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SUMMARY 

Due to multifactorial causes, e.g. the spread of antimicrobial resistances, it is 

hypothesized that we may face a post-antibiotic era in the upcoming decades. 

Although pharmaceutical industry stopped or outsourced natural products 

research and development of antibiotics in the recent past, fresh inspirations have 

to be discovered steadily. One option to outpace this issue to aim on dismantling 

the ‘microbial dark matter’, which offer a vast and largely untapped chemical 

space that is ready to be investigated. To this end, the implementation of 

innovative high-throughput cultivation techniques is critical, which also facilitates 

the comprehensive exploration of diverse untapped bioresources and meet the 

needs of fastidious hitherto uncultured microorganisms. Thus, the imperative of 

an adaptive, and cost-effective high-throughput pipeline that is ready to uncover 

novel natural products from environmental microorganisms, was converted into 

an entire process ‘from bioresources to bioactive compounds’ within the 

framework of Fraunhofer IME-BR and Sanofi (later Evotec) Public-Private-

Partnership (PPP). 

Social insects display an example for underexplored bioresources. Due to 

longtime evolutionary effects, a homeostasis of microbial symbionts was 

established, which supports defense mechanisms of nest inhabitants against 

invaders. It is known that lower subterranean termites lack of a great arsenal of 

antimicrobial peptides compared to numerous other insects. Thus, in the first 

chapter of this work, the focus was on the implementation of selective and 

adaptive cultivation techniques in order to make this untapped chemical space 

available. As a case study, the microbiota at different nest levels and in specimens 

of three subterranean termites (Coptotermes testaceus, C. gestroi and C. 

formosanus), which have been reared since decades before, were analyzed over 

a timeframe of 2 years. A stable core microbiome was determined, which was 

further confirmed by comparison to a nest suffering from a fungal infection. The 

analysis of the microbiome revealed a high abundance and diversity of 

Acidobacteria. They are interesting in terms of natural product research, however, 

few representatives are currently available. Therefore, a high-throughput 

microplate-based cultivation pipeline was applied to successfully integrate new 

Acidobacteria species in the Fraunhofer strain collection.  
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This was brought to the next level by a prior cultivation step using droplet 

microfluidics in combination with fluorescence-associated cell sorting. 

Furthermore, the workload was rapidly minimized due to the identification of 

cultivated redundancy. This was facilitated by applying sophisticated metabolomic 

studies and UHPLC-HRMS/MS bioactivity-guided screening for chemical novelty, 

which sets new benchmarks for the utilization of microfluidics cultivation 

techniques combined with bioactivity-guided screenings. 

The pipeline facilitated the cultivation of a broad diversity of microbes from 

a common forest soil sample, including three new species in each genus 

Edaphobacter, Acidobacterium and Olivibacter, respectively. The integrated 

downstream metabolomics and screening pipeline led to the discovery of new 

bioactive derivatives of macrotetrolides, massetolides and cyclic lipopeptides in 

other species. Moreover, axenic cultures of Trichoderma sp. FHG000531 isolated 

from the nest of C. testaceus facing the fungal infection, and Olivibacter sp. 

FHG000416 isolated from the carton nest of C. gestroi were analyzed to 

characterize their chemical repertoire. This led to the identification of a novel 

pentapeptide (FE011) and five derivatives thereof, additionally three novel N-acyl-

amino acids (NAAAs) two lipoamino acids (LAAs) and one 

lysophosphatidylethanolamine (LPE). Two of the LAAs showed a valuable 

bioactivity with a minimal inhibitory concentration (MIC) of 8-16 µg/mL and the 

LPE 16 µg/mL against the Gram-negative pathogenic bacterium 

Moraxella catarrhalis ATCC 25238. 

Relapsing nosocomial infections aggravate the spread of antimicrobial 

resistance. Thus, in the second chapter of this work, drug-induced persister 

formation of the model organism E. coli, which are facing phenotypic 

consequences, were analyzed in high-throughput fashion. To this end, a 

stationary-phase model to detail TisB-dependent persistence in E. coli was 

established (E. coli Δ1-41 Δist-R), and a comprehensive single-cell persister 

phenotyping was achieved. This contributes to the understanding of drug-induced 

persister formation, which is urgent to develop approaches to overcome persister 

formation in e.g. wound infections. 

