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ZUSAMMENFASSUNG 

Der Großteil der heutzutage angewandten Antibiotika gehört zur Gruppe der Naturstoffe 

oder wurde durch Modifizierung einzelner funktioneller Gruppen von ihnen abgeleitet. Auf 

der Suche nach neuen Antibiotika konzentrieren sich viele aktuelle Forschungsprojekte 

erneut auf Naturstoffproduzenten, da Naturstoffe komplexe physiochemische Eigenschaften 

bezüglich einer guten bakteriellen Aufnahme, intrazellulären Verfügbarkeit und Bindung an 

die Zielstruktur in sich vereinen und durch rationales Design nur sehr schwer nachzuahmen 

sind. Es besteht die gerechtfertigte Hoffnung, dass die Untersuchung neuer 

Produzentenstämme aus weniger erforschten Nischen potenziell neue antimikrobiell 

wirksame Substanzen hervorbringt. Außerdem konnte durch Genomsequenzierung 

festgestellt werden, dass viele Produzentenstämme das Potential besitzen zusätzliche 

Sekundärmetabolite zu synthetisieren, welche in sogenannten kryptischen oder stillen 

Genclustern codiert sind. Die Aktivierung dieser Gencluster, z.B. durch die Anzucht der 

Produzentenstämme unter neuen Wachstums- oder Stressbedingungen, die genetische 

Manipulation der Genregulation oder die heterologe Genexpression, ist ebenso Bestandteil 

aktueller Forschung. Um diese Auswahl an potenziellen Naturstoffproduzenten effektiv zu 

beproben, benötigt man, neben verbesserten Aufreinigungs- und Dereplikationsmethoden, 

vor allem schnelle, robuste und selektive Screeningmethoden, welche einen hohen 

Informationsgehalt generieren. 

In dieser Arbeit wurde ein Agar-basierter Bioreporteransatz entwickelt und validiert, der ein 

kombiniertes Bioaktivitäts- und Wirkmechanismus (MOA)-informiertes Screening 

ermöglicht. Die verwendeten ß-Galaktosidase-basierten Bacillus subtilis Bioreporter-

konstrukte zeigten eine selektive Induktion bei antimikrobieller Interferenz mit einem der 

Hauptstoffwechselwege: DNA-Synthese (PyorB-lacZ), RNA-Synthese (Prpt-lacZ und  

PhelD-lacZ), Proteinbiosynthese (PbmrC-lacZ, selektiv für Translationsarrest) und Integrität der 

Zellhülle (PypuA-lacZ und PliaI-lacZ). Die Induktionsspezifität der Bioreporterstämme im  

Agar-basierten Testverfahren wurde unter Verwendung von ~90 Referenzantibiotika mit 

bekanntem MOA bestätigt. Da Prpt als Bioreporter bisher unbeschrieben war, musste seine 

Induktionsspezifität und -sensitivität in Bezug auf RNA-Stress sowohl im Agar-basierten 

Ansatz sowie in einem flüssigen, Luciferase-basierten System eingehend profiliert werden. 

Nach der Validierung der Bioreporterstämme, ermöglichte der Agar-basierte Test die 

Charakterisierung unbekannter, antimikrobieller Wirkstoffe, wie z.B. die Untersuchung von 

Microcionamid A und C. Generell wies die Bioreporter-basierte MOA-Profilierung den 

Hauptstoffwechselweg auf, welcher durch die antibiotische Aktivität spezifisch gehemmt 
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wurde, und ermöglichte die Auswahl geeigneter Folgestudien zur Aufklärung der 

molekularen Zielstruktur. 

Weiterhin wurde der Agar-basierte Bioreporteransatz auf seine Anwendbarkeit im direkten 

Screening von Antibiotika-Produzentenstämmen untersucht. Es konnte nachgewiesen 

werden, dass produzierte antimikrobielle Wirkstoffe durch die direkte Untersuchung von 

Agarproben oder Kulturüberständen der kultivierten Produzentenstämme sensitiv detektiert 

und bezüglich ihres MOA profiliert werden können, ohne dass eine initiale 

Wirkstoffaufreinigung erforderlich war. Dies war besonders interessant, da Antibiotika-

Produzentenstämme oft das genetische Potenzial besitzen, verschiedene antimikrobielle 

Sekundärmetabolite zu synthetisieren, welche mit Hilfe der zusätzlichen MOA-Information 

der Bioreporterstämme schnell unterschieden werden können. Das Testverfahren bietet 

zudem den Vorteil, den gesamten Aufreinigungsprozess eines Wirkstoffes zu überwachen, 

da unbearbeitete Produzentenstämme, Extrakte, fraktionierte Proben oder Reinsubstanzen 

auf das Vorhandensein der zuvor detektierten Aktivität inklusive Bioreportersignal getestet 

werden können. Es konnte weiterhin gezeigt werden, dass der Agar-basierte 

Bioreporteransatz in der Lage ist, Polypharmakologie oder synergistische Effekte von 

antimikrobiellen Substanzen sensitiv nachzuweisen. 

Die selektive Hochregulierung der ausgewählten B. subtilis Bioreportergene durch 

antibiotische Interferenz mit einem der oben genannten Hauptstoffwechselwege war in einer 

früheren Transkriptom-Studie entdeckt worden. Die Funktion und Regulation der 

identifizierten B. subtilis-Gene sind jedoch nur teilweise charakterisiert. Ein besseres 

Verständnis der initiierten Stressantworten, welche die selektive Induktion der Gene 

regulieren, ermöglicht eine verfeinerte MOA-Charakterisierung der induzierenden 

Antibiotika und erlaubt potenziell neue Einblicke in zelluläre Anpassungs- oder 

Resistenzmechanismen. Daher wurde in dieser Arbeit die Regulation der Bioreportergene 

rpt, helD und yorB untersucht, welche nach Behandlung mit RNA-, respektive DNA-

Synthese-hemmenden Antibiotika selektiv hochreguliert werden. Bezüglich der 

Genregulation von rpt und helD ließen die Induktionsprofile von Prpt und PhelD nach 

Antibiotikabehandlung, welche zusätzlich in einem quantitativen, Luciferase-basierten 

Reportersystem gemessen wurden, auf einen ähnlichen Regulationsmechanismus 

schließen. Weitere Ergebnisse wie Promotor-Deletionsstudien und DNA-Affinitäts-

Capturing-Assays, deuteten darauf hin, dass die SigA-regulierten Gene rpt und helD  

zu einer cis-kodierten Antisense-RNA-regulierten Stressantwort gehören, welche 

möglichweise selektiv durch das zelluläre Erkennen blockierter RNA-Polymerase-Komplexe 

induziert wird. Zudem konnte nachgewiesen werden, dass das SPß-Prophagenprotein YorB 
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LexA-reguliert und somit Teil der SOS-Antwort in B. subtilis ist. Schließlich wurde die bisher 

nicht charakterisierte Funktion von Rpt (früher PpS/YppS) aus B. subtilis aufgeklärt. Es 

konnte gezeigt werden, dass Rpt eine selektive Resistenz gegen Rifamycine verleiht, indem 

es diese spezifisch phosphoryliert und damit inaktiviert.   



X 

SUMMARY 

Most of todays applied antibiotics belong to the group of natural products or have been 

derived from them, by modifying individual functional groups. In the search for new 

antibiotics, current research is again concentrating on natural product discovery, since those 

compounds combine complex physiochemical properties with regard to good bacterial 

uptake, intracellular retainment, and target engagement, which cannot simply be mimicked 

by rational design. There is justified hope that the investigation of new producer strains from 

less explored niches could reveal new natural products. Genome sequencing has also 

shown that many producer strains possess the potential to synthesize additional secondary 

metabolites, which are encoded in so-called cryptic or silent gene clusters. The activation of 

those gene clusters, e.g., by cultivation of the producer strains under different growth or 

stress conditions, genetic manipulation of gene regulation, or heterologous expression, is 

also part of current research. In order to effectively screen all those potential natural product 

producers, improved purification and dereplication methods are required and, above all, fast, 

robust, and selective screening procedures, which generate high content information. 

In this thesis, an agar-based bioreporter approach was developed and validated, which 

allows for combined bioactivity and mode of action-informed screening. The employed  

ß-galactosidase-based Bacillus subtilis bioreporter constructs showed selective induction 

upon antimicrobial interference with one of the main metabolic pathways: DNA synthesis 

(PyorB-lacZ), RNA synthesis (Prpt-lacZ and PhelD-lacZ), protein biosynthesis (PbmrC-lacZ, 

selective for translation arrest) and integrity of the cell envelope (PypuA-lacZ and PliaI-lacZ). 

Induction specificity of the bioreporter panel in the agar-based setup was confirmed using  

a large set of ~90 reference antibiotics with known MOA. Of note, Prpt had not previously 

been described as bioreporter and was therefore extensively profiled for its induction 

specificity and sensitivity upon RNA stress in the agar-based assay as well as in a liquid, 

luciferase-based system. After validation of the bioreporter panel, the agar-based approach 

allowed the characterization of unknown antimicrobial agents, like the investigated 

compounds microcionamide A and C. Generally, the bioreporter-based MOA profiling 

indicated the metabolic pathway(s) of antibiotic interference and allowed for the selection of 

adequate MOA follow-up studies to elucidate the exact molecular target. 

Furthermore, the agar-based bioreporter approach was evaluated for its applicability in 

direct screening of antibiotic producer strains. It could be proven that produced 

antimicrobials can be sensitively detected and MOA-profiled by direct probing of agar plugs 

or culture supernatants of the cultivated producer strains, with no need for initial compound 
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purification. This finding was especially interesting as antibiotic producer strains often 

possess the genetic potential to synthesize different antimicrobial secondary metabolites, 

which can rapidly be distinguished using the additional MOA information of the bioreporter 

panel. The assay also bears the advantage to monitor the entire purification process of  

a bioactive substance, allowing to test unprocessed producer strains, extracts, fractionated 

samples, or pure substances for the presence of the previously detected activity and 

bioreporter signal of interest. It could further be shown, that the agar-based bioreporter 

approach is able to sensitively detect polypharmacology or synergistic effects of 

antimicrobial substances. 

The specific upregulation of the selected B. subtilis bioreporter genes upon antibiotic 

interference with one of the upper mentioned main metabolic pathways was discovered in a 

previous transcriptome study. However, the function and regulation of the identified  

B. subtilis genes are only partially characterized. A better understanding of the initiated 

stress responses that regulate selective gene induction would enable a refined  

MOA characterization of the inducing antibiotics, and potentially allow new insights into 

cellular adaptation or resistance mechanisms. Hence, regulation of the bioreporter genes 

rpt, helD, and yorB, which are selectively upregulated upon exposure to antibiotics that 

inhibit RNA or DNA synthesis, respectively, was investigated in this work. For gene 

regulation of rpt and helD, the induction profiles of Prpt and PhelD upon antibiotic treatment in 

a quantitative, luciferase-based reporter system, already pointed at a similar regulation 

mechanism. Further results like promoter deletion studies or DNA affinity capturing assays 

indicated, that the SigA-regulated genes rpt and helD both belong to a cis-encoded 

antisense RNA-regulated stress response, which is proposed to be selectively induced by 

the cellular sensing of stalled RNA polymerase complexes. The SPß-prophage protein YorB 

was proven to be LexA-regulated and thus part of the SOS response in B. subtilis. Finally, 

the function of B. subtilis Rpt (formerly PpS/YppS), which had not been previously 

characterized, was elucidated. It could be shown that Rpt confers selective resistance to 

rifamycins by phosphorylation inactivation.  
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1. INTRODUCTION 

1.1. Current importance of antibiotic research 

Antibiotic discovery was initiated with the finding of anti-Treponema pallidum (pathogen 

causing syphilis) bioactivity of the synthetically prepared salvarsan in 1909, followed by the 

incidental discovery of the first natural product penicillin in 1928. In the subsequent,  

so-called golden era of antibiotic discovery (~1940-1960), the scientific community 

uncovered a large variety of bioactive compounds, that still build the bases of the majority 

of today’s antibiotic treatment options (Figure 1). Already at that time the parallel emergence 

of antibiotic resistance was described (Welsch, 1952; Eagle, 1954; Clatworthy et al., 2007). 

 

Figure 1. Timeline of antibiotic discovery and resistance development. The upper part depicts the year 
of discovery for the first identified representatives of each antibiotic class (Silver, 2011; Ling et al., 2015). 
Natural products are highlighted in green, while synthetically derived compounds are marked in red. Colored 
boxes indicate antibiotics that were further investigated in this graph for parallel resistance development (lower 
part). The lower section shows the resistance development against some exemplarily chosen antibiotics after 
clinical introduction. Resistant pathogens depicted are Staphylococcus aureus (S. aureus), Shigella spp., 
Streptococcus pneumoniae (S. pneumoniae), Neisseria gonorrhoeae (N. gonorrhoeae), and Enterococcus 
faecium (E. faecium) (Centers for Disease Control and Prevention, 2013; Centers for Disease Control and 
Prevention, 2020). 

What did not appear as a great threat back then as antibiotic resources seemed to be infinite, 

has become a major problem in recent years, with dried-out pipelines in antibiotic discovery 

and rising numbers of (multi-) resistant pathogenic bacteria (O´Neill, 2014; Frieri et al., 2017; 

Aslam et al., 2018). Multiple factors have been adding to this shortage: the imprudent use 

of antibiotics in agriculture (e.g., for artificial animal fattening or factory farming) (Landers et 

al., 2012; Manyi-Loh et al., 2018; Yang et al., 2019), the enhanced medical application of 

broad-spectrum antibiotics (often misused or used for preventive measures) (Schroeck et 
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al., 2015), the general difficulty to find new antibiotic scaffolds in a more exploited 

environment, the shrinking efforts in antibiotic research made by pharmaceutical companies 

due to its non-profitable and tedious developmental process, the more rapid spread of 

antibiotic resistance in a globalized world (MacPherson et al., 2009) and finally, the 

environmental accumulation of all produced and applied antibiotics (e.g., in the waste water 

of antibiotic production facilities or municipal sewage) (Kraemer et al., 2019; Davies and 

Davies, 2010). Although public awareness of the growing threat of antibiotic resistance is 

rising, there is need for further education, as for example awareness studies revealed 

misbeliefs concerning the appropriate application of antibiotics or the antibiotic resistance 

development, i.e., the majority of people asked thought, that humans and not bacteria 

become antibiotic resistant (World Health Organization, 2015). In 2014, an expert committee 

predicted that by 2050 antimicrobial infections will constitute the most frequent cause of 

death (O´Neill, 2014). Although it is difficult to predict the extent of such prognoses, we are 

indeed facing a post-antibiotic future, if the antibiotic resistance problem is not promptly 

tackled from multiple sides. On the one hand our generation has to learn to responsively 

handle the remaining precious drugs, e.g., by restricting the medical application or following 

a more sustainable antibiotic-free agriculture, while, on the other hand, we have to invest in 

the discovery and development of new antimicrobial agents, which can only be achieved by 

an extended and stably financed antibiotic research. 

 

1.2. Antibiotic discovery and development  

In recent years, only few antibiotics could successfully pass through all clinical trials, with 

the majority of approved antibiotic agents comprising derivatives of known antibiotic classes 

(Hutchings et al., 2019). To counteract antibiotic resistance development, there is the urgent 

need to find new antimicrobial scaffolds, that either show new binding modes on 

characterized targets or interfere with new targets, thereby avoiding cross-resistance  

(Bush et al., 2011; Walsh and Wencewicz, 2014). Furthermore, resistance breaking agents 

are of interest, which specifically combat resistance in combinational treatment with currently 

applied therapeutics (Bush and Pucci, 2011; Melander and Melander, 2017; Laws et al., 

2019) or compounds that tackle non-essential virulence pathways (i.e., biofilm formation) 

(Rasko and Sperandio, 2010; Martínez et al., 2019). Research groups are also working on 

antimicrobial, immunomodulatory agents, that support the inherent host immune response 

for more effective elimination of invading pathogens (Liu et al., 2006; Ting et al., 2020). 

To date, antibiotic research mostly followed two main strategies: the target-based screening 

for and rational optimization of (semi-)synthetic molecules versus the activity-based 
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screening of naturally or (semi-) synthetically derived samples (Brötz-Oesterhelt and Sass, 

2010; Singh et al., 2011). For the former, huge efforts had been invested into developing 

low-molecular molecules that displayed optimized binding to the purified bacterial target site 

of interest in vitro. Unfortunately, when tested in vivo they often only showed weak 

antimicrobial activity, as the predicted targets were not essential in the nutrient-rich host 

environment, prone to mutation or could easily be bypassed by acquiring requisite  

reaction products from the surrounding (Brötz-Oesterhelt and Sass, 2010). Furthermore, 

their physiochemical properties often allowed for improved target-binding, but did not  

meet the demands necessary for bacterial cell entry or escaping efflux mechanisms  

(Brötz-Oesterhelt and Sass, 2010; Tommasi et al., 2015). The results indicate the difficulties 

of computationally predicting suitable bacterial target structures or the impact of molecular 

modifications of antimicrobials on every step necessary for effective target engagement in 

bacterial whole cell systems. In contrast, natural products have evolved complex 

physiochemical properties to combine efficient target-binding, optimized bacterial cell entry, 

good cytoplasmic retainment, and resistance-slowing polypharmacology, which make them 

a promising source for potentially new antimicrobial scaffolds (Brötz-Oesterhelt and Sass, 

2010; Bérdy, 2012; Wright, 2017). This superiority is also displayed by the vast majority of 

all applied antibiotics having derived from natural products (Newman and Cragg, 2016; 

Wright, 2017). Nonetheless, the major bottleneck in natural product discovery is the frequent 

rediscovery of previously isolated compounds (Tulp and Bohlin, 2005; Genilloud, 2017).  

To overcome this problem, current research tries to follow new paths, e.g., by investigating 

newly discovered or underexplored antibiotic producer species, which colonize more 

specialized environmental niches (Wohlleben et al., 2016; Zipperer et al., 2016; Nithya et 

al., 2018). Furthermore, genomic approaches revealed that producer strains indeed often 

possess large numbers of antibiotic gene clusters and therefore the potential to produce 

new antimicrobial secondary metabolites, i.e., indicated by metagenomic data from  

non-cultivable microorganisms or the existence of silent gene clusters (Wohlleben et al., 

2016). To free those capacities, different strategies are developed in order to indirectly  

(e.g., by growth under stress conditions or in cocultivation) (Seyedsayamdost, 2014; Yoon 

and Nodwell, 2014; Netzker et al., 2015) or directly modulate the producer strains gene 

expression (Mao et al., 2018; Culp et al., 2019; Wang et al., 2019) or to heterologously 

express the gene cluster of interest (Nah et al., 2017). 

