoter integrated in the IGR 

between cg1121 and cg1122 

This study 

WT ΔLEU HIS+ :: Ptac-

crimson 

WT ΔHIS LEU++ with crimson fluorescent protein 

under control of tac promoter integrated in the IGR 

between cg1121 and cg1122 

This study 

WT ΔLEU TRP+ WT ΔLEU with point mutations trpLfbr TrpES38R 

(Cg3359) 

This study 

WT ΔARG LEU++ :: 

Ptac-crimson 

WT with an in-frame deletion of ΔargC (cg1580), 

ΔargJ (cg1581), ΔargB (cg1582), ΔargD (cg1583), 

ΔargF (cg1584), ΔargR (cg1585), ΔargG (cg1586), 

ΔargH (cg1588), ΔnagS (cg3035), with exchange of 

leuA (cg0303) and 180 bp upstream region to 

leuA_B018 (B018: L-leucine producing 

C. glutamicum strain created by random mutagenesis) 

under control of the tuf promoter and with crimson 

fluorescent protein under control of tac promoter 

integrated in the IGR between cg1121 and cg1122 

(Schito et al., 

2022) 

WT ΔLEU ARG++ :: 

Ptac-eYFP 

WT ΔLEU with point mutations ArgBA26V M31V 

(Cg1582) and with eYFP fluorescent protein under 

control of tac promoter integrated in the IGR between 

cg1121 and cg1122 

(Schito et al., 

2022) 

WT ΔARG LEU++ :: 

Ptac-crimson ΔPpfka::Pgluc 

WT ΔARG LEU++ :: Ptac-crimson with exchange of 

the native pfkA promoter (cg1409) with the promoter 

of glnK (cg2732) 

(Berger, 2023) 

WT ΔLEU ARG+++ :: 

Ptac-eYFP (WT ΔLEU 

ARG+++) 

WT ΔLEU ARG++ :: Ptac-eYFP with an in-frame 

deletion of ΔargTUV (cg1502-1504) 

(Berger, 2023) 

WT ARG+++ :: Ptac-

eYFP (WT ARG+++) 

WT with point mutations ArgBA26V M31V (Cg1582), 

with an in-frame deletion of ΔargTUV (cg1502-

(Berger, 2023) 
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Strain or plasmid Relevant characteristics 
Source or 

Reference 

1504) and with eYFP fluorescent protein under 

control of tac promoter integrated in the IGR between 

cg1121 and cg1122 

C1* 13.4% genome reduced derivative of ATCC 13032  (Baumgart et al., 

2017) 

C1* ΔTRP ΔtrpP (C1* 

Δcg3357-cg3364) 

C1* with an in-frame deletion of ΔtrpP (cg3357) 

ΔtrpE (cg3359) ΔtrpG (cg3360) ΔtrpD (cg3361) 

ΔtrpCF (cg3362) ΔtrpB (cg3363) ΔtrpA (cg3364) 

(Schito et al., 

2022) 

WT ΔTRP ΔtrpP (WT 

Δcg3357-cg3364) 

WT with an in-frame deletion of ΔtrpP (cg3357) 

ΔtrpE (cg3359) ΔtrpG (cg3360) ΔtrpD (cg3361) 

ΔtrpCF (cg3362) ΔtrpB (cg3363) ΔtrpA (cg3364) 

(Schito et al., 

2022) 

WT Δcg3359-cg3364 WT with an in-frame deletion of ΔtrpE (cg3359) 

ΔtrpG (cg3360) ΔtrpD (cg3361) ΔtrpCF (cg3362) 

ΔtrpB (cg3363) ΔtrpA (cg3364) 

This study 

WT ΔTRP ΔtrpP ΔsufR WT ΔTRP ΔtrpP with an partial deletion of sufR 

(cg1765) until the sufB (cg1764) promoter site with an 

inserted stop codon at the end of sufR 

This study 

WT ΔTRP ΔtrpP 

SufRL25P 

WT ΔTRP ΔtrpP with point mutation L25P in SufR This study 

WT ΔTRP ΔtrpP 

SufRQ193* 

WT ΔTRP ΔtrpP with point mutation Q193* in SufR This study 

WT ΔtrpP WT with an in-frame deletion of ΔtrpP (cg3357)  This study 

WT ΔTRP ΔtrpP 

ΔsufR::Ptuf 

WT ΔTRP ΔtrpP with an in frame exchange of sufR 

(cg1765) including the native sufB promoter sequence 

with the tuf promoter (cg0587) 