The high-throughput microfluidics-based cultivation pipeline and persister 

phenotyping supported by flow cytometry methods, which is presented in this 

work, will significantly contribute to natural product discovery. Thus, ultimately 

increasing the chances to combat the threat of the antimicrobial resistance crisis.  
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ZUSAMMENFASSUNG 

Aufgrund multifaktorieller Ursachen u.a. der Verbreitung von 

Antibiotikaresistenzen wird bereits in den nächsten Dekaden eine post-

antibiotische Zeit prognostiziert. Trotz dem Ausscheiden von großen 

Pharmaunternehmen aus der Naturstoffforschung und Entwicklung von 

Antibiotika, müssen stets neue Inspirationen gefunden werden. Eine Möglichkeit 

dafür bietet die Erschließung der sog. „mikrobiellen dunklen Materie“, damit 

einhergehend mannigfache, bisher unbekannte strukturelle chemische Neuheiten, 

welche für die Naturstoffentwicklung zugänglich gemacht werden müssen. Um 

dieses hoch gesteckte Ziel zu erreichen, ist bspw. Implementierung innovativer 

Hochdurchsatz-Kultivierungstechniken von entscheidender Bedeutung. Diese 

müssen die umfassende Erforschung verschiedener unerschlossener 

Bioressourcen erleichtern und auf die Bedürfnisse anspruchsvoller, bisher nicht 

kultivierter Mikroorganismen eingehen können. Deshalb fokussierte diese Arbeit 

auf die Implementierung eines vollumfassenden Prozesses „von Bioressourcen zu 

bioaktiven Verbindungen“ im Rahmen des Public-Private-Partnerships (PPP) von 

Fraunhofer IME-BR und Sanofi (später Evotec). 

 Eine Bioressource mit viel Potential findet sich bei staatenbildenden 

Insekten. Durch langjährige Evolution hat sich eine Homöostase von mikrobiellen 

Helfern im Nest etabliert und gegenüber der Abwehr von Pathogenen bewährt. 

Von einer niederen Termitenart ist bekannt, dass ihr Arsenal an antimikrobiellen 

Peptiden im Vergleich zu zahlreichen andren Insekten sehr klein ausfällt. Aus 

diesen Gründen stechen die Nester von Termiten als besonders spannende 

Bioressource hervor. Daher wurden in dieser Arbeit exemplarisch die Mikrobiome 

von drei Termitennestern der Spezies Coptotermes und deren Individuen, sowie 

zusätzlich das Mycobiom eines mit einem Pilz infizierten Nests untersucht. 

Dadurch wurde die beste Quelle für unkultivierte mikrobielle Vielfalt ermittelt. 

Durch die kultivierungsunabhängige Analyse der Nestebenen und der Individuen 

aus einem Zeitraum von zwei Jahren, konnte ein stabiles Kernmikrobiom bestimmt 

werden, was durch den Vergleich mit dessen Verschiebung des Pilz-infizierten Nest 

untermauert wurde. In allen Nestern, aber besonders im Kartonnest, wurde im 

gesamtem erfassten Zeitraum eine Fülle von potentiellen Naturstoffproduzenten 

nachgewiesen. Insbesondere wurde eine hohe Abundanz von Acidobacteria 

detektiert, die für die Naturstoffforschung von Interesse sind, wohingegen bisher 
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nur sehr wenige Reinkulturen in Stammsammlungen hinterlegt sind. Daher wurde 

eine mikrotiterplatten-basierte Hochdurchsatzkultivierungsmethode, für die 

industrielle Routineanwendung etabliert und zur selektiven Kultivierung von 

Acidobacteria genutzt. Später wurde diese Technik sowohl mit einer 

vorgeschalteten Tröpfchen-Mikrofluidik als auch mit einer fluoreszenz-assoziierten 

Zellsortierung kombiniert. Durch diese Hochdurchsatztechnologie wurden rund 

500.000 Einzelzellen pro Stunde in agarose-verfestigte mikrometergroße 

Tröpfchen in unterschiedlichen Bedingungen verkapselt. Durch nicht-invasive 

Fluoreszenzfarbstoffe wurde mittels Durchflusszytometrie mikrobielles 

Koloniewachstum im Tröpfchen detektiert und deren Separierung in 

Mikrotiterplatten ermöglicht. Durch die Hochskalierung in standardisierten 

Plattenformaten konnte die gesamte gewonnene mikrobielle Diversität in eine 

eigens aufgebaute semi-automatisierte Plattform zur Entdeckung neuer 

Naturstoffe eingespeist werden.  