In parallel, further development of improved extraction methods, facilitated deconvolution 

strategies and appropriate high-throughput screening technologies to efficiently purify, 

unravel and prioritize potentially interesting bioactive molecules are required (Carrano and 
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Marinelli, 2015; Ventura et al., 2017). As indicated above, especially bioactivity-based whole 

cell screenings are of interest, as they reflect the antibiotic’s potency to overcome the 

cumulative bacterial obstacles (e.g., membrane barriers, inactivating enzymes, or efflux 

systems). Selection and prioritization can be accomplished by application of  

pathogen-specific counter-screenings (Murray et al., 2019) or eukaryotic toxicity assays, but 

also by an early mode of action (MOA) classification (Fischer et al., 2004; Urban et al., 2007; 

Nonejuie et al., 2016; Wolf and Mascher, 2016; Wex et al., 2021).  

 

1.3. Antibiotic modes of action 

Antibiotics are agents that inhibit bacterial growth and reproduction (bacteriostatic) or lead 

to bacterial cell lysis (bactericidal). Antibiotic action can be broad-spectrum by interference 

with target structures or biosynthetic pathways, which are of common importance and 

accessible in all bacteria (Pham et al., 2019) or narrow-spectrum, thereby tackling only a 

subset of bacteria, which possess species-specific target structures, target essentiality or 

target accessibility (Melander et al., 2018; Alm and Lahiri, 2020). In that regard, antibiotic 

accessibility (and therefore also antibiotic activity) is often impeded in Gram-negative 

bacteria, due to their additional outer membrane permeability barrier (Hancock, 1997).  

To date, most applied antibiotics interfere with enzymes or the cellular structure of one  

of the four major biosynthetic pathways of bacteria, thereby inhibiting DNA synthesis,  

RNA synthesis, protein biosynthesis or unbalancing cell envelope integrity (Figure 2) 

(Bassetti et al., 2013; Wetzel et al., 2021), while each pathway contains multiple antibiotic 

target options, with the following sections exemplarily characterizing some of those  

pathway-specific antibiotic MOA. 

 

1.3.1. Interference with DNA synthesis 

DNA synthesis can be impaired by hampering the function of replication enzymes, by 

interference with the nucleotide precursor supply, or by intercalation into DNA. The synthetic 

group of quinolones inhibits both essential bacterial type-II topoisomerases, DNA gyrase, 

and DNA topoisomerase IV, with some of those derivatives showing preference for one of 

those enzymes (Fournier et al., 2000). DNA gyrase is also targeted by other antibiotics like 

aminocoumarins, simocyclinones, cyclothialidines, or zoliflodacin, which is currently in 

phase-III clinical trials (Basarab et al., 2015a; Khan et al., 2018). Limitation of the nucleotide 

precursor supply is, e.g., implemented by the MOA of trimethoprim and sulfonamides, which 

interfere with different steps of the folate biosynthesis (Wormser et al., 1982). Furthermore, 

the antibiotic 5’-fluorouracil limits the intracellular deoxythymidine monophosphate (dTMP) 
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levels by inhibition of the thymidylate synthase (Cohen et al., 1958; Longley et al., 2003; Oe 

et al., 2020). Of note, 5’-fluorouracil was shown to possess a dual MOA and can additionally 

be metabolized and incorporated into mRNA, thereby impairing protein synthesis (Cohen et 

al., 1958; Singh et al., 2015). Impairment of DNA structure is a MOA that in most cases goes 

hand in hand with a high eukaryotic cytotoxicity, as the DNA target is conserved in 

eukaryotes. Therefore, those antibiotics are primarily applied in anticancer therapy rather 

than antimicrobial chemotherapy (Godzieba and Ciesielski, 2020). There are intercalating 

agents like doxorubicin, alkylating agents like mitomycin C, or minor-groove binders like 

netropsin (Bhaduri et al., 2018). DNA-binding compounds most likely affect both, DNA and 

RNA synthesis, but can show (species-specific) preferred primary inhibition of a single of 

those two pathways (Harvey et al., 1976; Opperman et al., 2016). 

 

Figure 2. Schematic overview of antibiotic interference with the bacterial main metabolic pathways. 
Depicted are different antibiotic target structures or enzymes in one of the respective pathways: DNA 
synthesis, RNA synthesis, Protein biosynthesis, or maintenance of cell envelope integrity. The schematic 
overview of antibiotics interfering with cell envelope integrity was partly adapted from Schneider and Sahl, 
2010. 
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1.3.2. Interference with RNA synthesis 

The main target of RNA synthesis impairment is the DNA-dependent RNA polymerase 

(RNAP), which usually consists of the subunits α2ββ’ω (core RNAP) and a promoter-binding 

sigma factor. Rifamycins inhibit the progression of the RNAP by sterically blocking its exit 

tunnel and thereby the release of the nascent messenger RNA (mRNA) (Floss and Yu, 

2005). They can therefore only inhibit RNA synthesis initiation for mRNA chains between  

3-7 nucleotides, which did not yet leave the exit tunnel, while they cannot affect RNA 

synthesis progression at later time points (Campbell et al., 2001; Floss and Yu, 2005).  

The antibiotics streptovaricin and sorangicin A possess a similar transcription inhibition 

mechanism and bind to the same RNAP binding pocket. Resistance mutations against 

rifamycins in the ß-subunit of the RNAP similarly affect streptovaricin activity, while 

sorangicin A only shows partial cross-resistance (Wehrli and Staehelin, 1971; Campbell et 

al., 2005). Transcription initiation is further inhibited by fidaxomicin or α-pyrone antibiotics, 

like myxopyronin or corallopyronin, which interfere with different steps in open complex 

formation (Tupin et al., 2010; Artsimovitch et al., 2012). Elongation of RNA synthesis is 

impaired by streptolydigin, tirandamycin, or pseudouridimicin. While streptolydigin freezes 

the nucleotide addition cycle and other catalytic RNAP reactions (Temiakov et al., 2005), 

the nucleoside analog pseudouridimicin competes with uridine triphosphate (UTP) for RNAP 

binding, thereby hampering native UTP addition to growing mRNA chains (Maffioli et al., 

2017). Thiolutin and holomycin are also discussed to inhibit RNA synthesis. However, 

current studies indicate that the inhibitory action is rather an indirect effect based to their 

ability to act as chelating agents for zinc ions, which active RNAP is dependent of (Chan et 

al., 2017). Transcription is also affected by DNA-binding agents (see chapter 1.3.1.).  

A prominent example is the intercalator actinomycin D, which was shown to preferably inhibit 

RNA synthesis, while impairment of DNA synthesis could only be observed at highly 

elevated antibiotic concentrations (Hollstein, 1974). 

 

1.3.3. Interference with protein synthesis 

Impairment of protein biosynthesis is very diverse and can be achieved by direct interference 

with the ribosome, amino acid supply or nascent polypeptide chains. Bioactive agents like 

chloramphenicol, macrolides, ketolides, lincosamides, or streptogramins, all interact with the 

50S ribosomal subunit. Chloramphenicol blocks ribosomal progression by binding to the 

acceptor (A)-site and inhibiting the peptidyl transferase reaction (Wilson, 2009). Similarly, 

streptogramins of the A-type yield this blockage by interference with the ribosomal  

peptidyl (P)-site (Vannuffel and Cocito, 1996). Macrolides, ketolides, lincosamides, and 
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streptogramins of the B-type are described to block the ribosomal exit tunnel, which hinders 

mRNA translocation and destabilizes nascent peptide chains (Tenson et al., 2003). Current 

research implicates that the macrolide-dependent translation arrest is selective for nascent 

peptide chains of specific proteins and might be part of a peptide-based translation control 

(Vázquez-Laslop and Mankin, 2018). Of note, although rather known for introducing 

translation arrest, some 50S inhibitors like chloramphenicol, erythromycin, and lincomycin 

were also discussed to cause selective stop codon readthrough but no miscoding, thereby 

bypassing translation termination by incorporation of an amino acid (Thompson et al., 2004). 

Tetracyclines or aminoglycosides target the 30S subunit of the ribosome. While tetracyclines 

prevent the attachment of aminoacyl-transfer RNAs (tRNA) to the ribosomal A-site  

(Chopra et al., 1992), aminoglycosides interfere with protein synthesis by alteration of the 

A-site conformation, thereby leading to the unspecific incorporation of aminoacyl-tRNAs 

(Krause et al., 2016). The resulting mistranslated peptides are in most cases non-functional 

and are thought to introduce cell membrane damage (Davis et al., 1986). Further targets of 

antibiotic translation inhibition are aminoacyl-tRNA synthetases, which catalyze the loading 

of amino acids to their cognate tRNAs. Mupirocin (pseudomonic acid) blocks the function of 

the isoleucyl-tRNA synthetase by competitive binding with isoleucine, thereby depleting the 

isoleucine-charged tRNA levels (Khoshnood et al., 2019). Thiostrepton and fusidic acid both 

interfere with GTP-dependent translocation of the ribosome along the mRNA by inhibition of 

the elongation factor (EF)-G (Walter et al., 2011; Borg et al., 2015). Elfamycins were shown 

to inhibit the function of another bacterial translational GTPase, the EF-thermo unstable 

(TU), which is responsible for the aminoacyl-tRNA loading to the ribosomal A-site  

(Prezioso et al., 2017). A different kind of protein synthesis impairment is introduced by 

puromycin, which leads to premature termination of translation and the intracellular 

accumulation of short peptide chains. Puromycin resembles a tyrosyl-tRNA structure but 

can be incorporated for every amino acid into the growing peptide chain, precluding further 

extension (Aviner, 2020).  

 

1.3.4. Impairment of the cell envelope integrity 

The cell envelope is targeted by antibiotic interference with cell wall biosynthesis or the 

permeabilization of the cytoplasmic and/or outer membrane. While the cell wall shapes the 

bacterial cell and provides the essential rigidity, its biosynthesis is a highly dynamic process 

that allows for stable growth and cell division, thereby recycling peptidoglycan (PG) 

components (Johnson et al., 2013). Amino acid analogs like D-cycloserine or fosfomycin 

target the cytoplasmic production of the PG building block, uridine diphosphate-N-
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acetylmuramyl pentapeptide (UDP-MurNAc-pp) by interference with the alanine (Ala) 

racemase and the D-Ala-D-Ala ligase or the inhibition of the UDP-N-acetylglucosamine  

1-carboxyvinyltransferase MurA, respectively (Neuhaus and Lynch, 1964; Lambert and 

Neuhaus, 1972; Silver, 2017). Membrane-associated steps of cell wall biosynthesis are 

inhibited by uridyl peptide antibiotics like tunicamycin, which hamper MraY function and 

thereby the formation of lipid-I, or by ramoplanin, which was proposed to interfere with  

lipid-II formation via inhibition of MurG and FemXAB aside from its primary MOA by 

preventing lipid-II from being transglycosylated (compare below) (Brandish et al., 1996; 

Schneider and Sahl, 2010). In the periplasm glycopeptides, like vancomycin, teicoplanin, or 

balhimycin, can bind to the D-Ala-D-Ala terminus of the flipped lipid-II pentapeptide and 

sterically block transglycosylation and transpeptidation (Reynolds, 1989; Schäberle et al., 

2011; Zeng et al., 2016), while lantibiotics or ramoplanin tackle the carbohydrate 

pyrophosphate moiety of lipid-II, either blocking incorporation into the PG layer  

(mersacidin-like lantibiotics or ramoplanin) or triggering the formation of a defined 

membrane pore (nisin-like lantibiotics) (Brötz et al., 1998; Cudic et al., 2002; Schneider and 

Sahl, 2010). Bacitracin blocks the bactoprenol-mediated precursor recycling by 

extracellular, zinc-dependent complex formation with undecaprenyl pyrophosphate, which 

upon complexation is unable be dephosphorylated and flipped back into the cytosolic 

compartment (Schneider and Sahl, 2010; Economou et al., 2013). The most important and 

also diverse class of antibiotics is comprised by ß-lactam antibiotics. Penicillins, 

cephalosporins, carbapenems, or monobactams irreversibly bind and inactivate the  

D-D-transpeptidase and D-D-carboxypeptidase activity of penicillin-binding proteins,  

by mimicking their substrate, the D-Ala-D-Ala terminus of the PG disaccharide pentapeptide 

monomer (Schneider and Sahl, 2010).  

While the cell wall is the stabilizing component, membranes form selective barriers, which 

allow for controlled uptake and efflux of different molecules. Some compounds show 

interaction with specific bacterial lipid components, like the clinically important antibiotic 

daptomycin. Although the MOA is still not fully elucidated, it could be shown that upon 

complexation with calcium (Ca2+), daptomycin specifically binds to the anionic phospholipid 

phosphatidylglycerol and is able to form tripartite complexes with undecaprenyl-coupled cell 

envelope precursors, thereby impairing cell wall biosynthesis and leading to massive 

membrane rearrangements (Müller et al., 2016; Grein et al., 2020). Ca2+-daptomycin binding 

to phosphatidylglycerol was further discussed to lead to the formation of a pore-like complex, 

that causes dissipation of the cellular membrane potential (Grein et al., 2020; Straus and 

Hancock, 2006). Ionophores can modulate the membranes’ ion permeability by acting as 
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ion carriers or by building ion channels. They often possess antimicrobial activity provoking 

a disturbed intra- and extracellular ion equilibrium, an altered electrochemical gradient, 

and/or a lower proton motive force, which hampers ATP production (Gale et al., 1981; Kevin 

II et al., 2009). Membrane-targeting cationic antimicrobial peptides (cAMP) use the negative 

charge on the outer leaflet of the bacterial membrane, containing negatively charged 

phospholipids (e.g., phosphatidylglycerol or cardiolipin), lipoteichoic acids (cytoplasmic 

membrane of Gram-positive bacteria) or lipopolysaccharides (outer membrane of  

Gram-negative bacteria), to establish strong electrostatic membrane interactions and 

accumulate at its surface. Currently, different models of cAMP membrane impairment are 

discussed, including pore formation, unfavorable effects on the membrane integrity, and 

detergent-like membrane destabilization (Kumar et al., 2018), while the MOA might be 

dependent on the steric and physiochemical properties of each agent. Compounds that 

specifically permeabilize the outer membrane are of special interest for combinational 

therapy as they might allow target engagement of effective antimicrobial substances, which 

normally cannot overcome the outer membrane barrier (Field et al., 2016; Choi and Lee, 

2019; Li et al., 2021). Polymyxins (polymyxin B or colistin) were described to disrupt the 

outer and to some extent the inner membrane, thereby mainly targeting Gram-negative 

bacteria. However, their killing mechanism is not merely outer membrane-related and 

remains to be resolved (Trimble et al., 2016). 

 

1.3.5. Further modes of action 

Another way of tackling the bacterial metabolism is to unbalance the level of newly 

synthesized proteins as shown by acyldepsipeptides (ADEPs) (Brötz-Oesterhelt et al., 

2005). ADEPs act by a dual MOA on the Clp protease: they compete with binding of the 

ATPase-component to the ClpP proteolytic core, thereby impairing its native function in 

proteolysis and additionally deregulate its function by initiating an unspecific degradation of 

nascent polypeptides, less structured proteins (Kirstein et al., 2009), and the essential  

cell division protein FtsZ (Silber et al., 2020; Sass et al., 2011). Antibiotics like cerulenin or 

triclosan affect bacterial cell viability by impairing de novo fatty acid synthesis.  

In Escherichia coli cerulenin hampers the function of the enzymes FabH and FabB, while 

triclosan inhibits FabI (Heath et al., 1999; Heath and Rock, 2004). Of note, cerulenin was 

also shown to inhibit eukaryotic sterol and fatty acid synthesis (Funabashi et al., 1989; 

Nomura et al., 1972). 

In principle, every bacterial cell structure or metabolism could be targeted by an interfering 

molecule, but microbial growth inhibition or cell lysis depend on the targets indispensable 
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function in the bacterial cell combined with the lack of a timely cellular adaptation process. 

Indispensability of a target is discussed to enhance the evolutionary selection pressure for 

bacterial adaption and the development and spread of resistance, i.e., by target mutation, 

enzymatic inactivation, or efflux mechanisms (Rasko and Sperandio, 2010). With the rise of 

antibiotic resistance, there is a constant need for new antimicrobial agents. Therefore 

current research is following two leads: on the one hand, screening for antimicrobials that 

tackle essential pathways either by showing new binding properties on well described 

targets (Basarab et al., 2015b), interference with new targets in well described metabolic 

pathways (van Eijk et al., 2017), or by hindrance of new biosynthetic pathways (Mak et al., 

2012; Sass and Brötz-Oesterhelt, 2013; McVey et al., 2020). On the other hand, 

identification of resistance breaking compounds or anti-virulence agents, which counteract 

bacterial biofilm formation, toxin production or interfere with bacterial quorum sensing and 

therefore reduce bacterial pathogenicity (Rasko and Sperandio, 2010; Martínez et al., 2019). 

As most virulence factors are non-essential for bacterial survival they are proposed to be 

less prone to rapid antibiotic resistance development (Rasko and Sperandio, 2010). 

Furthermore, those anti-virulence compounds could also be used in combinational treatment 

with applied antibiotics (Rezzoagli et al., 2020). The applicability of antibacterial agents in 

human therapy is very often limited by the agents’ selectivity in counteracting bacterial 

survival, while leaving eukaryotic cells (mostly) unaffected. Hence, antibiotic target 

structures and MOA that are specific for bacteria, constitute the preferred basis for new drug 

candidates. However, preceding human application all promising agents have to undergo 

detailed investigation to fully exclude toxic side effects, e.g., by alternative (eukaryotic) 

targets or secondary effects. Especially in the search for new, resistance breaking antibiotics 

it is difficult to maintain the high standards of currently applied antibiotics (Rolain and 

Baquero, 2016). Of note, antibacterial agents that show high cytotoxicity are often further 

investigated and developed for their application in anticancer chemotherapy (compare  

DNA-binding agents in chapter 1.3.1.) (Phillips et al., 2000; Yun et al., 2019). 