This study 

WT ΔTRP ΔtrpP 

ΔsufR::PdapA 

WT ΔTRP ΔtrpP with an in frame exchange of sufR 

(cg1765) including the native sufB promoter sequence 

with the dapA promoter (cg2161) 

This study 

WT TRP+++ WT with point mutations trpLfbr TrpES38R (Cg3359) 

TrpDA162E (Cg3361) and in-frame deletion of aroP 

(cg1257) 

This study 

WT TRP+++ ΔsufR WT TRP++ with an partial deletion of sufR (cg1765) 

until the sufB (cg1764) promoter site with an inserted 

stop codon at the end of sufR 

This study 
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Strain or plasmid Relevant characteristics 
Source or 

Reference 

WT TRP+++ ΔtrpP WT TRP++ with an in-frame deletion of ΔtrpP 

(cg3357) 

This study 

WT TRP+++ ΔsufR 

ΔtrpP 

WT TRP++ ΔsufR with an in-frame deletion of ΔtrpP 

(cg3357) 

This study 

   

Plasmids   

pK19mobsacB KanR.; plasmid for allelic exchange in C. glutamicum; 

(pK18 oriVE.c., sacB, lacZα) 

(Schäfer et al., 

1994) 

pK19mobsacB-TrpLfbr 

TrpES38R 

KanR.; pK19mobsacB derivative for mutation of trpL 

(TGG->TGA) and TrpE (Cg3359) S38R in 

C. glutamicum 

(Schito et al., 

2022) 

pK19mobsacB-Ptuf 

leuA_B018_BS 

Kanr.; pK19mobsacB derivative containing leuA gene 

from B018 (MluI/SpeI) under control of the tuf 

promoter (NdeI/MluI) flanked by upstream and 

downstream regions of leuA 

(Vogt et al., 

2014) 

pK19mobsacB-

HisGA270D 

Kanr.; pK19mobsacB derivative for mutation of HisG 

(Cg1698) A270D in C. glutamicum 

(Schito et al., 

2022) 

pK19mobsacB-

ΔPpfkA::PgntK 

Kanr.; pK19mobsacB derivative for promoter 

exchange of pfkA (cg1409) with the promoter of gntK 

(cg2732) in C. glutamicum 

(Berger, 2023) 

pK19mobsacB-ΔtrpP KanR.; pK19mobsacB derivative for in-frame deletion 

of trpP (cg3357) in C. glutamicum 

This study 

pK19mobsacB-ΔaroP KanR.; pK19mobsacB derivative for in-frame deletion 

of aroP (cg1257) in C. glutamicum 

This study 

pK19mobsacB-ΔsufR KanR.; pK19mobsacB derivative for partial in-frame 

deletion of sufR (cg1765) with an inserted stop codon 

at the end of sufR in C. glutamicum 

This study 

pK19mobsacB-SufRL25P KanR.; pK19mobsacB derivative for mutation of SufR 

(Cg1765) L25P in C. glutamicum 

This study 

pK19mobsacB-

SufRQ193* 

KanR.; pK19mobsacB derivative for mutation of SufR 

(Cg1765) Q193* in C. glutamicum 

This study 
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Strain or plasmid Relevant characteristics 
Source or 

Reference 

pK19mobsacB-

TrpDA162E 

KanR.; pK19mobsacB derivative for mutation of TrpE 

(Cg3361) A162E in C. glutamicum 

This study 

pK19mobsacB-

ΔsufR::PtufsufB 

KanR.; pK19mobsacB derivative for deletion of sufR 

(cg1765) with integration of Ptuf (cg0587) in 

C. glutamicum 

This study 

pK19mobsacB-

ΔsufR::PdapAsufB 

KanR.; pK19mobsacB derivative for deletion of sufR 

(cg1765) with integration of Ptuf (cg2161) in 

C. glutamicum 

This study 

pAN6 KanR; C. glutamicum/E. coli shuttle vector for 

regulated gene expression using the Ptac promoter, 

derivative of pEKEx2. 