Beide Anwendungen ermöglichten die Kultivierung einer breiten Vielfalt von 

Mikroben, darunter neue Arten der Gattungen Edaphobacter, Acidobacterium und 

Olivibacter. Des Weiteren führte die Applikation der Technologien zur Entdeckung 

neuer bioaktiver Derivate. Darüber hinaus wurden Reinkulturen von Trichoderma 

sp. FHG000531 (isoliert aus dem infizierten Nest von C. testaceus) und die neue 

Spezies innerhalb der Gattung Olivibacter (FHG000416 aus dem Kartonnest von 

C. gestroi) hinsichtlich ihres chemischen Repertoires genauer untersucht. Dies 

führte zur Identifizierung eines neuartigen Pentapeptids (FE011) und fünf 

Derivaten davon, sowie zu drei neuen N-Acyl-Aminosäuren (NAAAs), zwei 

neuartigen Lipoaminosäuren (LAAs) und ein Lysophosphatidylethanolamin (LPE). 

Bei zwei der LAAs wurde eine nennenswerte Bioaktivität mit einer minimalen 

inhibitorischen Konzentration (MIC) von 8-16 µg/mL und bei dem neuen LPE eine 

MIC von 16 µg/mL gegen das Gram-negative pathogene Bakterium 

Moraxella catarrhalis ATCC 25238 beobachtet. 

Persistierende nosokomiale Infektionen intensivieren die Ausbreitung von 

Antibiotikaresistenzen. Daher wurde im zweiten Teil dieser Arbeit ein Modell zur 

detaillierten Untersuchung der Kaskade zur Bildung von persistierenden E. coli 

Zellen etabliert, welche abhängig vom antibiotikainduzierbaren Toxin TisB sind. 

Mittels Durchflußzytometrie und fluoreszierenden Erkennungsmarkern von vitalen 

Zellen wurde eine umfassende Persisterphänotypisierung durchgeführt. Aus den 

erzielten Ergebnissen konnte eine Phänotypisierung des „stationären-Phasen 
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Persistermodells“ (E. coli Δ1-41 Δist-R) abgeleitet werden. Diese Methodik 

unterstützt im Allgemeinen das Verständnis der antibiotikainduzierten 

Persistenzbildung und unterstützt folglich Therapieansätze und deren Entwicklung. 

Alles in allem werden die hier vorgestellten, flexibel einsetzbaren state-of-the-art 

Hochdurchsatzmikrofluidik-Kultivierungstechnologien und die Methodik zur 

Persisterphänotypisierung die Naturstoffforschung in vielerlei Hinsicht nachhaltig 

beeinflussen. Das wiederum wird auf der Suche nach neuartigen Inspirationen 

helfen, um die voranschreitende Antibiotikakrise in Schach zu halten.
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1. INTRODUCTION 

 

1.1. The antibiotic crisis  

Since 2019, the world has been kept in thrall by a pandemic caused by Severe 

acute respiratory syndrome coronavirus type 2 (SARS-CoV-2). This infectious 

disease has influenced humanity significantly, e.g. by requiring the imposition of 

several lockdowns, but has also exacerbated existing problems concerning human 

health by pushing them into the margins (Laxminarayan, 2021). For decades, one 

of these arising problems is the so-called antimicrobial resistance (AMR) crisis 

(Ventola, 2015; Laxminarayan, 2021). AMR has even become worse since the 

SARS-CoV-2 pandemic, e.g. due to clinical uncertainty towards superinfections 

that led to increased consumption antibiotics and due to the understandable focus 

on fighting the pandemic (Lucien et al., 2021; Rawson et al., 2021; Pintado et al., 

Figure 1: The epidemiology of antimicrobial resistance shows the potential transfer points of resistant 
bacteria and resistance genes.  
Modified from Morel et al. Antimicrob Resist Infect Control. 2020 Nov 26;9(1):187. 
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2022). This is leading to the rapid spread of bacterial infections, which are listed 

in the top ten of major causes of death globally (World Health Organization 2019; 

U.S. Centers for Disease Control and Prevention, 2019). The AMR crisis is a based 

on a complex network of interrelated issues from an epidemiological point of view 