 

1.4. Bacillus subtilis and its transcriptional gene regulation mechanisms 

B. subtilis is a rod-shaped, Gram-positive bacterium, that is classified into the phylum of 

Firmicutes (Piggot, 2009). The non-pathogenic strain is commonly found in soil, where it is 

able to survive under facultative anaerobic conditions (Nakano and Zuber, 1998). Its low  

GC content genome contains approximately 4.2 Mbp, which include ~4100 coding regions 

(Kunst et al., 1997). B. subtilis is capable of quorum sensing (Kalamara et al., 2018), biofilm 

formation (Arnaouteli et al., 2021), cannibalism (González-Pastor, 2011), or natural 
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competence development, the latter allowing rapid adaptation by internalization of 

exogenous DNA (Piggot, 2009; Brito et al., 2018). Furthermore, in order to survive under 

extreme stress conditions, it is able to form heat resistant, dormant endospores  

(Errington, 2003). In recent years, in addition to research on the elucidation of the mentioned 

survival strategies or the general lifestyle of B. subtilis, a rich selection of genomic  

(Kunst et al., 1997; Zhang et al., 2016), transcriptomic (Hutter et al., 2004; Freiberg et al., 

2006; Nicolas et al., 2012), and proteomic (Bandow et al., 2003; Ravikumar et al., 2018) 

data sets became available, making B. subtilis the best studied Gram-positive model 

organism. The extensive characterization of B. subtilis allows a more detailed picture of the 

different bacterial gene regulation mechanisms. 

Generally, gene regulation is one of the most important cellular processes as bacterial 

survival is dependent on a tightly regulated, but yet quickly adaptable gene expression, 

which limits needless consumption of energy and other resources and sustains the fitness 

by allowing rapid adaptation to changing environments or different growth conditions.  

 

Figure 3. Schematic overview of the main transcriptional and post-transcriptional regulation processes 
in B. subtilis. The upper DNA strand depicts an exemplary promoter region, that precedes the coding region 
(CDS) of a transcribed gene. After formation of the RNAP holoenzyme (sigma factor bound to the core RNAP), 
the sigma factor enables selective binding of the transcription complex to the respective sigma factor binding 
site indicated by its characteristic -10 and -35 binding region. After successful transcription initiation, the sigma 
factor dissociates from the complex and transcription starts at the transcriptional start site (TSS). DNA-binding 
proteins shown in the graph are activators (Acti) and repressors (Repr). The regulatory mechanisms depicted 
are further described in detail in the following sections. 
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This chapter will mainly focus on transcriptional regulation including some  

post-transcriptional regulatory mechanisms (Figure 3), which represent, aside from 

translational regulation or proteolytic mechanisms, only one dimension of the overall 

regulation of B. subtilis metabolism. 

 

1.4.1. B. subtilis sigma factors 

RNA synthesis is initiated upon sigma (σ) factor binding to the core RNAP, while the σ factor 

recruits the RNAP to the respective promoter region, allows for promoter melting and 

initiates strand separation (Huang et al., 1997; Du Toit, 2014). The best-investigated  

Gram-positive model bacterium B. subtilis possesses the essential primary σ factor SigA 

(σA), which regulates the transcription of housekeeping genes, and additionally at least  

17 alternative σ factors, which determine promoter selectivity (Helmann and Moran, 2001; 

Ayala et al., 2020). Alternative σ factors compete with SigA for RNAP binding and promote 

a selective transcription of their respective growth phase-dependent or stress-responsive 

regulons. This alternative transcription is regulated via the modulation of the intracellular 

concentration of different σ factors, their activity and also availability, i.e., titrated by  

anti-σ factors, anti-anti-σ factors, or other transcriptional regulators (Ayala et al., 2020).  

The general stress σ factor SigB is the most prominent representative of the alternative  

σ factors. It is stimulated upon a variety of stress (e.g., heat, salt, or ethanol stress) and 

starvation stimuli (e.g., phosphate or glucose limitation) and regulates the expression of 

approximately 150 genes, some of which are involved in cellular stress adaptations or 

virulence (Hecker et al., 2007). SigD was shown to regulate genes involved in flagellar 

assembly, motility, chemotaxis, and the expression of the major vegetative autolysins, 

thereby determining heterogenic subpopulations of sessile and motile B. subtilis cells, which 

might be advantageous to colonize both, the current location, while motile cells are able to 

expand into potentially favorable niches (Helmann and Moran, 2001; Mukherjee and Kearns, 

2014). B. subtilis endospore formation represents the last resort in physiological adaptation 

to environmental and nutritional stress. SigH can contribute to the initiation of endospore 

formation, as it was shown to control the expression of several genes encoding for 

sporulation proteins, i.e., the phosphorelay response regulator Spo0A, which is the key 

regulator of sporulation, Spo0F, KinA, as well as the transcription of the spoIIA operon, 

containing the forespore-specific early σ factor SigF, its anti-σ factor SpoIIAB, and its  

anti-anti-σ factor SpoIIAA (Britton et al., 2002; de Hoon et al., 2010). Besides influencing 

sporulation initiation, SigH was further described to play a role in natural competence and 

controls various physiological processes during transition to stationary phase (Britton et al., 
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2002). After sporulation initiation, the process of endospore formation is spatially and 

temporally regulated by various σ and transcription factors, but nevertheless they are highly 

interlinked (de Hoon et al., 2010). In the forespore, early gene expression is driven by SigF, 

followed by SigG-regulated finalization of the forespore formation. In the mother cell, the 

transcription of early sporulation genes is controlled by SigE, before the SigG-regulated 

SigK-dependent expression of 150 late mother cell-specific genes kicks in (de Hoon et al., 

2010; Higgins and Dworkin, 2012). B. subtilis also possesses seven extracytoplasmic 

function (ECF) σ factors, which are in most cases co-transcribed in an operon together with 

their specific anti-σ factor. Upon the respective cell envelope stress signal, the  

membrane-localized anti-σ factor is inactivated, which allows the initiation of the ECF  

σ factors’ transcriptional stress response (Helmann, 2016). While SigY, SigZ, and YlaC are 

still poorly characterized, SigM, SigW, SigX, and SigV were shown to be activated in 

response to cell envelope stress and control cell surface-related functions (Helmann and 

Moran, 2001; Gaballa et al., 2017). Although partly overlapping in their promoter recognition 

sites, induction by SigM, SigW, SigX, and SigV could be assigned to different regulatory 

stress responses. SigM induction was detected upon impairment of cell wall biosynthesis, 

heat shock, osmotic, acid or superoxide stress and correlated with adaptive expression of 

resistance proteins, detoxification enzymes, and genes important for cell division and 

maintenance of PG integrity (Eiamphungporn and Helmann, 2008). The ECF σ factor SigW 

responds to alkaline stress, membrane active detergents, and different cell envelope 

targeting antibiotics like vancomycin or nisin. SigW was shown to be involved in the adaptive 

expression of different detoxification enzymes and resistance mechanisms that e.g., alter 

the membrane composition or contribute to lantibiotic resistance or fosfomycin inactivation 

(Helmann, 2016). Stimulatory stress signals affecting SigX-dependent regulation partially 

overlap with the ones described for SigM and SigW. SigX initiates the expression of genes 

known to introduce membrane modifications that decreases the negative net charge of the 

outer leaflet of the bacterial membrane, thereby potentially protecting the cell from cAMP 

inhibitory action (Helmann and Moran, 2001). Furthermore, SigX seems to play a role in 

biofilm architecture, septum formation and cell wall biosynthesis (Souza et al., 2014).  

SigV is specifically induced upon lysozyme treatment, while it is located and expressed in 

the same operon with OatA, a PG O-acetyltransferase which is interestingly connected with 

lysozyme resistance (Souza et al., 2014; Helmann, 2016). 
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1.4.2. Accessory RNAP subunits and RNAP-binding proteins 

Accessory RNAP subunits or RNAP-binding proteins can also modify the transcription 

process by alteration of RNAP activity, selectivity, or DNA-binding capacity. While the  

α (RpoA), β (RpoB), and β’ (RpoC) RNAP subunits are essential, the δ (RpoE), ε (RpoY), 

and ω (RpoZ) subunits are dispensable (at least under laboratory conditions) and therefore 

considered accessory subunits (Weiss and Shaw, 2015). RpoY and RpoZ are poorly 

characterized in Gram-positive bacteria. The RpoZ subunit was shown to co-purify with the 

essential RNAP subunits (α, β, β′) in a 2:1:1:1 ratio (α2ββ′ω) during exponential and 

stationary growth in B. subtilis, whereas RNAP subunit stoichiometry was not altered during 

sporulation, or following stress conditions (Nicolas et al., 2012; Weiss and Shaw, 2015). 

Recent studies in S. aureus revealed that RpoZ might possess a chaperone-like function, 

which supports folding and subsequent association of the RpoC subunit with the residual 

RNAP subunits. Interestingly, a deletion of RpoZ is connected with RNAP complex instability 

and the increased binding of alternative σ factors, indicating a stress adaptation mechanism 

(Weiss et al., 2016). The RpoE subunit modifies transcription in several ways. It initiates 

preferred transcription of strong promoters by destabilizing DNA-RNAP interactions during 

open promoter complex formation and was shown to be important for bacterial general 

fitness, adaptation to environmental stress conditions, and virulence development  

(Weiss and Shaw, 2015). Furthermore, it overall enhances transcriptional activity as well as 

RNAP recycling, two processes which are further boosted by its synergistic action with the  

RNAP-binding protein HelD (Wiedermannová et al., 2014; Pei et al., 2020).  

The elongation factors NusA associates with the progressing RNAP complex after 

dissociation of the σ factor and was shown to be involved in RNAP pausing and intrinsic 

transcription termination (Yakhnin and Babitzke, 2002; Mondal et al., 2016). The elongation 

factors NusB and NusG are also capable of RNAP binding (Doherty et al., 2006). While in 

B. subtilis their exact functions remain elusive, they both seem to play a role in transcription 

termination, with NusG also affecting RNAP pausing and translocation (Yakhnin and 

Babitzke, 2002; Doherty et al., 2006). A further example for the modification potential of 

RNAP-binding proteins is the enzyme Fin, which was described to modulate transcription 

by competing with SigF for the same RpoC-binding site, thereby inhibiting SigF regulation 

and initiating the transition to a SigG-mediated late forespore regulation (Wang Erickson et 

al., 2017). 
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1.4.3. DNA-binding transcription factors 

Another way of regulating gene expression is facilitated by DNA-binding transcription factors 

(TFs), which can influence RNAP promoter-binding as well as RNA synthesis progression. 

DNA-binding is most commonly associated with a TFs helix-turn-helix (HTH) motif, which 

allows them to specifically bind a respective DNA operator motif (Brennan and Matthews, 

1989). After association with the respective operator site, activators stimulate transcription 

by supporting RNAP recruitment to suboptimal promoter sequences or by structural 

remodeling of the promoter site. In contrast, repressors negatively modulate gene 

expression by steric hindrance of RNAP-binding and -progression, alterations of the local 

DNA structure and its accessibility, or counteraction of the positive regulation by another TF 

(Bervoets and Charlier, 2019). In B. subtilis, TF-dependent regulation is mostly implemented 

by repressors, which are described to constitute the majority of DNA-binding TFs in this 

organism. Furthermore, many, often global, regulatory TFs can act as both, repressor and 

activator (Moreno-Campuzano et al., 2006). Known examples in B. subtilis are the 

ambiactive TF ComK, the key regulator of competence development (Susanna et al., 2006) 

or the transition state regulator AbrB, which coordinates adaptive, post-exponential gene 

expression (Hoch, 2017). The majority of two-component systems also utilizes this way of 

gene regulation to adapt to changing environmental conditions. While the membrane-bound 

histidine kinases are capable of sensing extracellular stimuli and mediate the activation of 

intracellular response regulators, the response regulators often constitute TFs, which are 

able to initiate cellular adjustments by modulating an adaptive gene expression  

(Fabret et al., 1999). Of note, many promoter regions also possess several repressors 

and/or activator binding sites that allow for the integration of various modulatory signals and 

a more interlinked and fine-tuned transcriptional response. The activity or DNA binding 

capacity of TFs is either regulated by their intracellular abundance, influenced by binding of 

small effector molecules to allosteric sites of some TFs, or by chemical modification  

(e.g., phosphorylation) (Bervoets and Charlier, 2019).  

 

1.4.4. Regulatory small RNAs and RNA stability 

Gene regulation complexity is yet further multiplied by a group of regulatory small RNAs 

(sRNA), the so-called antisense RNAs (asRNA). Their RNA-RNA regulation can be 

classified into cis or trans acting, meaning that asRNAs are encoded complementary to their 

target RNA in the same loci or are located and produced at a different position in the 

chromosome, respectively. While cis-encoded asRNAs display perfect complementary 

sequence homology, trans-acting asRNAs only possess limited complementarity with their 
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targeted mRNA and therefore often depend on RNA-binding chaperones like Hfq  

(Oliva et al., 2015). Upon target-binding, asRNAs can alter mRNA stability, promote 

degradation, modify regulator accessibility, or regulate translation of the respective mRNA 

(Oliva et al., 2015; Ul Haq et al., 2020). Cis-encoded regulatory elements are further 

discussed to directly interfere with transcription of the complementary target RNA, e.g., by 

steric hindrance of the complementary occurring RNAP initiation and progression, which is 

a process that happens most likely in accordance with the respective asRNA regulation 

(Bordoy and Chatterjee, 2015). 

Having outlined different mechanisms of direct modulation of the transcription process,  

an additional regulatory level of gene expression is represented by the intracellular stability 

of the respective transcription products. The mRNA half-lives in B. subtilis vary from 

approximately 1 min to more than 15 min, which largely influences the intracellular levels of 

mRNA available for subsequent translation (Hambraeus et al., 2003). Generally, mRNA 

stability is influenced by its secondary structure, the RNA degradosome, including different 

endo- and exonucleases, RNA-binding proteins, potential 5’ or 3’ untranslated regions 

(UTRs), sRNA interactions, or ribosome binding (Bechhofer and Dubnau, 1987; Dambach 

et al., 2013; Vargas-Blanco and Shell, 2020). It was shown for some bacteria, including  

B. subtilis, that upon various stress conditions the half-live of their transcriptome is altered, 

allowing a rapid, adaptive, and selective translation of genes important for cellular adaptation 

and survival (Vargas-Blanco and Shell, 2020). 

 

1.5. Aims of this thesis 

Natural product discovery was and remains the most promising source in the search for new 

antibiotics. One goal of this thesis was the development and validation of a rapid, robust, 

and selective antimicrobial screening tool on the basis of different B. subtilis bioreporter 

strains, that combines the activity-based agar diffusion approach, commonly used in 

antibacterial screening, with reliant MOA information. For this, promoter regions of different 

bioreporter genes, which had previously been shown to be selectively upregulated only upon 

treatment with antibiotics interfering with the same metabolic pathway (Mascher et al., 2004; 

Freiberg et al., 2006; Urban et al., 2007), were fused to a detectable reporter gene.  

Upon antibiotic exposure, the bioreporters should specifically and sensitively signal 

interference with the main metabolic pathways: DNA synthesis, RNA synthesis, protein 

biosynthesis and the maintenance of cell envelope integrity. After validation of the 

bioreporter assay using a large set of pure reference antibiotics with known MOA to ensure 

their MOA profiling capacity in this setup, the assay was meant to be utilized as an entry test 
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for MOA classification of uncharacterized antimicrobial substances, thereby allowing the 

selection of adequate follow-up studies to elucidate the exact molecular target structure.  

In this regard, a further aim was to utilize the bioreporter suite to acquire MOA information 

about the newly discovered antibacterial secondary metabolites microcionamide A and C, 

produced by the fungus Clathria basilana. 

As most MOA profiling tools are dependent on more or less purified antimicrobial agents, 

the objective was to adapt the agar-based bioreporter approach for direct screening of 

antibiotic producer strains, with no need for any upfront extraction or purification procedure. 

This was to be followed by the investigation of a large set (~500) of partly uncharacterized 

actinomycetes strains of the Tübingen strain collection, with the aim to verify the  

MOA classification potential of the bioreporter approach in direct screening and to potentially 

identify new antimicrobial compounds. 

Specific upregulation of the B. subtilis genes upon antibiotic treatment had been discovered 

in previously published transcriptome studies (Hutter et al., 2004; Freiberg et al., 2006). 

Although the genes were shown to be selectively induced upon antibiotic interference with 

a specific metabolic pathway, to date their function and regulation remains only partly 

characterized. Therefore, the further goal of this thesis was to elucidate the transcriptional 

regulation of the bioreporter genes yorB, rpt, and helD involved in signaling DNA and  

RNA stress, respectively, with particular focus on the new bioreporter gene rpt. The in-depth 

characterization of their gene regulation aimed for an improved understanding of the cellular 

adaptions initiated by B. subtilis in response to RNA and DNA stress signals and vice versa, 

to better profile the MOA of antibiotics, causing B. subtilis to initiate a stress response that 

leads to the selective induction of those bioreporter genes. This investigation was especially 

interesting, as my bioreporter results indicated that the promoters Prpt and PhelD are induced 

similarly in response to different RNA synthesis inhibiting antibiotics, pointing at a potentially 

similar way of regulating rpt and helD gene expression in B. subtilis. To date, Rpt (formerly 

PpS/YppS) has not been characterized in B. subtilis. Therefore, an additional objective of 

this thesis was the elucidation of its function, in order to understand the potential benefit for 

the B. subtilis cell to strongly upregulate rpt expression in response to RNA stress. 
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2. SUMMARY OF RESULTS 

2.1. The agar-based bioreporter approach 

2.1.1. Validation of sensitivity and induction specificity 

B. subtilis was chosen as model organism, due to the rich selection of different data sets 

characterizing its transcriptomic, proteomic, or phenotypical stress response upon exposure 

to different antibiotics (Bandow et al., 2003; Freiberg et al., 2006; Nonejuie et al., 2016). 