(Frunzke et al., 

2008) 

pAN6-suf-cluster KanR; pAN6 derived suf-cluster (cg1764-1759) 

expression plasmid for C. glutamicum 

This study 

pPREx2 KanR; plasmid for expression of target genes (Bakkes et al., 

2020) 

pPREx2-TrpP KanR; pPREx2 derived trpP (cg3357) expression 

plasmid under control of Ptac 

This study 

 

 

Table 5.5: Oligonucleotides used in the Appendix 

Oligonucleotide Sequence (5’ → 3’) and properties
a
 

Sequencing primers 

B223_M13-fw CGCCAGGGTTTTCCCAGTCAC 

B224_M13-rv AGCGGATAACAATTTCACACAGGA 

Work with pK19mobsacB-TrpLfbr TrpES38R 

Z59_TrpE_mut_fw GCTGCGGAAACTACGCAAG 

Z85_TrpE_mut_rv_neu CACGGGACACCAAGTGCATC 

Work with pK19mobsacB-HisGA270D 

Z65_HisEG_fw_neu GACTGGGACATGTTCACATC 

Z89_HisG_A270D_rv GGTTCCTCCACTTTCCGTTAC 

Work with pK19mobsacB-Ptuf leuA_B018_BS 

Z92_LeuA_Ptuf_fw CTGGACTTCGTGGTGGCTAC 
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Z93_LeuA_Ptuf_seq_rv TGCCACAGGGTAGCTGGTAG 

Z67_PtufLeuA_seq_fw CTCAGTGGTGTGCTGTTGAC 

Z68_PtufLeuA_seq_rv TCCTTGCCGTTGTGGATGAG 

Analysis of fluorescent protein integration 

Z109_Intcg1121 fwd TTGGCGTGTGGTTGGTTAG 

Z110_Intcg1122 rev CGCATCAAGCAGATCTCTG 

Work with pK19mobsacB-ArgBfbr 

Z64_ArgB_mut_rv GCCGTCAATGACATGAGCAG 

Z78_ArgB_mut-fw TGTGACCAAGCGCGTTGCTG 

Work with pK19mobsacB-ArgBfbr 

Z208_Pcg2732-PFKA-Dfw CCTTCTGCGAGTTCGCCATGTG 

Z209_Pcg2732-PFKA-Drv GCGTGCAGAGCAATCCAACC 

Construction of deletion plasmid pK19mobsacB-ΔtrpP and PCR-analysis of the resulting mutants 

B453_TRP-D1 AAAACGACGGCCAGTGAATTAATGCCGAGCCATTTGCCAG 

B454_TRP-D2 AACAACAACTCTATCCCCACCAATATTCC 

Z225_TrpP-D3_new GTGGGGATAGAGTTGTTGTTTAATTGAGACAAGCTTCCCAC 

Z226_TrpP-D4_new CAGGTCGACTCTAGAGGAGCTGCGTTACCACCGTGTTG 

B457_TRP-Dfw TAGAGCGCTTGGGATGCTCC 

Z90_TrpP_Drv GGGCACCTACCGAGGAAATC 

Construction of deletion plasmid pK19mobsacB-ΔaroP and PCR-analysis of the resulting mutants 

Z136_aroP_D1 CAGGTCGACTCTAGAGGAGGTGCCATCTGCCAGGTACG 

Z137_aroP_D2 AGGCCGATAGAAATTATTCTGGAC 

Z138_aroP_D3 AGAATAATTTCTATCGGCCTGTATCAACCGTAAACCCACA 

Z139_aroP_D4 AAAACGACGGCCAGTGAATTCCGCATGGTCGACTATGTGG 

Z140_aroP_dfw GGTGACGCCAGCGGAAATGC 

Z141_aroP_drv CGTGGTGTGGACAAACAAGG 

Construction of deletion plasmid pK19mobsacB-ΔsufR and PCR-analysis of the resulting mutants 

Z94_sufR-D1 CAGGTCGACTCTAGAGGAGTCGCGTACGACATCCTCGC 

Z95_sufR-D2 TAAGCAGTAAGGCAATTTGC 

Z96_sufR-D3 GCAAATTGCCTTACTGCTTATGGTGTCACCTCCTGCTTG 

Z97_sufR-D4 AAAACGACGGCCAGTGAATTGAAAAGCGTTGCCCCTAAAG 

Z98_sufR-Dfw TGAGGCGCTGCTGAAGCATC 

Z99_sufR-Drv GCCATGCAAATCGGCGAATC 

Construction of deletion plasmid pK19mobsacB-SufRL25P & pK19mobsacB-SufRQ193 and PCR-

analysis of the resulting mutants
b
 

Z100_sufR_SNP_D1 CAGGTCGACTCTAGAGGATTGCCGAAGTCATGATCCGC 

Z101_sufR_SNP_D2 ACCCATACGAGCCCAAAATG 
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Z102_sufR_SNP_D3 CATTTTGGGCTCGTATGGGTTCTGGCGCGGATTTGCCG 