(Figure 1). One problem is the transfer of AMR among gram-negative bacteria, 

and another is the exchange of AMR bacteria to animals and humans and vice 

versa, which is nearly impossible to prevent (Mølbak, 2004; Ma et al., 2021). AMR 

transfer is not solely limited to the animal-human interface, but also occurs 

globally in wildlife, natural soil, limnic habitats and agriculture (Figure 1) 

(Sanseverino et al., 2019). In the recent past, the use of antibiotics in livestock, 

the overuse and misuse of reserve antibiotics in humans, has increased the 

prevalence of AMR bacteria and promoted the spread of the associated infections 

(van Boeckel et al., 2015). In 2017, the amount of antibiotics administered to 

livestock exceeded medical use in humans for the first time (ECDC/EFSA/EMA 

2021), which rapidly aggravates the AMR issue globally.  

Recent initiatives to combat the AMR crisis in humans include vaccination 

campaigns, which reduced the number of fatalities caused by drug-resistant 

bacteria e.g. Streptococcus pneumoniae, Mycobacterium tuberculosis and 

Salmonella typhi (Klugman et al., 2003; Klugman and Black, 2018), however, this 

could not completely stop the spread of AMR bacteria (Vekemans et al., 2021). 

Furthermore, global frameworks such as the ‘One Health Framework’ have 

achieved certain action points, suggesting that the improved handling and control 

of nosocomial infections combined with vaccination (wherever possible) is a 

successful approach (Morel et al., 2020; Frost et al., 2021). Although, in 2019 the 

number of deaths caused by AMR declined compared to earlier years, even so in 

the United States more than 2.8 million AMR infections were reported, ~35,900 

of which are fatal and are ascending annually (U.S. Centers for Disease Control 

and Prevention, 2019). Despite the measures discussed above, there is still an 

urgent need to find and develop new antimicrobials to overcome the growing AMR 

crisis. 
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1.2. The golden era of antibiotics 

Where do antibiotics come from? The antibiotic era began in 1910 when Hoechst 

AG introduced salvarsan, which was developed by Paul Ehrlich and Sahachiro Hata 

to treat syphilis and other spirochetal infections. The subsequent discovery of 

penicillin by Alexander Fleming in 1928 rang in the golden era of antibiotics 

(Hutchings et al., 2019). Since 1907, ~200 antibiotics have reached the market, 

but more than 90% were introduced before 1970 (Lakemeyer et al., 2018). The 

1960s brought key insights into the mechanism of antibiotics, as the first cases of 

penicillin and methicillin resistant Staphylococcus aureus (MRSA) were discovered 

(Figure 2). From here on, the discovery of AMR following the market introduction 

of the corresponding antibiotics diminished steadily (Clatworthy et al., 2007; U.S. 

Centers for Disease Control and Prevention, 2013). Since 2010, only 18 systemic, 

‘recycled’ antibiotics have been approved by the FDA! (Chahine et al., 2021). This 

in turn dramatically highlights the demand for novel antibiotics, but where might 

these novel antibiotics originate from? 

 

1.3. Techniques for Natural product discovery – past, present and 

future 

Antibiotics can be assigned to 21 different classes (Butler, 2004; Butler and 

Buss, 2006), 17 of which are derived from bacterial natural products (NPs) or 

at least inspired by them (Table S1). The best-known bioresource for new chemical 

entities are microbial NPs (Figure 2), most frequently derived from 

Actinomycetes (Newman and Cragg, 2020). Although an astonishing number of 

NPs with antibacterial activity (~23,000) was estimated in 2016 (Katz and Baltz, 

2016), only ~1% of Actinomycetes, and bacteria in general, have been cultured 

thus far (Wohlleben et al., 2016). This highlights the gap between the immense 

number of uncultured microorganisms and the correspondingly enormous 

untapped chemical space (Lok, 2015; Lakemeyer et al., 2018). The rediscovery 

rate of known antibiotics is high, and the finding of new antibiotics is unlikely 