Furthermore, the Gram-positive organism is highly susceptible to most antibiotics, allowing 

a bioreporter-based MOA profiling for the majority of antimicrobial agents, while the antibiotic 

MOA information is often directly transferable to pathogenic species. For bioreporter 

construction, the promoters of the B. subtilis genes yorB, ypuA, liaI (yvqI), bmrC (yheI), and  

helD (yvgS), which had previously been described to be specifically upregulated upon 

antibiotic stress (Hutter et al., 2004; Freiberg et al., 2006; Urban et al., 2007; Mascher et al., 

2004; Wenzel et al., 2014), were individually fused during this thesis project to the  

ß-galactosidase gene lacZ and genomically integrated into the amyE locus of the sporulation 

deficient strain B. subtilis 1S34 (Piggot, 1973). After the construction of the five different  

B. subtilis bioreporter strains, indicative of DNA stress (PyorB-lacZ), RNA stress (PhelD-lacZ), 

translation arrest (PbmrC-lacZ) or impairment of cell envelope integrity (PypuA-lacZ and  

PliaI-lacZ) and the subsequent optimizations of the agar-based bioreporter approach in 

regard to maximal induction sensitivity, each bioreporter was validated for MOA specificity 

using a subset of 90 pure reference antibiotics with well characterized MOA. Of note, 

bioreporter-based MOA profiling results were obtained rapidly, after overnight incubation.  

It could be proven that in the agar-based bioreporter approach PyorB-lacZ, PbmrC-lacZ,  

PypuA-lacZ, and PliaI-lacZ sensitively and specifically detect antibiotics interfering with their 

respective biosynthetic pathway (Figure 1 and Table S1, Publication 1). PhelD-lacZ showed 

specific, but only weak induction signals upon treatment with RNA synthesis inhibitors in the 

agar-based bioreporter approach (Figure S1, Publication 1), which did not meet our goal of 

robust and sensitive MOA detection in this screening setup. After re-analyzing previous 

microarray data (Freiberg et al., 2006) we identified the B. subtilis gene rpt (formerly 

ppS/yppS; the new annotation is based on our elucidation of its function as rifampin 

phosphotransferase in chapter 2.2.2), which showed massive upregulation after treatment 

with the RNAP inhibitors corallopyronin and rifampin. And indeed, the alternative RNA stress 

bioreporter Prpt-lacZ displayed strong and selective induction solely by RNA stress inducing 

compounds in the agar-based bioreporter setup (Figure S1 and Table S1, Publication 1). 

For example, Prpt-lacZ showed selective induction of all RNAP inhibiting compounds, 
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including rifamycins, streptovaricin, corallopyronin A, fidaxomicin, sorangicin A, or 

streptolydigin, and intercalating agents that are described to inhibit RNA synthesis  

(e.g., actinomycin D and echinomycin). For signaling cell envelope stress, two different 

bioreporters were employed to better characterize antimicrobial MOA interfering with this 

pathway. PypuA-lacZ responded more broadly to the disturbance of cell wall biosynthesis or 

cell membrane integrity, while induction of PliaI-lacZ seemed to signal stress upon 

interference with membrane-associated steps of the undecaprenyl precursors (e.g., lipid-II) 

cycling, necessary for cell wall biosynthesis. PyorB-lacZ inducing compounds like quinolones, 

doxorubicin, mitomycin C, or phleomycin all showed an additional weak signal for PypuA-lacZ, 

which was not detected in a luciferase-based liquid system (Urban et al., 2007) and might 

hint at the sensitive detection of secondary effects in the agar-based setup due to bioreporter 

overnight incubation (Table S1, Publication 1). None of the five reporter strains were  

induced upon treatment with ionophores (e.g., nigericin), fatty acid synthesis inhibitors  

(e.g., triclosan), protein synthesis inhibitors that act by miscoding (e.g., kanamycin), by 

impairment of aminoacyl-tRNA synthesis (e.g., mupirocin), or by antimicrobial agents 

causing protein stress (e.g., diamide) (Table S1, Publication 1). 

Generally, the agar-based bioreporter assay is bioactivity-dependent, as the induction signal 

forms at the borders of the zone of inhibition (ZOI), where the antibiotic concentration is 

appropriate to cause a cellular stress response that leads to selective induction of the 

bioreporter genes. All bioreporters sensitively responded to interference with their respective 

pathways even upon treatment with low antibiotic concentrations, with the bioreporters  

PyorB-lacZ and Prpt-lacZ sensing subinhibitory antibiotic concentrations (induction was  

visible without detection of ZOI) of ciprofloxacin (0.01-0.025 µg) or fidaxomicin  

(0.01-0.05 µg), respectively (Figure S2, Publication 1). 

 

2.1.2. MOA profiling of microcionamide A and C 

Having evaluated the specificity and sensitivity of the agar-based bioreporter approach,  

the tool was applicable for MOA profiling of uncharacterized compounds. Our collaboration 

partners in Düsseldorf provided us with the pure substances microcionamide A and C, that 

showed strong cytotoxic activity against different tumor cell lines (A-2780, Ramos,  

Jurkat J16, Nomo-1, HL-60) ranging from 2.6-28 µM for microcionamide A and 0.45-1.9 µM 

for microcionamide C (Table 5, Publication 2). While both compounds were shown to induce 

apoptotic cell death in human lymphoma and leukemia cell lines (Figure 3, Publication 2), 

only microcionamide C appeared to interfere with autophagic processes under starvation 

conditions in embryonic fibroblasts (Figure 4, Publication 2). The compounds showed no 
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activity up to 100 µM against Mycobacterium tuberculosis as well as Gram-negative 

pathogens, like Enterobacter aerogenes, Klebsiella pneumoniae, Acinetobacter baumannii, 

Pseudomonas aeruginosa, and E. coli. The minimal inhibitory concentration (MIC) for  

S. aureus and E. faecium were determined to correspond to 6.3 µM (microcionamide A  

and C) and 12.5 µM (microcionamide A and C), respectively (MIC experiments were 

conducted by Jan Straetener and Dr. Anne Berscheid with the exception of M. tuberculosis, 

which was tested by our collaboration partners in Düsseldorf) (Table S10-2, Publication 2). 

The agar-based bioreporter approach was applied as an entry test to elucidate the overall 

metabolic pathway of interference. Bioreporter-based MOA profiling revealed a selective 

induction of PypuA-lacZ and PliaI-lacZ for both compounds, hinting at membrane-associated 

disturbance of the undecaprenyl precursors cycling (Figure 5, Publication 2). Based on those 

results adequate follow-up studies were selected to further confirm the proposed MOA.  

Jan Straetener and Dr. Anne Berscheid conducted a membrane potential assay in  

S. aureus NCTC8325 that strongly indicated dissipation of the membrane potential already 

at low antibiotic concentrations below the MIC (0.2 µM for microcionamide A, 0.8 µM for 

microcionamide C) (Figure 6, Publication 2). 

 

2.1.3. Direct screening of antibiotic producer strains 

A further aim of this thesis was to establish the agar-based bioreporter approach in direct 

screening of antibiotic producer strains to gain additional, reliant MOA information on the 

produced antimicrobials, with no need for initial and laborious compound purification.  

The setup was validated using six well-characterized actinomycetes producer strains, that 

were known to produce the natural products rifamycin B (Amycolatopsis mediterranei  

NBRC 14843), porfiromycin (a mitomycin C derivate) (Streptomyces ardus NBRC 13490), 

novobiocin (Streptomyces niveus NBRC 12917), erythromycin (Saccharopolyspora 

erythraea NBRC 13426), chloramphenicol (Streptomyces venezuelae NBRC 13096), or 

ADEP (Streptomyces hawaiiensis NRRL 15010). Each producer strain was individually 

cultivated for several days on solid media for optimal antibiotic production. After cultivation, 

agar plugs of each producer strain were sampled, embedded in the bioreporter-strain 

containing agar and incubated overnight. After incubation, all bioreporter strains showed the 

expected induction pattern, with the bioreporter signal matching the MOA of the produced 

antibiotic (Figure 2, Publication 1). 

In a subsequent screening approach of uncharacterized producer strains, approximately 

500 actinomycetes strains of the Tübingen strain collection were evaluated in the direct  

agar-based bioreporter approach. Producer strains were cultivated on at least two different 
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solid media and initially tested for B. subtilis 1S34 activity, with 240 of them lacking activity. 

Of note, 280 of the 500 actinomycetes strains were additionally tested against  

E. coli ATCC25922 to evaluate their Gram-negative bioactivity and to check for  

Gram-negative-only activities, which would hint at an outer membrane target that is not 

covered by our Gram-positive B. subtilis bioreporter strains. Of the 280 samples, 38 showed 

bioactivity against both, B. subtilis 1S34 and E. coli ATCC25922, while no bioactivity could 

be detected that was selectively present only for E. coli ATCC25922 (Data S1,  

Publication 1). The remaining 270 B. subtilis-bioactive actinomycetes were analyzed in the 

agar-based bioreporter approach against the full bioreporter panel. For 94 actinomycetes 

samples we could detect at least one reliable bioreporter signal. Of note, after incubation, 

some actinomycetes agar plugs showed blue coloration themselves. If this coloration was 

visible for all five bioreporters, we classified the signal as unspecific, and attributed it to the 

actinomycetes’ potential to produce an inherent ß-galactosidase. For some agar plugs such 

unspecificity could be excluded, yet they yielded an induction of more than one bioreporter, 

either hinting at the production of multiple antimicrobial compounds, or implicating a dual 

MOA of a single antimicrobial agent. In order to validate the obtained MOA information and 

to check for potentially new antimicrobial activities, an extended subset of the bioreporter 

inducing actinomycetes as well as few non-inducing activities were further investigated to 

identify the produced bioactive compounds. Extraction of one Petri dish of the grown 

producer strain (the same that was initially used for the agar-based bioreporter screening) 

was in most cases more than sufficient for compound deconvolution via agar extraction, 

high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis, and/or 

HPLC-tandem MS (HPLC-MS-MS) analysis (purification and dereplication experiments 

were conducted by our collaboration partners mentioned in Publication 1). Notably, 

bioreporter application also allowed to monitor the whole purification procedure, by testing 

culture supernatants, extracts, fractionations, or pure substances for the initially observed 

induction pattern (Figure 3, Publication 1). In total, 28 compounds were dereplicated,  

that validated the reliability of the agar-based bioreporter approach but were not new to the 

scientific community (Table 1, Table S3, and Data S2, Publication 1). However, some of the 

antimicrobial agents, like telomycin, had not previously been described to be produced by 

the Tübingen strain collection. Generally, the bioreporter signals concurred with the 

described MOA of the 28 dereplicated antimicrobial agents in all cases. For instance, 

investigation of the strain Tü2108 yielded a selective induction of the translation arrest 

bioreporter (PbmrC-lacZ), while dereplication uncovered the substance berninamycin. In the 

literature, berninamycin is described to bind to the ribosomal 50S subunit and inhibit protein 
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synthesis progression by hindering the incorporation of amino acids (Reusser, 1969), which 

perfectly suits the bioreporter profiling results. For strain Tü2641, impairment of cell 

envelope integrity (PypuA-lacZ) combined with the further indication of the inhibition of cell 

membrane-associated steps of undecaprenyl precursors cycling (PliaI-lacZ) were signaled 

by the bioreporter panel. The following purification and dereplication procedure revealed the 

production of the cyclic depsipeptide antibiotic telomycin. Although the exact MOA of 

telomycin is not fully understood, it was shown to exhibit bactericidal activity upon binding 

to the membrane phospholipid cardiolipin (Johnston et al., 2016). The DNA stress 

bioreporter (PyorB-lacZ) was shown to be induced by the cultivated producer strain Tü2471, 

which turned out to produce the DNA-binding agent chrysomycin A, that was shown to inhibit 

DNA synthesis (Wei et al., 1982). Substances dereplicated from non-inducing samples 

possessed MOA that were known not to be covered by the applied bioreporter panel  

(e.g., ionophores like monactin (TüG102), omomycin (TüG343), or boromycin (GöK12/9)) 

(Table S1, Publication 1), with some of them producing substances with up to date poorly 

characterized MOA. Strain Tü2401 produced two different substances, albomycin δ1 and  

C-1027 under liquid or solid cultivation conditions, respectively. The additional information 

of the differential bioreporter signal for both unpurified samples (agar plug or culture 

supernatant) allowed an early discrimination of the diverse production pattern (Figure 4, 

Publication 1). Negative controls, like solvents, commonly purified bioactive metabolites 

from actinomycetes, or media components, were also tested for antimicrobial activity and 

bioreporter induction, but were shown not to interfere with the agar-based bioreporter setup 

(Table S2, Publication 1). 

 

2.1.4. Further applications in polypharmacology and synergism 

For the producer strain GöK16/4 a triple induction of PyorB-lacZ, Prpt-lacZ, and PbmrC-lacZ was 

detected. What was initially hinting at the production of multiple antimicrobials could be 

traced back to the single compound chartreusin (Table S3 and Data S2, Publication 1). 

Testing the pure substance against the different bioreporters confirmed the induction pattern 

seen for the producer strain and indicated interference with multiple bacterial targets by the 

single compound chartreusin (Figure 5A, Publication 1). Detection of polypharmacology was 

further validated by the investigation of the recently published antimicrobial substance  

SCH-79797, which was described to possess a dual MOA interfering with folate metabolism 

and bacterial membrane integrity (Martin et al., 2020). The agar-based bioreporter approach 

reliably confirmed this dual MOA profile, with SCH-79797 inducing both cell envelope stress 
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bioreporters (PypuA-lacZ and PliaI-lacZ) in combination with the DNA stress bioreporter  

(PyorB-lacZ) (Figure 5B, Publication 1). 

The bioreporter tool was also investigated for its application in detecting synergistic antibiotic 

effects. For this, we spotted trimethoprim next to a subinhibitory concentration of 

sulfamethoxazole on a PyorB-lacZ containing agar plate. When gradually diminishing the 

spotting distance, an additional induction zone could be identified, that confirmed the 

synergistic effect of both substances to interfere with DNA synthesis (Figure 5C,  

Publication 1). 

 

2.2. In-depth characterization of the B. subtilis genes rpt and helD 

2.2.1. Induction of Prpt, PhelD and PyorB bioreporter constructs in response to RNA 

and DNA stress 

RNA and DNA synthesis are two independent processes that are essential for bacterial 

growth, yet they both utilize the same DNA template and therefore need to be tightly coupled 

to guarantee unaffected performance of both metabolic pathways. Hence, we further 

analyzed the B. subtilis stress response upon treatment with antibiotics that target 

transcription and/or replication, focusing on the bioreporters Prpt-lacZ and PhelD-lacZ 

signaling RNA stress and PyorB-lacZ for the detection of DNA stress. In contrast to PhelD-lacZ, 

the Prpt-lacZ construct was shown to additionally detect DNA-binding agents that interfere 

with RNA synthesis (Figure S1, Publication 1). Interestingly, Prpt-lacZ covered intercalators 

like echinomycin or the minor groove binder netropsin, which did not induce stress sensed 

by our DNA stress reporter PyorB-lacZ. Vice versa, intercalators like doxorubicin or the 

alkylating agent mitomycin C selectively signaled interference with DNA synthesis by the 

sole induction of the DNA stress bioreporter PyorB-lacZ. Only few DNA-binding antibiotics, 

like chartreusin or gilvocarcin V, showed an induction of both, the RNA and DNA stress 

bioreporter (Figure 1 and Table S2, Manuscript 1). 

In the agar-based setup, the induction strength of PhelD-lacZ was generally weaker in 

comparison to Prpt-lacZ upon treatment with the different RNAP inhibitors (Figure S1, 

Publication 1 and Figure 1, Manuscript 1). We therefore hypothesized, that the induction 

upon treatment with DNA-binding agents seen for Prpt-lacZ might be missed for PhelD-lacZ 

due to the generally lower induction signal, and that Prpt-lacZ and PhelD-lacZ might actually 

be induced by a similar set of antibiotics via the same stress response. In order to most 

sensitively quantify the induction strength of both RNA synthesis bioreporters, the 

Photorhabdus luminescens luciferase-based bioreporters Prpt-luxABCDE and  

PhelD-luxABCDE were constructed. For better comparison, both bioreporters were 
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investigated in Belitzky minimal medium (BMM) in order to monitor their expression under 

similar growth conditions. After 210 min, Prpt-luxABCDE and PhelD-luxABCDE were 

selectively induced by RNA synthesis inhibitors (Figure 2 and Table S3, Manuscript 1),  

with comparable induction patterns for all antibiotics tested. RNA synthesis inhibitors again 

yielded higher induction fold changes for Prpt-luxABCDE in comparison to the fold changes 

observed for PhelD-luxABCDE (Figure 2 and Table S3, Manuscript 1), thereby supporting our 

hypothesis that DNA-binding agents interfering with RNA synthesis might be missed in the 

agar-based setup due to the generally weaker induction strength of PhelD-lacZ. Nevertheless, 

the evaluation in a luciferase-based system sensitively detected that Prpt-luxABCDE and  

PhelD-luxABCDE are strongly induced by the same RNAP-binding agents, but are also 

responsive to the same DNA-binding agents, thereby supporting the idea of a similar gene 

regulation mechanism.  

 

2.2.2. Function of Rpt and HelD in response to RNA stress 

Both bioreporter genes, rpt and helD, are selectively upregulated only upon treatment with 

RNA synthesis inhibitors. Hence, their role in conferring resistance to those strongly inducing 

substances was investigated. MICs of different antibiotics were determined for the different 

knockout mutants B. subtilis 168 ∆rpt and B. subtilis 168 ∆helD. For comparison, we used 

B. subtilis 168 ∆amyE as a reference strain to determine wildtype (WT) MIC levels. Of note, 

the amyE gene encodes for a non-essential α-amylase, that is frequently used as an 

integration target site in B. subtilis (Shimotsu and Henner, 1986; Härtl et al., 2001).  