Z103_sufR_SNP_D4 AAAACGACGGCCAGTGAATTCCTCGCATCAGAGTCTGGTG 

Z98_sufR-Dfw TGAGGCGCTGCTGAAGCATC 

Z99_sufR-Drv GCCATGCAAATCGGCGAATC 

Construction of deletion plasmid pK19mobsacB- ΔsufR::PtufsufB and PCR-analysis of the resulting 

mutants 

Z271_PsufB-D1 AAAACGACGGCCAGTGAATTGAAAAGCGTTGCCCCTAAAG 

Z272_PsufB-D2 TGGTGTCACCTCCTGCTTG 

Z273_PsufB-D3 ATGACTTCGGCAACGACGAACC 

Z274_PsufB-D4 CAGGTCGACTCTAGAGGAAGATCTCAGGGTGCTCTTTC 

Z275_PsufB-Ptuf-D5 CAAGCAGGAGGTGACACCACACAGGGTAGCTGGTAGTTTG 

Z276_PsufB-Ptuf-D6 GTTCGTCGTTGCCGAAGTCATTGTATGTCCTCCTGGACTTC 

Z283_PsufB-Ptuf_Dfw CAACGCCGTTGCCCTTAGGATTC 

Z123_sufB_rv ACTGCGAGTTCCGAGCTGAC 

Construction of deletion plasmid pK19mobsacB- ΔsufR::PdapAsufB and PCR-analysis of the 

resulting mutants 

Z271_PsufB-D1 AAAACGACGGCCAGTGAATTGAAAAGCGTTGCCCCTAAAG 

Z272_PsufB-D2 TGGTGTCACCTCCTGCTTG 

Z273_PsufB-D3 ATGACTTCGGCAACGACGAACC 

Z274_PsufB-D4 CAGGTCGACTCTAGAGGAAGATCTCAGGGTGCTCTTTC 

Z277_PsufB-PdapA-D5 CAAGCAGGAGGTGACACCACGCAAAGCTCACACCCACGAG 

Z278_PsufB-PdapA-D6 GTTCGTCGTTGCCGAAGTCATAGAGTTCAAGGTTACCTTCT 

Z284_PsufB-PdapA_Dfw CATATAGTTAAGACAACATTTTTGGCTG 

Z123_sufB_rv ACTGCGAGTTCCGAGCTGAC 

Construction of expression plasmid pPREx2-trpP and PCR-analysis of the resulting mutants 

Z257_pPREX2-TrpP_D2 

GTAAAACGACGGCCAGTGAATTTTAATCATTTTTGGGTTCT

TGCGTAG 

Z258_pPREX2-TrpP_D1 GCAGAAGGAGATATACATATGACGGTGATCGGAATTATTC 

Z287_PRP113_pPREx2 CTTCTGGCGTCAGGCAGCCATC 

Z288_PRP144 AGACCGCTTCTGCGTTCTG 

Construction of deletion plasmid pK19mobsacB- TrpDA162E and PCR-analysis of the resulting 

mutants with AvaI restriction site 

Z159_TrpD fbr-D1 

AAAACGACGGCCAGTGAATTCTCCAGCAACACTGAAAGTT

C 

Z160_TrpD fbr-D2 GCGCAATCTCGGGGTTGTACGCA 

Z161_TrpD fbr-D3 ACCCCGAGATTGCGCATGTGCAGCCGG 

Z162_TrpD fbr-D4 CAGGTCGACTCTAGAGGAGGTGCCGTCGGCAAGCAAGG 
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Z163_TrpD fbr-fw AACAGCTTCTCGCGAACTAAT 

Z164_TrpD fbr-rv TCGACGATGCTTTCCAACAC 

Construction of expression plasmid pAN6-suf-cluster and PCR-analysis of the resulting mutants 

Z121_sufR_pan6_fw CTGCAGAAGGAGATATACATATGACTTCGGCAACGACGAA 

Z122_sufR_pan6_rv CTGTGGGTGGGACCAGCTAGCTAATGTGCGTGCGCAACAG 

Z125_pAN6_suf_seq_rv ATCAGACCGCTTCTGCGTTC 

Z132_pAN6_suf_seq_fw_I TGGTGACCAAGCGCACCAAG 

Z133_pAN6_suf_seq_fw_II CTCCAAGGAACAGGGCAATG 

Z134_pAN6_suf_seq_fw_III AGCCAAGTGGCTAAGCACAG 

Z135_pAN6_suf_seq_fw_IV TGCAGATGGATCCCTCAATG 

a) Overlaps for Gibson assembly are written in bold letters. Restriction sites are underlined. 
b) Template: gDNA from the isolated mutant strains. Construct with mutated NdeI restriction 

site. 