(Wang et al., 2006; Lewis, 2020). Therefore, it is reasonable to extend the search 

to underexplored bioresources and hitherto uncultivated microorganisms 

(Butler, 2004; Schneider, 2021). However, since the 1980s, the rediscovery rate 
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Figure 2: Timeline showing the clinical approval of new classes of antibiotics and the emergence of resistance.  
Most antibiotics were retrieved or inspired by NPs from the bacterial group of Actinomycetes (indicated in green). Other bacterial NPs are indicated in blue, fungal 
NPs in purple, and synthetic antibiotics in orange. Below the timescale, examples of momentous events are shown, such as the first reports of methicillin-resistant 
Staphylococcus aureus (MRSA), vancomycin-resistant enterococci (VRE), vancomycin-resistant S. aureus (VRSA) and plasmid-borne colistin resistance in the 
Enterobacteriaceae. Since 2010 no novel class of antibiotics was approved, only synthetic derivatives of antibiotics e.g. tigecycline - a tetracycline derivative (Zha 
et al., 2020), ceftaroline fosamile a 5th generation cephalosporin (Eckmann, 2014), beta-lactamase inhibitors e.g. avibactam (Nichols et al., 2018) or combinatorial 
drugs e.g. pretomanid/bedaquiline/linezolid (Andrei et al., 2019) and ceftazidime/avibactam (Zavicefta) (Shirley, 2018) were approved for treatment of infections.  
Adapted from Hutchings et al. Curr Opin Microbiol. 2019; 51:72–80. 
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of antibiotics has increased, whereas the introduction of novel antibiotics has 

declined dramatically (Schäberle and Hack, 2014). Since 2010 no novel class of 

antibiotics was approved (Figure 2), thus other solutions were introduced due to 

the lack of novelty from NPs. For example synthetic derivatives of antibiotics e.g. 

tigecycline - a tetracycline derivative (Zha et al., 2020), ceftaroline fosamil a 5th 

generation cephalosporin (Eckmann, 2014), β-lactamase inhibitors e.g. avibactam 

(Nichols et al., 2018) or combinatorial drugs e.g. pretomanid/bedaquiline/linezolid 

(Andrei et al., 2019) and ceftazidime/avibactam (Shirley, 2018) were approved 

for treatment of infections. Due to these reasons, novel cultivation techniques that 

grant access to the so-called ‘microbial dark matter’ have drawn attention to NP 

research (Lok, 2015) in order to mine for inspirations for new antibiotics in this 

untapped chemical space (Baltz, 2008; Lewis, 2020).  

It can be hypothesized that the chance of finding novel NPs increases 

significantly by applying cultivation techniques that promote the growth 

underexplored bioresources and microorganisms in laboratories. 

 

1.3.1. Novel cultivation strategies  

Besides purely synthetic approaches, one strategy is to create lead structures on 

the basis of inspirations from natural products derived from bacteria. The first 

streamlined experimental platform for bacteria-derived antibiotics was 

implemented by Selman Waksman and co-workers (Schatz et al., 1944). The term 

‘grind-and-find’ was coined to describe the testing of antagonistic effects of soil-

borne microorganisms, or the corresponding filtrates, on solid or in liquid media 

against pathogenic bacteria (Waksman and Lechevalier, 1949; Lechevalier and 

Corke, 1953). This work led to several discoveries, including actinomycin, 

clavacin, streptothricin, streptomycin, and neomycin (Waksman et al., 1942; 

Waksman, 1943, 1947, 1950, 1960; Sakula, 1988). Thus, the Waksman 

platform built the basis for the golden era of antibiotic research.  

Later, due to the high rediscovery rates of already known antibiotics new 

cultivation and screening strategies were implemented (Lewis, 2020). For 

example, automated drug discovery by standardized microplate-based high-

throughput screening (HTS) in the American National Standards Institute 
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(ANSI) format, was widely used in the 1990s. The obvious advantages include the 

increased throughput and lower costs (Auld et al., 2020). Furthermore, improved 

cultivation techniques in the ANSI microplate format facilitated automation and 

robotics. This was intended to overcome the issues of the ‘great plate count 

anomaly’ (Staley and Konopka, 1985), whereby methods for the cultivation of 

marine microorganisms using the concept of ‘extinction culturing’ in microplate 

format were implemented (Connon and Giovannoni, 2002; Bruns et al., 2003). 

This concept facilitated the targeted high-throughput cultivation of e.g. slow-

growing and low-nutrient favoring marine microorganisms.  

In the same year, Kaeberlein, Lewis and Epstein introduced the ‘diffusion 

growth chamber for in situ cultivation’ (Kaeberlein et al., 2002). This 

facilitated the diffusion of e.g. proteins or molecules with a greater size than 

0.2 µM and trapped everything with a greater size than 0.03 µM due to size 

exclusion among the compartments where microorganisms were grown, 

mimicking the regular exchange of substances in the environmental habitat. 