As amyE inactivation did not have negative impact on growth in other (Juhas and Ajioka, 

2016) and our experiments, we chose this deletion mutant as an unrelated control, as it had 

undergone the similar knockout procedure in comparison to the other knockout strains of 

interest. B. subtilis 168 ∆rpt showed a 16-32-fold, 4-8-fold, and 4-fold lower MIC for rifamycin 

SV, rifampin, and rifabutin, respectively, while all other tested RNA synthesis inhibitors 

matched WT MIC (Table 1, Manuscript 1). Prior to this work, the function of Rpt had not 

been determined in B. subtilis. Based on sequence homologies, rpt was either annotated as 

a phosphoenolpyruvate synthase, an enzyme important in gluconeogenesis  

(McCormick and Jakeman, 2015), or a rifampin phosphotransferase enzyme, which 

selectively inactivates rifamycins (Spanogiannopoulos et al., 2014). The results of the 

antibiotic susceptibility testing supported the idea of Rpt being a selective rifamycins 

inactivating phosphotransferase enzyme. To verify the effect of rpt deletion, the knockout 

mutant B. subtilis 168 ∆rpt was complemented using an integrative, isopropyl-β-D-

thiogalactopyranoside (IPTG)-inducible S707-rpt construct (B. subtilis 168 ∆rpt aprE::PSpac-
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S707-rpt). Of note, S707 was described to be the 5’ untranslated region (UTR) of the rpt 

gene (Nicolas et al., 2012). Upon IPTG induction, the rifampin MIC returned to WT level 

(Table S1, Manuscript 1). 

Heterologous overexpression of B. subtilis rpt in E. coli XL1 blue (E. coli XL1 blue  

pBS2E-PSpac-S707-rpt), which is naturally devoid of a Rpt enzyme homolog, led to high-level 

rifampin resistance (128-fold MIC increase) (Table S1, Manuscript 1). To confirm that  

B. subtilis Rpt is able to inactivate rifampin by phosphorylation, IPTG-induced cultures of  

E. coli XL1 blue pBS2E-PSpac (Vector control, which is devoid of S707-rpt) and  

E. coli XL1 blue pBS2E-PSpac-S707-rpt were grown for 24 h in the presence of 100 µg/mL 

rifampin. Culture supernatants were subsequently investigated via HPLC-MS analysis  

(all HPLC-MS experiments have been conducted by Andreas Kulik). While the mass of 

unmodified rifampin (m/z 821.3) was present in all samples, the mass of phosphorylated 

rifampin (m/z 901.3) was only detectable upon overexpression of B. subtilis rpt, proving  

the function of B. subtilis Rpt as rifampin phosphotransferase enzyme (Figure S1, 

Manuscript 1). On the basis of this function elucidation, we proposed the name rpt for  

B. subtilis ppS/yppS and Rpt for the corresponding protein. Of note, the name rph - in the 

style of the first discovered rifampin phosphotransferase found in actinomycetes called rph 

(Spanogiannopoulos et al., 2014) - was already taken in the B. subtilis gene annotation and 

thus no longer available. 

HelD was previously described to bind to the RNAP and enhance transcriptional activity as 

well as the recovery of stalled RNAP (Wiedermannová et al., 2014; Newing et al., 2020; Pei 

et al., 2020). A deletion of helD did not influence the MIC values for most antibiotics tested, 

but the mutant showed a more sensitive phenotype upon treatment with the closely related 

antibiotics corallopyronin A (16-fold) and myxopyronin A (> 32-fold) (Table 1, Manuscript 1). 

A similar trend could be observed for B. subtilis 168 ∆rpoE (Table 1, Manuscript 1), which 

was also chosen for MIC determination on the basis of its described function to act 

cooperatively with HelD on transcriptional (re-)cycling (Wiedermannová et al., 2014; Pei et 

al., 2020). 

 

2.2.3. Upregulation of rpt and helD in response to RNAP stalling 

As indicated by the investigation of Prpt-lacZ and PhelD-lacZ (Table S2, Manuscript 1), but 

also Prpt-luxABCDE and PhelD-luxABCDE (Figure 2 and Table S3, Manuscript 1), both 

bioreporters respond to a panel of differently acting RNA synthesis inhibitors. Deduced from 

the MOA of those structurally diverse compounds, the mechanism of RNAP stalling was 

suspected to represent the common stress signal leading to selective rpt and helD 
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upregulation. To investigate this hypothesis, the background expression (luminescence 

signal of untreated cells grown in BMM after 210 min) of Prpt-luxABCDE was monitored in 

different knockout mutants (∆helD, ∆rpoE, ∆mfd, and ∆uvrB), that are described to affect 

transcription in B. subtilis. For this, the plasmid pBS3Clux-Prpt-luxABCDE was transferred 

into the respective naturally competent B. subtilis 168 deletion mutants, where the reporter 

construct Prpt-luxABCDE was genomically integrated into the sacA locus. As reference strain 

we used the isogenic B. subtilis 168 ∆amyE. B. subtilis 168 ∆perR was chosen as negative 

control, which is devoid of the transcriptional repressor of peroxide stress (Giedroc, 2009) 

and should not have direct effects on rpt expression. Interestingly, B. subtilis 168 ∆helD and 

B. subtilis 168 ∆rpoE showed significantly enhanced Prpt-luxABCDE background expression 

in comparison to B. subtilis 168 ∆amyE, while all other knockout strains displayed values 

close to the reference background luminescence of B. subtilis 168 ∆amyE (Figure 3, 

Manuscript 1). 

 

2.2.4. Regulation of gene expression of rpt and helD 

Transcriptional regulation was first investigated using different promoter deletion or 

promoter modification constructs. For rpt and helD, we could delete the upstream promoter 

region up to the previously proposed SigA-dependent promoter sites (constructs  

Prpt_123bp-lacZ and PhelD_120bp-lacZ) (Nicolas et al., 2012), with no changes in the respective 

expression pattern (Figure 4, Manuscript 1). Upon deletion of the -35 region of the SigA 

binding sites, both constructs (Prpt_108bp-lacZ and PhelD_113bp-lacZ) could not (or only very 

weakly) be induced upon RNA synthesis stress by e.g., rifampin or fidaxomicin anymore, 

which confirmed their dependency to be expressed by this housekeeping σ factor (Figure 4, 

Manuscript 1). Interestingly, both promoters natively possess a 102 bp (helD) or 110 bp (rpt) 

long 5’UTR (Figure S3B, Manuscript 1). An alignment of the promoter fragments Prpt_123bp 

and PhelD_120bp, which both retained induction specificity, revealed a highly conserved 13 bp 

nucleotide motif at the downstream end of both promoter regions (Figure S4, Manuscript 1). 

In order to investigate the regulatory impact conferred by this region we deleted the last  

14 bp (Prpt) and the last 15 bp (PhelD) of their downstream promoter regions, including the 

conserved 13 nucleotides. The larger deletion of PhelD is due to one additional nucleotide 

that is present only in the PhelD 13 bp consensus sequence (compare Figure S4,  

Manuscript 1). Upon deletion of this motif, both constructs, Prpt_Del14bpDS-lacZ and 

PhelD_Del15bpDS-lacZ, showed enhanced background expression and loss of induction 

specificity, indicating that this region is essential for the selective upregulation of rpt and 

helD due to transcriptional stress (Figure 4, Manuscript 1). To verify that this effect was not 
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solely due to the shortening of the respective 5’UTR, a rpt promoter construct was 

generated, that was randomly modified in 6 out of 13 of the conserved nucleotides, thereby 

keeping the length of the 5’UTR unchanged. Nevertheless, a modification of this region 

(Prpt_Modi14bpDS-lacZ) also led to a deregulated rpt expression (Figure 4A, Manuscript 1). The 

generation of a construct only containing the SigA binding site of Prpt fused to the lacZ 

reporter (Prpt_onlySigA-lacZ) revealed that the observed deregulated rpt expression by deletion 

or modification of the conserved 13 bp nucleotide motif basically resembles a constitutive 

SigA-dependent expression, hinting at a repressive mechanism that controls induction 

specificity at the downstream end of the promoter (Figure 4A, Manuscript 1). Deregulation 

was also confirmed in a quantitative system. Prpt_Del14bpDS-luxABCDE showed significantly 

higher background luminescence signals in comparison to the unmodified Prpt-luxABCDE, 

with an approximately 68-fold higher background expression after 210 min of growth  

(Figure 5A and Figure 5C, Manuscript 1). Furthermore, it was not inducible after antibiotic 

treatment for none of the compounds tested (Figure 5B, Manuscript 1). A comparison of the 

relative luminescence units (RLU) in relation to OD600 demonstrated that upon induction of 

Prpt-luxABCDE by RNA synthesis inhibitors the values approximated to the (untreated) 

background levels measured for Prpt_Del14bpDS-luxABCDE (Figure 5C, Manuscript 1). 

Aiming to identify a TF that regulates rpt expression, we tried to detect DNA-binding proteins 

that specifically bind to the conserved 13 bp, which had been found to confer induction 

specificity. The DNA affinity capturing assay (DACA) is a sensitive method to identify such 

proteins. Here, DNA-bound proteins are co-purified with the biotin-tagged DNA fragment of 

interest and analyzed via semi-quantitative mass spectrometry (the latter has been 

performed by our collaboration partner Mirita Franz-Wachtel). Four different DNA fragments 

were investigated for their protein binding capabilities: three versions of the rpt promoter 

fragment and, as an independent control, one yorB promoter fragment (fragment 4,  

200 bp of length), that should identify unspecific DNA-binding proteins. For the rpt promoter 

fragments, the largest one comprised 200 bp containing the conserved 13 bp (fragment 1), 

while the other two were shortened by 30 (fragment 2) or 126 nucleotides (fragment 3) at 

the downstream end, thereby deleting the 13 bp consensus motif and further parts of the 

5’UTR, respectively (Table S4, Manuscript 1). After incubation with B. subtilis cytoplasm, the 

DNA-bound proteins were purified and identified via NanoLC-MS/MS analysis. Interesting 

candidates were followed up by expressing Prpt bioreporter constructs in the respective  

B. subtilis deletion mutant of the detected protein, assuming that the missing regulatory 

protein leads to the observed deregulation of rpt expression. The method was verified for 

yorB regulation, which had previously been proposed to be LexA-dependent (Au et al., 2005) 
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and showed specific induction of SOS response inducing antibiotics (Table S1,  

Publication 1) (Urban et al., 2007). And indeed, in the DACA experiment, LexA could be 

detected in highly elevated label-free quantification (LFQ) levels for fragment 4 (Table S6, 

Manuscript 1), while subsequent expression of PyorB-lacZ in B. subtilis 168 ∆lexA displayed 

enhanced background expression and deregulated induction specificity (Figure S6, 

Manuscript 1) as it had been seen for Prpt upon deletion or modification of the 13 conserved 

nucleotides (Figure 4, Manuscript 1). However, fragment 4 also showed enhanced binding 

of other transcriptional regulators like Xre or GamR (YbgA) (Table S6, Manuscript 1). 

Nevertheless, expression of PyorB-lacZ in B. subtilis 168 ∆gamR did not influence the 

bioreporter’s background expression or induction specificity (Figure S6, Manuscript 1), 

indicating that yorB induction upon DNA stress is selectively regulated by LexA.  

Although, we could confidently confirm the method by proving the LexA-dependent 

regulation of yorB expression and also identified several promising candidates by DACA, 

which showed preferred binding to the rpt promoter fragments, we were unable to find a 

DNA-binding protein that conferred induction specificity to rpt in follow-up experiments be 

the validated procedure. While some of the 45 tested candidates had minor modulatory 

effects on the background expression of Prpt-lacZ, none led to the loss of induction specificity 

(Table S5 and Table S7, Manuscript 1). 

Further analysis of the Prpt and PhelD revealed two SigA bindings sites on the complementary 

strand. Interestingly, for both of them, the -35 region of the SigA binding site is located in 

the region of the conserved 13 nucleotides (Figure 6A, Manuscript 1) (Nicolas et al., 2012). 

The opposite strand of the rpt promoter was described to encode a small RNA (sRNA) called 

ncr1015 (120 bp) or S708 (628 bp), dependent on the study (Irnov et al., 2010; Nicolas et 

al., 2012). For the helD promoter region, no complementary sRNA has been annotated, but 

transcript levels on the complementary strand seemed to be upregulated under some growth 

conditions (Nicolas et al., 2012; Zhu and Stülke, 2017). We therefore hypothesized, that rpt 

and helD are both regulated by a complementarily expressed asRNA (cis-encoded asRNA) 

mechanism. To test this, the -10 region of the SigA binding site of the complementary sRNA 

ncr1015/S708 was modified, while leaving the conserved 13 nucleotides that were 

previously shown to confer induction specificity unchanged (Figure 6B, Manuscript 1).  

This manipulation also led to rpt deregulation and loss of induction specificity (Figure 6C, 

Manuscript 1), pointing at a role of the complementary expression of the cis-encoded sRNA 

in rpt repression. 
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2.2.5. Conservation of rpt regulation in other Bacillales 

Homologs of B. subtilis Rpt could confidently be detected in different Actinomycetales, 

Myxococcales, Clostridiales, and Bacillales, while they were only considered homologous if 

they possessed a protein identity > 0.5 (Kanehisa and Goto, 2000) and a conservation of 

the reported rifamycin-binding sites (Stogios et al., 2016). A previous study of 

Spanogiannopoulos and colleagues showed that some actinomycetes utilize a  

rifampin-associated regulatory element (RAE) in order to control rph (encodes for a  

Rpt homolog in actinomycetes) expression (Spanogiannopoulos et al., 2014). Upon 

investigation of the promoter regions of the different rpt homolog containing bacteria, the 

RAE was detectable in many Actinomycetales, while minor variations of the regulatory 

element were even present in some Myxococcales (Figure 7, Manuscript 1). However, the 

promoter regions of all other examined bacterial orders were devoid of the RAE motif  

(Figure 7, Manuscript 1). As my regulatory studies had shown that the specific upregulation 

of rpt and helD gene expression was dependent on the conserved 13 nucleotides (compare 

chapter 2.2.4.), all promoter regions were investigated for this motif. Interestingly, the  

13 bp consensus motif located in the B. subtilis Prpt region was identified for a subgroup of 

different rpt homolog containing Bacillales (e.g., Bacillus licheniformis ATCC14580 

(NC_006270.3), Paenibacillus lautus (NZ_CP032412.1), Bacillus amyloliquefaciens MT45 

(NC_014551.1), and Brevibacillus formosus (NZ_CP018145.1)) (Figure 7 and Figure S7, 

Manuscript 1). In those strains the rpt homologs were located at different positions in the 

chromosome and flanked by a variety of different genes. Nevertheless, an alignment of the 

different potential promoter regions revealed a conservation of approximately 200 bp 

containing all regions that we hypothesize to play a regulatory role in rpt expression in  

B. subtilis 168: the SigA binding site of Prpt, the ribosomal binding site in Prpt, and the  

SigA binding site of the complementary sRNA ncr1015/S708 (Figure S8, Manuscript 1).  

In comparison, rpt promoter regions of other Bacillales, that were devoid of the  

13 bp consensus sequence (Figure 7, Manuscript 1), including the Bacillus cereus group, 

did not display any sequence similarity to the conserved promoter region of ~200bp. 
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3. DISCUSSION 

3.1. The agar-based bioreporter approach 

3.1.1. Sensitivity and specificity of the bioreporter strain induction 

The model organism B. subtilis was selected as strain background for the agar-based 

bioreporter approach, with the advantages lying in its good characterization concerning  

e.g., transcriptomic or proteomic data sets (Bandow et al., 2003; Fischer et al., 2004; 

Freiberg et al., 2006) and its high susceptibility to most antibiotics, which allows MOA 

profiling for the majority of antimicrobials. Although the target-area of antibiotic interference 

can most often be transferred to other bacteria, some of those antibiotics would not be able 

to approach their targets in Gram-negatives due to the additional outer membrane barrier 

that restricts compound permeation. Furthermore, antimicrobials that selectively target 

specific structures or enzymes of the outer membrane (Hart et al., 2019) would of course 

not be covered in our Gram-positive bioreporter approach, but could easily be detected in  

a Gram-negative activity-based counter-screening (compare E. coli ATCC25922 screening 

in chapter 2.1.3.). The agar-based bioreporter screening of pure compounds with known 

MOA confirmed a reliable detection of antibiotic interference with the main biosynthetic 

pathways: DNA synthesis (PyorB-lacZ), RNA synthesis (Prpt-lacZ), translation arrest  

(PbmrC-lacZ), and impairment of cell envelope integrity (PypuA-lacZ and PliaI-lacZ). Bioreporter 

induction occurred after overnight incubation at the borders of the ZOI, where the antibiotic 

concentration was not high enough to kill the bacterial cell, but sufficient to cause an 

adaptive cellular stress response. The size of the ZOI was not only dependent on the 

antibiotic’s activity but also on its agar diffusion potential. Testing different dilutions of one 

antibiotic revealed the high sensitivity of the bioreporters even at low antibiotic 

concentrations. For PyorB-lacZ and Prpt-lacZ induction was even detectable upon treatment 

with subinhibitory concentrations of ciprofloxacin or fidaxomicin, respectively. 

Generally, the antibiotic induction profiles of PyorB-lacZ, PbmrC-lacZ, and PypuA-lacZ were 

comparable to the results obtained by Urban and colleagues in a luciferase-based liquid 

system (Urban et al., 2007), while we extended the panel of tested reference antibiotics. 

Only after treatment with quinolones, mitomycin C, or phleomycin a divergent weak induction 

signal of PypuA-lacZ could be detected, additionally to the expected PyorB-lacZ signal.  

We hypothesize that this induction is due to the readout after overnight incubation in the  

agar-based setup in comparison to the readout after 3 h in the luciferase-based  

liquid system, the former potentially revealing long-term secondary antibiotic effects.  