 

5.3.2 Laboratory-scale fermentation  

Microbial fermentations on laboratory-scale were performed in technical duplicates using the 

DASGIP® parallel bioreactor systems (Eppendorf/DASGIP, Jülich, Germany) as described 

before (Tenhaef et al., 2018). Defined CGXII medium was used in an initial volume of 1 L, 

containing per liter of deionized water 1 g K2HPO4, 1g KH2PO4, 5 g urea, 13.25 mg CaCl2·2 

H2O, 0.25 g MgSO4·7 H2O, 10 mg FeSO4·7 H2O, 10 mg MnSO4·H2O, 0.02 mg NiCl2·6 H2O, 

0.313 mg CuSO4·5 H2O, 1 mg ZnSO4·7 H2O, 0.2 mg biotin, 3,4-dihydroxybenzoate (PCA), 

0.02% (v v−1) antifoam AF204, 20 g D-glucose, and 1 mM IPTG (Keilhauer et al., 1993). 

Notably, D-glucose, PCA, trace elements, biotin, MgSO4, CaCl2, IPTG, and AF204 were added 

sterile after autoclaving. Reactor conditions were tightly controlled. Air flow was set to 0.5 vvm 

with appropriate stirrer speed (400-1200 rpm) to maintain a dissolved oxygen concentration 

(DO) of at least 30°%. The temperature was set to 30°C and pH to 7.0. The pH maintenance 

was achieved by feeding 30% (w/v) H3PO4 and 25% (v/v) NH4OH on demand. DO (Visiferm 

DO 225, Hamilton, Bonaduz, Switzerland) and pH (405-DPAS-SC-K80/225, Mettler Toledo, 

Columbus, USA) were controlled via online measurements. Precultivation was performed 

starting with a preculture in BHI for 8 h, followed by a second preculture overnight in CGXII 

(111 mM D-glucose) with an additional 1mM IPTG, and main cultures were inoculated to an 

OD600 of 1. For the fed-batch process, a peristaltic pump was used to maintain a constant D-

glucose feed. Feeding of a 400 g L−1 D-glucose solution in deionized water with a feed rate of 

5 mL h-1 was started when the first cultures reached the late exponential phase. The feeding rate 

was increased after 20h to 20 mL h-1 for a further 8.5 h.  
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CDW was determined via a gravimetric method as described (Limberg et al., 2016). 

Culture supernatants were filtered through a cellulose-acetate syringe filter (0.2 µm, DIA-

Nielsen, Düren, Germany) and used for substrate analysis as described (Schito et al., 2022) as 

well as for amino acid quantification by HPLC as described (Zuchowski et al., 2023) 

 

5.3.3 Flow cytometry analysis 

The flow cytometer MACSQuantX (Miltenyi Biotec, Bergisch Gladbach, Germany) was used 

to analyze the cultures. Cell suspensions were diluted 1:1000 immediately after harvesting with 

sterile filtered phosphate buffer (58 mM Na2HPO4·7 H2O, 42 mM NaH2PO4·H2O). To perform 

a live/dead assay, a propidium iodide solution (Miltenyi Biotec, Bergisch Gladbach, Germany) 

was added (1:10 diluted) right before sample analysis. After device calibration according to the 

protocol (Miltenyi Biotec, Bergisch Gladbach, Germany), samples were measured with a 

medium flow rate (50 µL min-1). The background signal was determined by measuring cell-free 

phosphate buffer. Duplet exclusion was performed automatically according to the linear 

correlation between the height and area of the forward scatter signal. By counting positive 

events in the B2 channel, dead cells were estimated. The two co-culture strains harbored either 

eYFP or crimson fluorescent protein which were expressed due to the 1 mM IPTG present 

during both precultivation and main cultivation. Thus, the ratio of the two strains in the CoNoS 

was estimated by interpolating the signal of the B1 and the R1 channel.  
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