Therefore, this chamber improved the success of cultivation by bypassing the 

limitations of unfamiliar environments such as agar plates. The experimental 

outcome underlined the hypothesis that microorganisms need growth factors 

produced by their neighbors or even by themselves, which is now described as 

quorum sensing (Dunny and Winans, 1999; D'Onofrio et al., 2010; Scherlach and 

Hertweck, 2021). 

This concept was subsequently converted into the so-called ‘iChip’, which 

increased the growth recovery rate of soil microorganisms up to 50% compared 

to 1% on a nutrient agar plate (Nichols et al., 2010; Ling et al., 2015). In contrast 

to known methods thus far, the iChip enabled arraying of single cells in the 

diffusion growth chambers, which were placed back into their natural habitat to 

promote cultivation by in situ growth. This innovation led to the isolation of the 

erstwhile uncultivable bacteria, e.g. Eleftheria terrae, producing the first novel 

antibiotic since the 1980s, namely teixobactin (Wright, 2015). This cyclic 

depsipeptide acts against Gram-positive bacteria by binding to lipid II, a precursor 

peptidoglycan and lipid III, a precursor of teichoic acid, therefore supposed to 

overcome development of resistance (Ling et al., 2015). Moreover, the application 

of the iChip cultivation led to the discovery of several NPs that effectively kill 

Mycobacteria (Gavrish et al., 2014; Quigley et al., 2020). These examples 
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emphasize the importance of novel high-throughput cultivation strategies, which 

mimic the isolation source, to cultivate hitherto uncultivable bacteria, thus 

supporting new findings in NP research.  

In 2002, which saw the introduction of the diffusion growth chamber and 

extinction culturing, Zengler and colleagues developed an miniaturized ultrahigh-

throughput cultivation technique (Zengler et al., 2002). By using ‘microfluidics 

cultivation’, bacteria were encapsulated in agarose-solidified picoliter droplets 

functioning as miniaturized compartments, even smaller than in the iChip. 

Microfluidics cultivation leverages the numbers game by applying massive 

parallelization to improve the probability of success in regard to the cultivation of 

besides also considering the microbial metabolic requirements (Lok, 2015). 

Advantageously, it also allows the arranged diffusion of certain molecules among 

droplets (e.g. signaling factors), which can be adjusted by controlling the droplet 

size and surfactant concentrations (Skhiri et al., 2012; Etienne et al., 2018). 

Droplet microfluidics is built on the principle of emulsions consisting of aqueous 

and oil phases containing stabilizing surfactants in a laminar flow regime. 

Figure 3: Enrichment of rare populations of interest using fluorescence-activated cell sorting (FACS).  
A: Scheme of pre-sort droplet populations containing FITC-positive droplets as determined by manual count. B: 
Image of droplet population before sorting containing wanted and unwanted events.  
C: Sony SH800 gates and post-sort image of 100 droplets arrayed in a microplate well with 99.9% target 

specificity.  
D: BD Aria II gates and post-sort image of 100 droplets arrayed in a microplate well with 98.9% target 
specificity. Parental FACS gate shows 10 000 events per condition, randomly sampled, for both sorters. Adapted 
from Brower et al. Lab Chip. 2020 Jun 21;20(12):2062-2074. 
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Figure 4: Cultivation strategies to obtain axenic cultures from the microbial dark matter. 
A: The MicroDrop® for high-throughput cultivation assays and the isolation of planktonic bacteria allows the 
inoculation of a 96-well microplate within less than 1 min, thus accelerating the extinction culturing method. 
Adapted from Bruns et al. FEMS Microb Ecol. (2003) Jul 1;45(2):161-71. 
B: Encapsulation of environmental microorganisms in gel microdroplets and subsequent flow cytometry 
analysis facilitated the massively parallel cultivation. Thus far uncultured bacteria were obtained by its 
application. 
Adapted from Zengler et al. Proc Natl Acad Sci USA (2002) Nov 26;99(24):15681-6. Copyright © 2002, 
The National Academy of Sciences. 
C: The iChip developed by Slava Epstein to enrich single-cell arrayed microorganisms in their respective 
habitat e.g. soil. This resulted for instance in the cultivation of Eleftheria terrae, from which teixobactin was 
isolated. 
Adapted from Ledford, H. Nature (2015) doi: 10.1038/nature.2015.16675. Credit to: Slava Epstein. 
D: A droplet-based microscale cultivation system was directly coupled to a high-throughput screening for the 
prospection of antimicrobial activity prior to strain isolation from environmental cells isolated from soil. This 
system enabled the cultivation of thus far uncultured bacterial species and uncovered its ability to produce 