One explanation for the PypuA-lacZ induction by this group of antimicrobials could be their 
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ability to induce oxidative stress, which might impair the function of proteins relevant for 

maintenance of cell envelope integrity (Dwyer et al., 2007; Dapa et al., 2017; Hong et al., 

2019). Generally, PypuA-lacZ was upregulated by all antibiotics that disrupt cell envelope 

integrity, with the exception of ionophore antibiotics. Previous studies postulated that ypuA 

is expressed from a SigM-dependent promoter (Jervis et al., 2007). However, ECF σ factor 

binding sites are often described to possess a specificity for one σ factor but sometimes also 

allow the recognition of other ECF σ factors (Helmann, 2016). Interestingly, ypuA expression 

was also shown to be modulated by SigV (Zellmeier et al., 2005), which supports the finding 

that PypuA is broadly induced by diverse cell envelope interfering agents. In comparison to 

PypuA-lacZ, PliaI-lacZ induction could only be observed for glycopeptides, lantibiotics, 

daptomycin, telomycin, ramoplanin, bacitracin, or lysolipin I, while the large group of  

ß-lactams did not yield an induction signal. LiaI, which encodes for a small membrane 

protein, is located in the hexacistronic operon liaIH-liaGFSR, which is autoregulated by the 

three-component system LiaFSR (Jordan et al., 2006; Radeck et al., 2017). Based on the 

MOA of inducing antibiotics, Mascher and colleagues proposed liaI induction to be 

responsive to perturbations of the lipid-II cycle (Mascher et al., 2004). However, liaI induction 

was also shown to be triggered by unspecific stressors, such as alkaline shock or exposure 

to detergents (Radeck et al., 2017). Not surprisingly, most of the PliaI-lacZ inducing 

antibiotics tested in this thesis are described to interfere with different steps of  

bactoprenol-mediated precursor cycling (Schneider and Sahl, 2010). Bacitracin, for 

example, is known for its zinc-dependent binding to the extracellular undecaprenyl 

pyrophosphate, which upon complex formation cannot be dephosphorylated and recycled 

into the cytosolic compartment (Schneider and Sahl, 2010; Economou et al., 2013).  

The MOA of daptomycin, telomycin, and lysolipin are until now not fully elucidated. 

Nevertheless, it was postulated that Ca2+-daptomycin activity and its insertion into the 

membrane is dependent on the level of the anionic phospholipid phosphatidylglycerol in the 

membrane (Miller et al., 2016; Müller et al., 2016; Taylor and Palmer, 2016; Grein et al., 

2020), while the MOA of telomycin seems to be dependent on the bacterial phospholipid 

cardiolipin (Epand et al., 2016; Johnston et al., 2016). Those results suggest that liaI might 

also be induced upon interference with phospholipid components of the cytoplasmic 

membrane. However, Ca2+-daptomycin was recently shown to form tripartite complexes with 

undecaprenyl-coupled cell envelope precursors upon phosphatidylglycerol-binding  

(Grein et al., 2020), thereby impairing undecaprenyl precursor cycling. It therefore remains 

elusive, if liaI induction could generally be caused by an impairment of membrane integrity 

upon phospholipid-binding or if substances like telomycin, which show selective binding to 
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cardiolipin might also possess currently unknown mechanisms to affect undecaprenyl 

precursor cycling. Of note, the dissipation of membrane integrity by ionophores, which act 

as ion carriers or initiate the formation of ion channels thereby modulation the membranes’ 

ion permeability, does not lead to an induction of liaI. 

The upregulation of PbmrC-lacZ was observed for antibiotics inducing translation arrest  

by various MOA. For example, chloramphenicol or erythromycin directly bind to the  

50S ribosomal subunit and inhibit the peptidyl transferase reaction, or the translocation of 

the polypeptide chain by blockage of the ribosomal exit tunnel, respectively (Tenson et al., 

2003; Wilson, 2009). Tetracyclines bind to the 30S ribosomal subunit and stall the ribosome 

by inhibiting the aminoacyl-tRNA from binding to the ribosomal A-site (Chopra et al., 1992). 

Inhibitors of EF-G, like fusidic acid of thiostrepton, prevent the ribosomal progression by 

blocking the GTP-dependent translocation of the ribosome (Borg et al., 2015). The bmrC 

gene encodes for a subunit of the multidrug ABC transporter BmrCD (Torres et al., 2009). 

However it remains puzzling, why bmrC expression is induced by such a structurally diverse 

group of translation stalling agents, although a bmrCD deletion mutant did not display 

increased sensitivity to any of the tested compounds inducing its induction (Torres et al., 

2009). Due to the structural diversity of inducing substances one can hypothesize that bmrC 

is induced by a specific stress response signal upon translation arrest, rather than a direct 

drug sensing mechanism. Protein synthesis inhibitors that led to miscoded proteins  

(e.g., aminoglycosides), blocked aminoacyl-tRNA synthesis (e.g., mupirocin), or acted by 

abortive translation (e.g., puromycin) induce different kinds of stress and did not yield a 

PbmrC-lacZ signal. An exception is represented by the aminocyclitol antibiotics spectinomycin 

and hygromycin B, which are often described as untypical aminoglycosides. Both are 

associated with ribosomal stalling rather than miscoding (Borovinskaya et al., 2007; 

Borovinskaya et al., 2008) and accordingly induced PbmrC-lacZ. Puromycin and classical 

miscoding agents, like kanamycin or streptomycin, increase the intracellular levels of  

non-functional, aberrant peptides or proteins, which bacterial cells try to counteract by the 

initiation of the so-called heat-shock response (Bandow et al., 2003; Shaw et al., 2003; 

Freiberg et al., 2006; Kindrachuk et al., 2011). This stress response typically leads to the 

upregulation of chaperones (e.g., DnaK or GroEL/S) and proteases (e.g., ClpCP), trying to 

restore cellular protein homeostasis (Hecker et al., 1996; Elsholz et al., 2017). Exposure to 

mupirocin was shown to evoke the stringent response in B. subtilis (Bandow et al., 2003), 

as mupirocin depletes the isoleucine-charged tRNA levels by its competitive binding with 

isoleucine to the isoleucyl t-RNA synthetase (Khoshnood et al., 2019), thereby mimicking 

amino acid starvation conditions. 
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DNA stress was detected upon treatment with inhibitors of the bacterial type-II DNA 

topoisomerases (e.g., quinolones or novobiocin), the nucleotide precursor supply  

(e.g., trimethoprim or 5’-fluorouracil), or by some intercalators or alkylating agents  

(e.g., daunomycin or mitomycin C, respectively). As expression of yorB was shown to be 

LexA-dependent (see chapter 2.2.4), it can be concluded that all PyorB inducing compounds 

lead to an initiation of the SOS response in B. subtilis. YorB encodes for a protein of 

unknown function and was shown to be located in a SPß-prophage derived chromosomal 

region (Kunst et al., 1997). Based on its origin and its strong and selective LexA-regulated 

induction, it is tempting to hypothesize that the temperate bacteriophage uses yorB 

expression by the bacterial SOS response to sensitively sense and react to the host´s 

struggle for survival, e.g., by influencing the decision of the bacteriophages to leave the host 

by initiation of a lytic cycle. Interestingly, this mechanism was described for the GIL01 

bacteriophage. After infection of Bacillus thuringiensis, the GIL01 bacteriophage exploits the 

transcriptional repressor LexA of its host for maintenance of the lysogenic state. However, 

upon DNA damage LexA-dependent repression is abolished, which induces the expression 

of genes involved in virion maturation and host lysis and thereby entrance into the lytic cycle 

of GIL01 bacteriophage (Fornelos et al., 2018). 

The bioreporter PhelD-lacZ showed selective but weak induction only of RNAP-binding 

agents in the agar-based bioreporter assay. We therefore re-analyzed previously conducted 

microarray data (Freiberg et al., 2006) and established the Prpt-lacZ bioreporter as an 

alternative, which displayed strong and selective induction of direct RNAP inhibiting 

substances (e.g., rifampin or fidaxomicin), but also weaker signals for DNA-binding agents 

that block RNA synthesis (e.g., actinomycin D, echinomycin or netropsin). Interestingly, 

DNA-binding agents, that did not show an induction signal for PyorB-lacZ, could be 

successfully detected with Prpt-lacZ, while only few antibiotics, like chartreusin or gilvocarcin 

V, were able to induce both, Prpt-lacZ and PyorB-lacZ (see chapter 2.2.1.). Generally,  

DNA-binding agents most likely act as roadblocks hindering both metabolic pathways, 

replication and transcription, as both metabolic processes are dependent on the same  

DNA template. Nevertheless, it could be shown for some antibiotics like actinomycin D or 

mitomycin C, that they primarily interfere with transcription or replication, respectively 

(Harvey et al., 1976). The bioreporters seem to sensitively detect those preferences by 

selectively inducing Prpt-lacZ (actinomycin D) or PyorB-lacZ (mitomycin C). The MOA of  

DNA-binding agents are often not well described in bacteria due to their eukaryotic toxicity 

and primary application in anticancer chemotherapy. Studies in eukaryotes describe 

anthracycline intercalators like doxorubicin to act as human type IIA topoisomerase (Top2) 
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poison that block Top2 binding to DNA (at high concentrations), DNA religation (at low 

concentrations), induce DNA double and single strand breaks, and generate reactive oxygen 

species (compare additional weak induction of PypuA-lacZ by doxorubicin in chapter 2.1.1.) 

(Pommier et al., 2010). Interestingly, doxorubicin strongly induces the DNA stress 

bioreporter PyorB-lacZ, which was confirmed to be LexA-dependent and therefore belongs to 

the SOS response. The SOS response is a highly sensitive control pathway that is initiated 

upon RecA-dependent sensing of elevated levels of single stranded DNA. The following 

activation of RecA results in the proteolytic autodigestion of the LexA repressor and the 

subsequent transcription of the SOS response regulon (Lovett et al., 1994; Au et al., 2005). 

The dependency of the stress response on the detection of single stranded DNA indicates 

that doxorubicin most likely also induces DNA strand breaks in B. subtilis. In addition,  

this implies that DNA-binding agents that only show Prpt-lacZ induction, do not cause  

DNA strand breaks in B. subtilis. This hypothesis is supported by the DNA-binding agent 

echinomycin, which selectively induces Prpt-lacZ, and is not known for any strand break 

capability (Huang et al., 1982). The combinational MOA profiling using PyorB-lacZ and the 

newly established bioreporter Prpt-lacZ supports an early discrimination of the diverse 

activities of DNA-binding agents, helping to dissect the primary B. subtilis stress response 

initiated upon antibiotic impairment. 

 

3.1.2. Microcionamide A and C act on the bacterial cell envelope 

The validation of the agar-based bioreporter approach with antibiotics of known MOA 

allowed the subsequent testing and MOA profiling of uncharacterized antimicrobial 

compounds. Our collaboration partners provided us with the pure agents microcionamide A 

and C, which were tested against the bioreporter panel. Both compounds showed selective 

and combined induction of the cell envelope stress bioreporters PypuA-lacZ and PliaI-lacZ. 

While PypuA is broadly induced upon stress inflicted on the cell envelope, the induction of  

PliaI hinted at a membrane associated target, most likely inhibiting steps of the  

bactoprenol-mediated precursor cycling. Furthermore, the induction signals excluded a 

mechanism comparable to the MOA of ionophores, as none of the previously tested 

ionophores yielded a PypuA-lacZ or PliaI-lacZ induction signal. This bioreporter-based MOA 

profiling facilitated the selection of adequate follow-up studies. The subsequent investigation 

of the S. aureus NCTC8325 membrane potential revealed the strong membrane 

depolarization even after treatment with low antibiotic concentrations of microcionamide A 

and C further showing that those compounds indeed act on the bacterial cell envelope, and 

thereby independently confirm the bioreporter MOA profiling. The results indicate a 
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mechanism comparable to nisin, which is known to bind to the carbohydrate pyrophosphate 

moiety of lipid-II and form a membrane pore (Schneider and Sahl, 2010). The lantibiotic 

would show similar bioreporter signals (Table S1, Publication 1) and would also destabilize 

the membrane potential (Ruhr and Sahl, 1985). The Gram-positive-only activity of 

microcionamide A and C suggests that the compounds are not able to pass through the 

outer membrane to reach their cytoplasmic membrane target, which can be explained by 

their molecular mass of approximately 875 Da and 889 Da, respectively, or by active efflux, 

counteracting their intracellular retainment. The observed cytotoxicity of microcionamide A 

and C, as well as their induction of apoptosis, could be due to an additional, unrelated 

eukaryotic target. Then again, liaI induction was previously speculated to be responsive to 

interference with phospholipid components of the cytoplasmic membrane, like cardiolipin 

(compare chapter 3.1.1.). The impairment of membrane integrity by interaction with a 

phospholipid component that is equally present in eukaryotes (cardiolipin can be found in 

the inner membrane of mitochondria (Schlame, 2008)), could putatively also account for the 

detected cytotoxic effects. This hypothesis is further supported by the observed inhibition of 

autophagy by microcionamide C, as cardiolipin was recently proposed to play a role in 

autophagosome formation (Manganelli et al., 2021). Nevertheless, the exact underlying 

mechanisms of the cytotoxic activity of microcionamide A and C remain unclear and would 

need to be elucidated in further studies. 

 

3.1.3. Applicability in direct screening of antibiotic producer strains 

The agar-based bioreporter approach was further investigated for its applicability in direct 

screening of antibiotic producer strains. For validation, cultivated samples of six known 

antibiotic producer strains were directly tested in the agar-based bioreporter screening.  

After overnight incubation, MOA-informed ZOI could confidently be detected, matching the 

MOA of the antibiotic described to be produced by the respective producer strain.  

The setting allowed a direct MOA classification of produced antimicrobials with no need for 

initial time-consuming and laborious compound purification. This represents a big advantage 

in comparison to other MOA profiling tools, as they are often only suitable for the 

investigation of pure or at least partly purified antimicrobial agents (Urban et al., 2007; 

Nonejuie et al., 2016; O'Rourke et al., 2020). One limitation of the agar-based bioreporter 

assay is its deficiency to directly elucidate the exact molecular target, which makes 

substance purification for downstream MOA analysis unavoidable. Nevertheless, the rapid 

and reliant bioreporter information generally allows to prioritize activities of interest before 

purification, e.g., by solely investigating bioactivities that interfere with only one specific 
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metabolic pathway, or by the selective follow-up on non-inducing compounds, that most 

likely interfere with other, but also potentially new cellular target structures. 

The agar-based bioreporter approach was further verified by the investigation of 

approximately 500 uncharacterized actinomycetes strains of the Tübingen strain collection. 

For validation purposes, different producer strains which either had or had not triggered  

a bioreporter signal were chosen for further investigation. Chemical analytics resulted in the 

dereplication of 28 antimicrobial substances. Of note, during the purification process,  

the bioreporters proved a useful tool to monitor the presence of the compound of interest, 

allowing to test supernatants, extracts, fractions, and purified compounds for the previously 

observed reporter signal. Furthermore, the bioreporter information added a MOA-informed 

dimension to the dereplication process, which accelerated compound deconvolution. For all 

21 bioreporter-positive producer strains, the previously observed induction signal matched 

the antibiotic MOA described in literature. For example, Tü6430 strongly induced the 

bioreporter for translation arrest (PbmrC-lacZ). Purification and dereplication uncovered the 

produced antibiotic pactamycin, which binds to the 30S subunit and affects translational 

initiation and elongation by preventing the release of the initiation factors and blocking  

tRNA-binding to the ribosome (Brodersen et al., 2000). Consequently, this interference 

hinders ribosomal progression, which was sensitively detected by the induction of  

PbmrC-lacZ. Of note, the induction specificity of the respective bioreporter strains is discussed 

in chapter 3.1.1. in more detail. The remaining seven antimicrobial activities were initially 

chosen for further investigation, as they were not covered by the bioreporter panel.  

Although not showing an induction, they were not devoid of MOA information, containing the 

information of non-interference with the main metabolic pathways. And indeed, the 

dereplicated substances clustered with antibiotic classes that were previously shown not to 

be covered by the applied bioreporter panel, including three ionophores (monactin, 

omomycin, and boromycin), a siderophoric tRNA synthesis inhibitor (albomycin δ1), and 

three substances with to date uncharacterized MOA (griseorhodin A, lobophorin A and E). 

The additional MOA information obtained from the direct agar-based bioreporter screening 

not only allowed monitoring of the purification process, but also enabled an early 

discrimination of diverse or multiple antibiotic production of a single producer strain, which 

is especially useful as producer strains are often genetically capable of producing different 

bioactive secondary metabolites (Seyedsayamdost, 2014; Yoon and Nodwell, 2014).  

For example, strain Tü2401 was shown to synthesize C-1027 or albomycin δ1 when grown 

on agar or in liquid culture, respectively. In a solely activity-based screening the diverse 

antibiotic production would have been overlooked, as both samples displayed similar 
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bioactivity against B. subtilis. However, the additional bioreporter-based MOA information 

immediately uncovered the production of two differently acting antimicrobial agents.  

One strain many compounds (OSMAC) describes a strategy to exploit the full potential of 

an antibiotic producer strain by application of different cultivation conditions including 

changes in physical parameters (e.g., temperature, aeration, pH, or salinity), nutrient 

availability (e.g., carbon, nitrogen, or sulfur sources), fermentation (liquid or solid cultivation), 

or by application of epigenetic modifiers (e.g., DNA methyltransferase or histone 

deacetylase inhibitors) (Bode et al., 2002; Romano et al., 2018; Pan et al., 2019). 

Furthermore, cocultivation with other bacterial strains or fungi was also proven to modulate 

antimicrobial production (Oh et al., 2007; Pan et al., 2019). As OSMAC strategies are often 

laborious and quickly yield great amounts of conditioned samples, the application of the 

agar-based bioreporter approach represents an efficient screening tool to directly monitor 

differences in antimicrobial production. Of note, this is also the case for other strategies of 

activating silent gene clusters, like genome editing or heterologous expression (Nah et al., 

2017; Mao et al., 2018). For initial validation of the direct agar-based bioreporter approach, 

we investigated the well explored order of actinomycetes producer strains, which are known 

to yield a high antibiotic rediscovery rate (Tulp and Bohlin, 2005; Genilloud, 2017). The high 

number of rediscovered antibiotics was useful for MOA comparison and validation of the 

direct agar-based bioreporter approach. Nevertheless, the bioreporter assay is not limited 

to this order of producer strains as cultivation of antibiotic producers happens independently, 

while the approach is suitable for concomitant screening of a variety of different samples. 

 

3.2. In-depth characterization of the B. subtilis genes rpt and helD 

3.2.1. Prpt and PhelD share a similar antibiotic induction specificity 

The induction specificity and strength of the newly established RNA stress bioreporter  

(Prpt-lacZ) was additionally profiled in a quantitative system (Prpt-luxABCDE).  