bioactive substances. 
Adapted from Mahler et al. eLife 2021;10:e64774. 
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Pressurized in small array channels at the nanometer or micrometer scale, this led 

to monodisperse aqueous femtoliter to picoliter droplets (Leman et al., 2015). 

Droplet microfluidics was steadily improved in terms of cost-efficiency, droplet 

stability, biocompatibility, and throughput (Baret et al., 2009). Today’s simplified 

ready-to-use systems are easy accessible (Nge et al., 2013; Volpatti and Yetisen, 

2014). The implementation of subsequent screening and sorting devices, such as 

fluorescence-activated cell sorting (FACS) (Figure 3), facilitated the targeted 

analysis of events of interest and their separation into microarrays and microplates 

(Baret et al., 2009; Zinchenko et al., 2014; Brower et al., 2020). These 

micrometer-scale compartments are intended to mimic the natural habitat, 

specifically the low nutrient availability and self-mediating growth factors, better 

than an agar plate and even better than a microplate well or iChip compartments. 

Once microcolonies have formed within the droplets, they are sorted by flow 

cytometry into high-nutrient liquid medium (Akselband et al., 2006). This again 

facilitated the cultivation of thus far uncultured bacteria representing the 

‘Planctomycetes and Bacteroides clade’ (Zengler et al., 2002). Microfluidic 

cultivation techniques were subsequently adapted for soil microbes and human 

oral microbiota (Gao et al., 2013; Zinchenko et al., 2014; Boitard et al., 2015; 

Jiang et al., 2016; Cao et al., 2017). Furthermore, screening systems to prospect 

for NPs with activity against human pathogens were tested (Terekhov et al., 2017; 

Mahler et al., 2018). Recent improvements enabled the modulation of certain 

abiotic and biotic factors to meet the specific needs of microorganisms (Hengoju 

et al., 2020; Kästner et al., 2021). This resulted in the cultivation of thus far 

uncultured bacteria, but have not yet yielded any novel NP scaffolds (Mahler et 

al., 2021).  

In summary, these developments constitute state-of-the-art techniques to 

prospect for NPs within microbial dark matter (summarized in Figure 4). The 

further improvement of microfluidics techniques, suitable for cultivation and 

screening for antibiotics, poses an ideal strategy for future bioprospecting 

campaigns of e.g. underexplored bioresources in order to leverage the numbers 

game (Wohlleben et al., 2016; Lewis, 2020; Matilla, 2021).  
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1.3.2. Underexplored bioresources and bacterial phyla 

There is continuous competitive pressure among microorganisms in all 

bioresources. Microbes have therefore evolved to produce substances, such as 

antimicrobials, to outcompete surrounding species. Most of the antibiotics on the 

market are derived from soil-borne microorganisms, especially from 

Actinobacteria (Table S1). Therefore, as well as novel cultivation techniques, the 

investigation of underexplored bioresources (e.g. deep sea, endophytes, 

insects, and the human microbiome) is another driver in the search for new NPs 

(Tortorella et al., 2018; Rangseekaew and Pathom-Aree, 2019; Quinn et al., 

2020). Bacteria isolated from marine habitats, are a good source of new chemical 

entities (Corinaldesi, 2015; Wink et al., 2017). One example is the genus 

Verrucosispora, which contains only 10 validly published representatives 

(https://lpsn.dsmz.de/genus/verrucosispora); last access date 10.10.2021). They 

were later reclassified as Micromonospora (Nouioui et al., 2018), which produce 

the so-called abyssomicins. Abyssomicins are tetronates, more exactly 

spirotetronates, which have been studied due to their peculiar structural moieties 

and e.g. anti-influenza and antibacterial properties (Sadaka et al., 2018; Zhang 

et al., 2020). They may be suitable for further development as drug candidates 

because they target folate biosynthesis, which is exclusively limited to prokaryotes 

(Iglesias et al., 2020; Fiedler, 2021).  