All luminescence signals (RLU) were normalized to an OD600 of 1, while the induction 

threshold was set to 200 %, always comparing with the background luminescence signal of 

untreated B. subtilis cells. Analysis confirmed the reliant and specific upregulation of  

Prpt-luxABCDE only upon treatment with RNA synthesis inhibitors up to 240 min of 

incubation, after which the stated induction threshold was no longer suitable for 

discrimination. Interestingly, inhibitors of RNA synthesis initiation could already  

sensitively be detected for Prpt-luxABCDE after 10 min of antibiotic treatment. Generally, the 

initiation process represents the crucial step in the regulation of RNA synthesis. Upon  

RNAP holoenzyme binding to the σ factor binding site in the promoter region, the formation 
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of a transcription-competent open promoter complex is critical for RNA synthesis initiation. 

Interestingly, promoter escape and therefore a stable transcription of full-length RNA in  

E. coli only takes place in 30-50 % of all initiation attempts. For the remaining cases,  

the initiation complex is prone to abortive cycling, leading to the repeated production and 

release of short mRNAs (Henderson et al., 2017). The length of those abortive mRNA 

oligomers can vary, while different studies propose their regulatory role in transcription 

initiation at other promoter sites (Goldman et al., 2011; Nickels, 2012; Druzhinin et al., 2015; 

Henderson et al., 2017). Transcription initiation is best investigated in E. coli, while it remains 

elusive if abortive cycling is as frequently utilized in B. subtilis (Whipple and Sonenshein, 

1992). The rapid and strong upregulation of Prpt-luxABCDE by RNA synthesis initiation 

inhibitors could indicate that interference with the highly dynamic initial step of transcription 

is generally less tolerated and therefore stress affecting transcription initiation might more 

sensitively be sensed. In chapter 3.2.3., the stalling of RNAP is discussed to most likely 

account for the rpt inducing stress signal. As E. coli data indicates that only about half of the 

RNAPs proceed to stable full-length transcription (Henderson et al., 2017), this means that 

only half of the promoter-bound RNAP complexes reach downstream mRNA regions. 

Hence, RNAP stalling stress (and therefore rpt induction) might more rapidly and strongly 

accumulate upon inhibition of the initiation process in comparison to downstream inhibitory 

effects on RNAP progression executed by RNA synthesis elongation inhibitors. 

The quantitative luciferase-based setup also allowed sensitive comparison of the two  

RNA stress bioreporters. It could be shown, that Prpt-luxABCDE and PhelD-luxABCDE are 

actually induced by the same panel of antibiotics, with Prpt displaying a more powerful 

induction strength in both systems. For this reason, PhelD-lacZ induction by DNA-binding 

agents like echinomycin was not detectable in the generally less sensitive agar-based setup. 

Of note, PhelD was previously characterized in a firefly luciferase-based system, showing no 

induction of DNA-binding agents like actinomycin D after 90 min (Urban et al., 2007).  

This was also the case after 90 min using our bacterial luciferase-based bioreporter setup. 

However, we also monitored PhelD-luxABCDE expression at later time points. After 240 min 

of actinomycin D treatment, we could observe PhelD-luxABCDE luminescence signals 

exceeding the threshold of 200 %, while specificity for RNA synthesis inhibitors was still 

given at this time point. Furthermore, other DNA-binding agents that were not investigated 

by Urban and colleagues, but are described to interfere with RNA synthesis like the 

intercalator echinomycin (Foster et al., 1985), also showed induction of Prpt-luxABCDE and  

PhelD-luxABCDE after 210 min (the more sensitive Prpt-luxABCDE already exceeded the 

induction threshold of 200 % after 90 min). The observed, similar induction patterns of  
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Prpt-luxABCDE and PhelD-luxABCDE upon treatment with different antibiotics supported  

a similar way of gene regulation. This result was especially interesting as previously 

published microarray data had only shown very few genes that displayed this selective and 

strong upregulation solely upon treatment with the RNA synthesis inhibitors rifampin and 

corallopyronin (Freiberg et al., 2006). Furthermore, none of the two B. subtilis genes had 

been elucidated for its gene regulation prior to the current project. 

 

3.2.2. Function of Rpt and HelD in adaptation to RNA stress  

The strong and selective upregulation of rpt and helD in response to RNA stress made us 

investigate their potential function in adaptation to those antibiotics, especially as the 

function of Rpt had not previously been characterized in B. subtilis. The knockout strains  

B. subtilis 168 ∆rpt and B. subtilis 168 ∆helD were tested for their antibiotic susceptibility 

against a panel of RNA synthesis inhibitors that had previously induced the bioreporter 

genes in our study. For comparison, the isogenic reference strain B. subtilis 168 ∆amyE was 

investigated for WT MIC levels. B. subtilis 168 ∆rpt displayed a selective drop in MIC only 

for rifamycin antibiotics. Due to sequence homologies, B. subtilis Rpt is annotated as 

putative phosphoenolpyruvate synthetase or rifampin phosphotransferase. While both 

enzymes possess an ATP binding domain, and a histidine domain important for  

phospho-transfer, parallels which explain the annotation of the two different genes, they 

possess different functions: the phosphoenolpyruvate synthetase is an enzyme involved in 

gluconeogenesis (McCormick and Jakeman, 2015) and the rifampin phosphotransferase is 

a resistance enzyme that selectively inactivates rifamycins by phosphorylation 

(Spanogiannopoulos et al., 2014). The decreased MIC of B. subtilis 168 ∆rpt only after 

treatment with rifamycins indicated that Rpt acts as rifampin phosphotransferase in  

B. subtilis. Heterologous overexpression of S707-rpt from a high-copy plasmid in  

E. coli XL1 blue, which is naturally devoid of a rifampin phosphotransferase gene, yielded 

high level resistance (128-fold MIC increase), as has been previously shown for rifampin 

phosphotransferases from other species (Spanogiannopoulos et al., 2014). Furthermore, 

complementation of the knockout B. subtilis 168 ∆rpt by IPTG-induced overexpression of 

S707-rpt in the aprE locus yielded WT MIC levels. Of note, S707 is described as 5’UTR 

preceding rpt (Nicolas et al., 2012). This construct was generated before the investigation 

of the gene regulation of rpt and helD. With the knowledge that we acquired during the 

regulatory studies (compare chapter 3.2.4.), it might be likely that overexpression of  

S707-rpt only returned to WT MIC levels in the B. subtilis 168 ∆rpt background, due to the 

presence of the regulatory 5’UTR region. While the 5’UTR promoter region possesses the 
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ability to repress SigA-dependent rpt expression under unstressed growth conditions, it likely 

also does so if preceded by an IPTG-inducible promoter instead of the native  

SigA σ factor binding site. A deletion of helD showed no changes in MIC in comparison to 

WT susceptibility for most tested RNA synthesis inhibitors, with the exception of the closely 

related α-pyrone antibiotics corallopyronin A and myxopyronin A, which showed strongly 

decreased MIC values for the ∆helD mutant. The underlying mechanism of this observation 

is elusive so far. However, function and RNAP binding of HelD are well investigated in  

B. subtilis (Wiedermannová et al., 2014; Newing et al., 2020; Pei et al., 2020). On the  

one hand, the binding site for myxopyronin (Ho et al., 2009) lies in close vicinity to the one 

described for HelD (Wiedermannová et al., 2014), which might sterically hinder antibiotic 

binding to RNAP in the presence of HelD and therefore decrease antibiotic potency. On the 

other hand, the function of HelD might counteract the MOA of corallopyronin A and 

myxopyronin A in the inhibition of RNA synthesis. While myxopyronin blocks clamp  

opening and DNA loading to the active site by a still unknown mechanism (Mukhopadhyay 

et al., 2008; Belogurov et al., 2009; Artsimovitch et al., 2012), HelD introduces large 

conformational changes that cause RpoC clamp opening, thereby releasing the  

DNA template from the active site of the stalled RNAP (Newing et al., 2020). Interestingly, 

we could detect the same selective drop in corallopyronin A and myxopyronin A MIC using 

B. subtilis 168 ∆rpoE. RpoE is an accessory RNAP subunit that was shown to enhance 

transcription and RNAP recycling and to act synergistically with HelD (Wiedermannová et 

al., 2014). However, further studies are needed to elucidate the molecular mechanism of 

corallopyronin A and myxopyronin A inhibition by HelD and RpoE. 

Although rpt and helD could be induced by a broad range of structurally and mechanistically 

different transcription inhibitors, they only affected B. subtilis sensitivity for some selected 

compounds (e.g., inactivation of rifamycins by Rpt). Hence, rpt and helD are induced upon 

transcriptional stress that is common to all inducing RNA synthesis inhibiting substances, 

and not by direct compound sensing.  

 

3.2.3. Induction of the RNA stress response genes rpt and helD is correlated with 

enhanced intracellular levels of stalled RNAP 

Rpt and helD are induced by a diverse group of RNA synthesis inhibitors. In order to 

elucidate the stress signal that leads to induction, we tried to deduce a common mechanism 

of antibiotic interference from the described MOA. Interestingly, induction was observed for 

antimicrobial agents that directly bind to the RNAP complex in different ways (e.g., rifampin, 

fidaxomicin, streptolydigin) (Ho et al., 2009; Lin et al., 2018) but also by DNA-binding agents, 
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which inhibit transcription by sterically blocking RNAP progression (e.g., actinomycin D, 

echinomycin) (Gause et al., 1968; Hollstein, 1974). Therefore, elevated intracellular levels 

of stalled RNAP were suspected to initiate the stress response that led to upregulation of  

rpt and helD. This idea was further addressed by monitoring Prpt-luxABCDE background 

expression (luminescence signal of untreated strains after 210 min of growth in BMM) in 

different B. subtilis 168 knockout mutants, affecting transcription efficacy. In comparison to 

the reference luminescence of B. subtilis 168 ∆amyE, B. subtilis 168 ∆helD and ∆rpoE 

showed significantly enhanced Prpt-luxABCDE background expression. As previously 

mentioned, HelD and RpoE are both described to enhance transcriptional cycling and 

facilitate the recovery of stalled RNAP, which is further potentiated by them acting in 

synergism (Wiedermannová et al., 2014; Newing et al., 2020; Pei et al., 2020). Those 

findings support the hypothesis of rpt and helD expression being responsive to enhanced 

levels of stalled RNAP. For the mutants B. subtilis 168 ∆uvrB and ∆mfd, no enhanced  

Prpt-luxABCDE background expression levels could be detected. The selection of those two 

genes was based on the expression profiles of PyorB-lacZ and Prpt-lacZ upon treatment with 

RNA and DNA synthesis inhibitors (compare chapter 3.1.1). It could be seen that rpt 

induction was responsive to DNA-binding agents that did not evoke chromosomal 

fragmentation (DNA strand breaks) but rather acted as DNA-bound roadblocks, most likely 

causing replication-transcription conflicts (Merrikh et al., 2012). As the nucleotide excision 

repair (NER) regulates the repair of DNA lesions (Kisker et al., 2013), we presumed that 

elimination of the major players of the prokaryotic NER pathway, UvrB and Mfd, might 

potentially affect rpt expression levels. UvrB is part of the UvrABC excinuclease complex, 

which is involved in the detection and repair of DNA lesions (Lenhart et al., 2012; Kisker et 

al., 2013). Of note, uvrA, uvrB and uvrC are all LexA-dependent and therefore part of the 

SOS response (Au et al., 2005). Mfd belongs to a subpathway of the NER, called 

transcription-coupled repair (TCR). The protein was shown to translocate along DNA and is 

able to dislodge stalled RNAP from DNA lesions, subsequently promoting DNA repair by the 

NER machinery (Ayora et al., 1996; Adebali et al., 2017). Furthermore, Mfd is discussed to 

produce genetic diversity by error-prone repair under starving conditions (Leyva-Sánchez et 

al., 2020). In general, the observed, unchanged background expression of Prpt-luxABCDE 

in the ∆uvrB and ∆mfd mutants might be explained by the applied assay conditions. Under 

rather unstressed growth conditions (readout after 210 min of growth in BMM), the impact 

of the deletions might not be severe, especially as B. subtilis is not exposed to any  

DNA lesions inducing stressors (e.g., UV radiation, chemical treatment, or oxidative stress), 

where Mfd and UvrB are crucial to maintain genome fidelity. 
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3.2.4. Gene expression of rpt and helD may be regulated by a cis-encoded asRNA 

mechanism 

To identify the promoter regions important for regulation of rpt and helD, we compared 

sequence identity, promoter composition, and putative TF binding sites (Sierro et al., 2008; 

Nicolas et al., 2012; Zhu and Stülke, 2017). Furthermore, expression was monitored upon 

promoter deletion or modification. The upstream promoter region could be deleted up to the 

proposed SigA binding site (Nicolas et al., 2012) with no changes in rpt and helD induction 

specificity after treatment with RNA synthesis inhibitors. Upon deletion of the -35 region of 

the SigA binding sites, both promoters lost their strong inducibility, which confirmed their  

SigA-dependent expression. Furthermore, this attested the existence of a 5’UTR preceding 

both genes, as the translational start site is located ~100 bp downstream of the SigA binding 

site. The general distribution in length of different putative 5’ leader regions in B. subtilis 

indicated that most of them possess a length of up to 40 nucleotides (~52 %), with ~15 % 

being larger than 100 bp (Irnov et al., 2010). However, it remains elusive if those short 

5’UTRs (< 40 bp) possess a regulatory function, as further RNA-seq data indicated that most 

mRNAs in B. subtilis have short unprocessed 5’ ends (Nicolas et al., 2012). For their 

annotation of RNA features, Nicolas and colleagues excluded 5’UTRs smaller than 50 bp. 

The length distribution of the remaining 5’UTRs (> 50 bp) demonstrated that 5’ leader 

regions of 50-150 bp are most abundant in B. subtilis (Nicolas et al., 2012). Of note, SigA 

was shown to be the most prevalent σ factor initiating transcription of the 5’UTR features in 

B. subtilis (> 65 %) (Mars et al., 2016). 

For the helD promoter, two additional σ factor binding sites were postulated that are located 

upstream and downstream of the SigA binding site (Nicolas et al., 2012). Nonetheless, as 

the upstream promoter region of PhelD could be deleted up to the SigA binding site 

(PhelD_120bp-lacZ) causing no changes in induction specificity, while deletion of the -35 region 

of the SigA binding site (PhelD_113bp-lacZ) led to complete loss of its inducibility, it can be 

concluded that the alternatively described σ factor binding sites do not play a regulatory role 

under our applied growth conditions. Although B. subtilis possesses the ability to modulate 

gene expression by implementation of stress-responsive alternative σ factors (Helmann and 

Moran, 2001), this regulation mechanism was excluded to selectively upregulate rpt and 

helD upon RNA stress, as both genes showed a prominent dependence on the 

housekeeping σ factor SigA. However, SigA-dependent expression alone could not explain 

the specific induction of rpt and helD upon RNA stress, which strongly indicated the 

involvement of one or more additional regulatory element(s) located inside or downstream 

of the SigA binding sites. An alignment of the two shortened promoter regions of rpt and 
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helD that still retained specificity, revealed a 13 bp consensus motif at the downstream end 

of both promoter regions (Erb et al., 2012). Interestingly, a deletion of those 13 nucleotides 

in Prpt or PhelD (Prpt_Del14bpDS-lacZ and PhelD_Del15bpDS-lacZ, respectively) resulted in complete 

deregulation of gene expression, showing enhanced background expression and loss of 

RNA synthesis inhibitor-specific induction. To ensure that this deregulation is not due to a 

difference in length of the preceding 5’UTR, induction specificity was also investigated in a 

construct that was modified in 6 out of the 13 conserved nucleotides. Nonetheless,  

a modification of the consensus motif also displayed the same deregulated phenotype.  

A further construct only containing the SigA binding site of Prpt fused to the lacZ reporter 

construct confirmed that the observed deregulated expression upon deletion or modification 

of the 13 bp consensus motif resembled a constitutive expression from a SigA-dependent 

promoter. However, the lacZ-dependent agar-based bioreporter approach does not  

allow for exact quantification of a bioreporter signal. Quantitative analysis of lacZ reporters 

is generally also possible in a liquid system, using fluorescent substrates like  

4-Methylumbelliferyl-ß-D-glucuronide hydrate (MUG). Nevertheless, it only allows for a 

single readout upon cell disruption and substrate addition at a specific time point (Kuklin et 

al., 2003). Reporter systems using the bacterial luciferase are in general more sensitive and 

allow for quantitative in vivo real-time monitoring as the substrate is inherently produced in 

the same operon with the luciferase enzyme (La Rosa et al., 2012; Kuklin et al., 2003). 

Quantitative comparison of the unmodified and selective Prpt-luxABCDE construct and 

Prpt_Del14bpDS-luxABCDE, which was devoid of 14 bp at the downstream end of the  

rpt promoter, including the conserved 13 nucleotides, demonstrated a 68-fold higher 

background luminescence signal after 210 min of growth for Prpt_Del14bpDS-luxABCDE. 

Interestingly, upon induction of Prpt-luxABCDE with different RNA synthesis inhibitors,  

the measured values (RLU/OD600) approximated to the background levels observed  

for Prpt_Del14bpDS-luxABCDE. Prpt_Del14bpDS-luxABCDE could not further be induced by  

RNA synthesis inhibitors, just showing unchanged background expression upon antibiotic 

treatment. Therefore, a deletion of the downstream 13 bp consensus motif seemed to 

eliminate the regulatory element that repressed SigA-dependent transcription under 

unstressed growth conditions, while in the unmodified rpt promoter construct this 

derepression could be selectively regulated by a yet unknown stress response mechanism 

only upon antibiotic treatment with RNA synthesis inhibitors. Of note, transcriptomic data 

indicates that mRNA levels of rpt and helD are comparable, but largely lowered in 

comparison to SigA-regulated housekeeping genes like rpsJ, tufA, or rpoA under all growth 
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conditions tested (Zhu and Stülke, 2017; Nicolas et al., 2012), supporting the idea of their 

repression under unstressed growth. 

In order to identify a repressive element that confers induction specificity to rpt and helD, 

promoter regions were investigated for DNA-binding proteins that might selectively bind to 

Prpt and modulate transcription. DBTBS database was consulted to investigate Prpt_123bp and 

PhelD_120bp for known TF binding sites present in both promoter regions, but there was no 

match (Sierro et al., 2008). In previous studies, DACA experiments were conducted to 

unravel transcriptional regulators that specifically bind to the respective promoter regions 

and regulate expression of the gene(s) of interest (Park et al., 2009; Bekiesch et al., 2016). 

For example, Bekiesch and colleagues could identify 17 proteins specifically binding to the 

promoter region of the novobiocin gene cluster, while three of them could be proven to 

modulate expression (Bekiesch et al., 2016). While DACA followed by mass spectrometry 

sensitively detects DNA-binding proteins, further downstream approaches are required to 

elucidate the impact of the detected protein in regulating gene expression. To identify a TF 

that regulates rpt induction, three rpt promoter fragments were examined in the DACA: 

fragment 1 containing the entire Prpt sequence that confirmed induction specificity (200 bp), 

fragment 2 that was shortened by the RBS and the 13 consensus nucleotides at the 

downstream end of Prpt (170bp), and fragment 3 that was further shortened (126 bp).  

While experiments had shown that induction specificity was conferred by the 13 bp at the 

downstream end of the promoter, potential TFs were expected to bind selectively or most 

prominently to fragment 1, which still contained this promoter region. To exclude  

DNA-binding proteins that non-specifically interact with double stranded DNA, the unrelated 

yorB promoter fragment (fragment 4) was included in the DACA. Fragment 4 was further 

used as positive control, as yorB was previously suspected to be repressed by the  

DNA-binding protein LexA (Au et al., 2005). The DACA combined with NanoLC-MS/MS 

identified 54 proteins that were detected in higher abundance for the yorB promoter 

fragment, including the suspected LexA protein. For the rpt promoter fragments,  

74 proteins were detected with elevated LFQ intensities. Some of those proteins were 

excluded for further analysis due to their well-described function, which could not selectively 

regulate rpt expression, leaving 45 promising candidates with 16 of them showing most 

prominent LFQ values for fragment 1. Of note, as an additional binding site of the putative 

regulatory TF in the upstream region of Prpt could not be excluded, we also investigated 

DNA-binding candidates that showed general enhanced LFQ intensities for all rpt fragments 

(fragments 1-3) in comparison to fragment 4. To elucidate if one of the detected DNA-binding 

proteins is responsible for gene regulation, Prpt or PyorB bioreporter constructs were 
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expressed in the respective knockout mutant. And indeed, after transferring PyorB-lacZ into 

a B. subtilis 168 ∆lexA mutant, an enhanced background expression and loss of induction 

specificity could be observed, proving its dependency on the LexA-repressor. Urban and 

colleagues postulated that the yorB bioreporter delivered the strongest signal-to-noise ratio 

among all promoters of the SOS regulon, indicating that it might be strongly repressed under 

unstressed growth conditions by additional regulators (Urban et al., 2007). The additional 

detection of TFs, like Xre or GamR (YbgA), binding more prominently to fragment 4 might 

likewise support this hypothesis. Of note, expression of PyorB-lacZ in a B. subtilis 168 ∆gamR 

mutant did not yield a deregulated phenotype, showing that induction specificity is selectively 

conferred by LexA-regulation. However, GamR might possess a regulatory role under 

different growth or stress conditions, which would have to be addressed in further studies. 

None of the 45 candidates that were found in higher abundance for the Prpt fragments could 

be confirmed for specific rpt regulation upon RNA stress. While the expression of Prpt-lacZ 

in some knockout mutants led to a slightly enhanced background expression, none 

displayed complete loss of induction specificity as has been observed upon deletion or 

modification of the 13 bp consensus motif. Changes in background expression in those 

mutants might be caused by minor modulatory effects on rpt gene regulation or by generally 

enhanced cellular stress signals that are responsible for rpt induction, as has been seen for 

the expression of Prpt-luxABCDE in B. subtilis 168 ∆helD or ∆rpoE (compare chapter 2.2.3.). 

As no TF responsible for regulation of rpt induction specificity could be identified, all  

45 candidates were further checked for B. subtilis paralogous proteins (Kanehisa and Goto, 

2000) that might compensate for the loss of the regulator in a single knockout mutant.  

None of the 16 candidates that showed selective binding to fragment 1 possessed a paralog 

with a sequence identity > 0.5 in B. subtilis 168. For the remaining proteins that displayed 

elevated LFQ intensities for Prpt, e.g., the paralogous proteins AbrB and Abh as well as YxaF 

and LmrA were identified (Kanehisa and Goto, 2000). AbrB and Abh are TFs described to 

control gene expression in the transition to stationary phase. Both are discussed to play  

a role in antibiotic production and resistance development, while they show partly  

dissimilar regulation at shared promoter sites (Qian et al., 2002; Strauch et al., 2007).  

The transcriptional repressors YxaF and LmrA are both able to regulate the expression of 

yxaF and the operons lmrAB and yxaGH, with lmrB, yxaG, and yxaH encoding for a 

multidrug efflux transporter, quercetin 2,3-dioxygenase and a putative membrane protein, 

respectively (Yoshida et al., 2004; Hirooka et al., 2007). Inactivation of YxaF and LmrA and 

therefore derepression of controlled genes was observed in response to certain flavonoids 

(Hirooka et al., 2007). Generally, we would have anticipated at least slight effects upon 
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single deletion of one paralogous protein, as they often cannot fully compensate for each 

other (Strauch et al., 2007). In the DACA AbrB, Abh and YxaF displayed the same LFQ 

intensities for all Prpt fragments (fragments 1-3), not showing any specificity for fragment 1. 

LmrA was only detected at low intensities and did not reproducibly show the same results in 

all 3 biological replicates. For Prpt a putative AbrB binding site could be mapped to the  

-35 region of the SigA binding site (Sierro et al., 2008), which fits the DACA results, as the 

SigA binding site is present in all three Prpt fragments. However, it rather excludes AbrB’s 

participation in regulating induction specificity, as the region conferring specificity was 

mapped to the downstream end of the 5’UTR. Furthermore, microarray data of Freiberg and 

colleagues only displayed very few genes that showed selective upregulation only upon 

treatment with RNA synthesis interfering antibiotics (Freiberg et al., 2006), while in 

comparison AbrB regulates gene expression during transition to stationary phase and is 

known to control transcription of over 250 genes (Qian et al., 2002; Hoch, 2017), which 

reduces the probability of AbrB being prominently responsible for the selective induction of 

only rpt and helD. Nevertheless, further studies would need to examine rpt expression in 

different double mutants to finally exclude those paralogous candidates. In general, the data 

from the promoter deletion studies strongly indicated that the 13 bp consensus sequence 

found in Prpt and PhelD confers induction specificity upon RNA stress by repression of a  

SigA-dependent transcription under unstressed growth condition. As in B. subtilis the 

majority of DNA-binding TFs act by repression of the respective gene(s) (Moreno-

Campuzano et al., 2006), the DACA investigation and the identification of repressors 

selectively binding to fragment 1 seemed to represent a promising strategy. While the 

method to elucidate the regulatory TF by combining a DACA investigation with subsequent 

bioreporter verification in the respective deletion background was validated for yorB, it could 

not uncover a DNA-binding protein that specifically binds to the 13 bp consensus sequence 

and controls rpt upregulation upon RNA stress. The DACA results left us with different 

options: rpt expression is not regulated by a TF, the regulating DNA-binding protein is 

dependent on a co-factor or not stable under our DACA conditions, or alternatively, 

paralogous TFs can fully compensate for the loss in a single knockout mutant. 

Further investigation of Prpt revealed a potential regulatory involvement of a previously 

annotated sRNA, called ncr1015/S708, that is located on the opposite DNA strand of Prpt 

and partly overlaps with the 5’UTR of rpt (Irnov et al., 2010; Nicolas et al., 2012). Although 

a deletion or modification of the 13 conserved nucleotides of Prpt, does not modify the sRNA 

itself, it likely interferes with its expression, as the 13 nucleotides, overlap with the -35 region 

of the complementary SigA binding site of ncr1015/S708 (Nicolas et al., 2012). The 
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existence of an additional SigA binding site on the complementary strand further explained 

the elevated LFQ intensities for SigA, RpoA, RpoB, and RpoC observed for fragment 1 

compared to fragment 2 and 3 in the DACA. Interestingly, Nicolas and colleagues also 

identified a SigA binding site on the opposite DNA strand of PhelD (Nicolas et al., 2012), which 

again overlaps in its -35 region with the conserved 13 bp motif of PhelD. While no sRNA has 

been annotated complementary to PhelD, transcriptomic data might indicate slightly elevated 

transcript levels under some growth conditions (Nicolas et al., 2012; Zhu and Stülke, 2017). 

To investigate if the complementary transcription of an sRNA could be responsible for the 

selective regulation of rpt expression, a construct was generated that was unmodified in the 

13 conserved nucleotides, leaving the -35 region of the SigA binding site of ncr1015/S708 

intact, but modified in the -10 region of the SigA binding site of ncr1015/S708, thereby again 

impairing complementary sRNA expression. And indeed, this modification also led to the 

observed deregulation of induction specificity, that was previously detected upon deletion or 

modification of the 13 bp consensus motif. The result strongly supports transcriptional 

regulation of rpt expression by the complementary sRNA expression, a mechanism called 

cis-encoded asRNA regulation. Of note, all alterations of the rpt promoter region always 

affected both, the 5’UTR of rpt as well as (the expression of) the complementary sRNA 

ncr1015/S708. Therefore, a deletion or modification of the 13 bp consensus sequence of 

Prpt or the modulation of the -10 region of the SigA binding site of ncr1015/S708 might not 

only influence the transcription of the cis-encoded asRNA, but also the structure and stability 

of the rpt preceding 5’UTR. However, different arguments speak against a regulation that is 

solely conferred by the structure and stability of the 5’UTR. First of all, microarray data shows 

that rpt transcript levels increased 100-fold after 10 min of rifampin treatment (Freiberg et 

al., 2006). If rpt mRNA levels would be solely upregulated due to a more stable mRNA 

conferred by the 5’UTR, this would mean that rpt mRNA is constantly expressed by one of 

the strongest SigA-dependent promoters (belonging to the M17 cluster of SigA binding sites) 

(Nicolas et al., 2012), while under unstressed growth conditions, rpt mRNA is not accessible 

for translation and/or quickly degraded. Nevertheless, it is questionable for mRNA stability 

to yield differences in mRNA levels of this dimension after 10 min of rifampin treatment, with 

general B. subtilis mRNA half-lives varying between 2-7 min, while more extreme half-lives 

of more than 2 min and less than 15 min have been detected in rare cases (Hambraeus et 

al., 2003). Furthermore, all 5’UTRs of the promoter deletion or modification constructs were 

analyzed in silico for their minimum free energy and their potential to form secondary 

structures in comparison to S707 (native 5’UTR of rpt) (Zuker, 2003). While it is difficult to 

predict the impact of such structural modifications (Hambraeus et al., 2003; Xiao et al., 
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2020), only minor changes in minimum free energy and secondary structure between the 

different constructs could be observed. Although 5’UTR-mediated regulation of mRNA 

stability could not fully be excluded, the results hinted at a different mechanism controlling 

rpt induction specificity. Notably, all bioreporter constructs possessed the same ribosomal 

bindings site (RBS) located in equal distance to the translational start site of the respective 

reporter gene. Reports that postulate the enhanced stability of mRNAs containing stronger 

RBSs due to the better ribosomal binding can therefore not explain the observed differences 

in rpt transcript levels (Xiao et al., 2020). 

Cis-encoded asRNA regulation is predominantly executed by four mechanisms: attenuation 

of translation, attenuation of transcription (transcription termination), alteration of target RNA 

stability, and/or transcriptional interference (Georg and Hess, 2011; Mars et al., 2016).  

In asRNA translation attenuation, the asRNA interacts with the target mRNA and influences 

translation by blocking its ribosomal accessibility (Brantl, 2007). As changes in gene 

expression were already observed for rpt mRNA levels (Freiberg et al., 2006), the likelihood 

of the translation attenuation mechanism to regulate rpt expression can rather be excluded, 

although not fully suspending the option of its involvement in regulatory fine-tuning. 

Attenuation of transcription by an asRNA was previously described to lead to premature 

transcription termination (Chai and Winans, 2005). The direct binding of the asRNA to its 

complementary mRNA target promotes the formation of an intrinsic terminator structure in 

the nascent mRNA that inhibits further transcription (Brantl, 2007; Giangrossi et al., 2010). 

Alteration of target mRNA stability can e.g., be achieved by asRNA-mediated regulation of 

nuclease accessibility (Brantl, 2007; Stazic et al., 2011). Interestingly, upon depletion of the 

major and essential 5’-3’ exoribonuclease RNase J1 (RnjA), Durand and colleagues could 

detect 10-fold and 2-fold enhanced abundance of helD and rpt mRNA, respectively (Durand 

et al., 2012). Hence, RnjA might participate in degradation of the mRNAs of rpt and helD or 

their potential regulatory asRNAs. However, upregulated mRNA levels of rpt and helD upon 

RnjA depletion could also be explained by RnjAs ability to resolve stalled RNAP complexes 

upon collision (Šiková et al., 2020), a mechanism that might also affect the potential rpt and 

helD inducing stress response (compare chapter 3.2.3.). Of note, a depletion of RNase Y 

and III, two further essential ribonucleases of B. subtilis weakly affect helD (approximately 

2-fold increase in abundance) but not rpt mRNA levels, while ncr1015/S708 sRNA 

abundance stayed unchanged upon depletion of any of the three ribonucleases (Durand et 

al., 2012). Transcriptional interference describes the mutual impairment of gene expression 

by the sense mRNA and the cis-encoded asRNA, e.g., by RNAP collision or promoter 

occlusion due to steric hindrance of complementarily bound RNAP (Bordoy and Chatterjee, 



49 

2015; Brophy and Voigt, 2016). Until now, with the exception of translation attenuation, none 

of the above mentioned cis-encoded asRNA regulation mechanisms can be excluded with 

certainty, while it further remains elusive if the strong rpt upregulation upon RNA stress could 

potentially be conferred collectively by combined regulation of those mechanisms. A study 

of Giangrossi and colleagues investigated the gene regulation of icsA, a virulence gene of 

Shigella flexneri that facilitates the invasion of intestine epithelial cells crucial for host 

colonization. They could show that expression of icsA is regulated by transcriptional 

interference upon strong, complementary expression of the cis-encoded asRNA RnaG.  

In addition, RnaG can directly repress icsA transcription by hetero-duplex formation with the 

nascent mRNA of the invasion protein, thereby promoting premature transcription 

termination (transcription attenuation mechanism) (Giangrossi et al., 2010). The data on the 

regulation of rpt and helD expression in B. subtilis, that has been gathered in this thesis, 

would perfectly fit a similar kind of gene regulation mechanism. 

In a recent experiment, we tried to complement ncr1015/S708 in trans (aprE locus) to 

compensate for the loss of ncr1015/S708 sRNA expression upon deletion or modification of 

the 13 conserved nucleotides, which we suspect to regulate rpt transcription. Nevertheless, 

complementation in trans did not recover induction specificity of Prpt_Del14bpDS-lacZ (data not 

shown). However, cis-encoded regulation is often very dependent on high asRNA 

concentrations that are located in close vicinity to their complementary expressed target 

mRNAs (Saberi et al., 2016). Therefore, a ncr1015/S708 complementation in trans might 

not yield asRNAs that are sufficiently stable or concentrated high enough to influence  

rpt regulation. Furthermore, an asRNA mechanism by transcriptional interference could 

impossibly be complemented by ncr1015/S708 expression in trans. 

 

3.2.5. Conservation of rpt regulation in other Bacillales 

B. subtilis Rpt homologs could be identified in several Actinomycetales, Bacillales, 

Clostridiales, and Myxococcales. In actinomycetes, rpt (called rph) gene expression is 

dependent on the RAE, that was also shown to be present in different promoter regions of 

other rifampin inactivating enzymes like monooxygenases or glycosyltransferases 

(Spanogiannopoulos et al., 2014). Looking at different promoter regions of the rpt homologs, 

we could also identify minor variations of the RAE motif in some Myxococcales, indicating 

that the RAE is more broadly distributed than previously suspected (Spanogiannopoulos et 

al., 2014). However, it remains elusive if the modified RAEs in Myxococcales actually 

regulate rifampin-associated expression of their rpt homologs or if they are just a remnant 

of horizontal gene transfer upon acquisition of the resistance gene. All other investigated 
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strains were devoid of the RAE, leaving the question of their way of rpt gene regulation 

unanswered. As previous results of this thesis indicated that in B. subtilis, rpt and helD gene 

expression was dependent on 13 conserved nucleotides (compare chapter 3.2.4.), the 

promoter regions of the different bacteria were investigated for this motif. Interestingly, we 

could detect the motif (or slight variations of it) for a subgroup of different Bacillales strains. 

In those strains, rpt was located at disperse chromosomal positions and flanked by a variety 

of different genes. However, an alignment of the respective preceding promoter regions of 

this subset of strains uncovered a conserved promoter sequence of approximately 200 bp, 

that contained all regulatory elements previously shown to be important for selective  

rpt expression: the SigA binding site and RBS of Prpt as well as the SigA binding site on the 

complementary strand (compare chapter 3.2.4.). Interestingly, transcriptomic data of  

B. licheniformis also revealed the expression of a rpt 5’UTR and a complementarily 

transcribed sRNA (Wiegand et al., 2013). In B. subtilis 168, rpt was proposed to be acquired 

by horizontal gene transfer, as it is located in the P6 prophage-like region (Kunst et al., 1997; 

Rocha et al., 1999). The broad distribution and integration of rpt at different genomic 

positions in different species supports this hypothesis, while the conservation of the 

promoter region in a subset of different Bacillales shows that they also maintained a similar 

way of rpt regulation. However, it remains elusive if the rpt homologs combined with the  

200 bp promoter region were (solely) acquired by a transduction mechanism. Studies in  

B. thuringiensis BMB171 did not map the rpt homolog to a putative prophage region (Fu et 

al., 2019), indicating that it must be obtained by other horizontal gene transfer mechanisms 

like transformation or conjugation (Douglas and Langille, 2019). Within Bacillaceae, 

development of natural competence is described for B. subtilis and some closely related  

B. licheniformis and B. amyloliquefaciens strains (Dubnau, 1991; Koumoutsi et al., 2004; 

Jakobs et al., 2014). However, the ability to take up functional DNA from the environment is 

discussed to be widespread among Bacilli (Mirończuk et al., 2008; Kovács et al., 2009), 

making a transformation mechanism responsible for rpt gene transfer appear likely. 
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