Another genus of marine bacteria with a large and distinct metabolic 

repertoire is the candidate genus Entotheonella (candidate phylum 

‘Tectomicrobia’), closely related to Myxobacteria (Schmidt et al., 2000). 

Entotheonella spp. are associated with sponges (Theonella swinhoei) and are 

proposed as symbionts. They possess diverse type III polyketide synthase (PKS) 

clusters that predictably lack identified NPs (Reiter et al., 2020). The resulting 

unique compounds may also provide opportunities for drug discovery (Wilson et 

al., 2014; Lackner et al., 2017). Although no candidate of the genus Entotheonella 

has been cultured in the laboratory thus far, successful cultivation would open the 

way for the in-depth analysis of their full repertoire of NPs. 

From a genetic perspective, there are many more interesting phyla such as 

Acidobacteria (Kielak et al., 2016), which could also provide a good source of 

https://lpsn.dsmz.de/genus/verrucosispora
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new chemical entities (Crits-Christoph et al., 2018). Recent in silico analysis of 

the genetic repertoire of the candidate genus Angelobacter and others shed light 

on the overall potential of this ubiquitous phylum (Zhang et al., 2019; Crits-

Christoph et al., 2021). However, few representatives have been isolated thus far 

because most species in this phylum are difficult to cultivate, and they are poorly 

represented in public collections of microorganisms (Bryant et al., 2007; Lee et 

al., 2008; Da Rocha et al., 2009; Navarrete et al., 2013). Accessibility of more 

representatives will support unraveling the potential of Acidobacteria. To this end, 

cultivation techniques have to be adapted in the respect of their growth pace and 

specific metabolic needs (Kielak et al., 2017). 

Insect-associated microorganisms also possess an underexplored 

bioresource (Challinor and Bode, 2015; Benndorf et al., 2018; Heise et al., 2019; 

Hirsch et al., 2019). The evolutionary success of insects in terms of biodiversity is 

partially mediated by host-interactions with beneficial microbes. Thus, they have 

been recognized as promising bioresource for NP research (Chevrette et al., 2019; 

van Moll et al., 2021). Social insects in particular are known to harbor bacterial 

symbionts, which can produce many NPs (Beemelmanns et al., 2016; van Moll 

et al., 2021). One well-known example is the association of Lactobacillales with 

the honeybee Apis mellifera mellifera. Lactobacillus spp. produces the pore-

forming lantibiotic nisin and derivatives thereof, which supports the survival of 

honey bees during infections with the pathogen Melisococcus plutonius (Janashia 

et al., 2016; Nakamura et al., 2016; Zendo et al., 2020). A further example is the 

association of several Actinomycetes with leaf-cutting ants (Goldstein and Klassen, 

2020). Actinomycetes produce many secondary metabolites (Chevrette and 

Currie, 2019), most of which are antifungal agents used to inhibit invasive fungi 

to protect the ant colony (van Arnam et al., 2016; Heine et al., 2018). Fungus-

growing higher termites are also a good source of insect-associated microbes 

(Benndorf et al., 2018; Schmidt et al., 2021). In contrast, the nest symbionts of 

lower subterranean termites such as Coptotermes spp. are not well 

characterized thus far. Little is known about termite-associated Actinobacteria and 

their influence on colony fitness during interactions with fungi (Chouvenc et al., 

2013), thus providing a good example of an underexplored bioresources worth an 

exploration. Solitary insects also harbor gut bacteria, which are beneficial for the 

life cycle of the host and/or their offspring. For example, the burying beetle 
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Nicrophorus vespilloides and the black soldier fly Hermetia illucens both offer an 

untapped resource for NPs by outsourcing defense mechanisms to their 

microbiome or mycobiome (Heise et al., 2019; Brinkrolf et al., 2021; Tegtmeier 

et al., 2021). Approximately one million insects have been described, leading to 

the assumption that 80% of insects remain to be discovered (Stork, 2018). In 

summary, insects itself and their associated microorganisms constitute a great 

untapped source for NP-producing microorganisms which may lead to new 

chemical scaffolds for drug discovery. 

Interestingly, the human microbiome, especially in the nasal passage and 

gut, also provide a rich source of antimicrobial substances (Kumpitsch et al., 

2019). This was exemplified by the discovery of the cyclic peptide lugdunin 

produced by S. lugdunensins, which was isolated from the human nose (Zipperer 

et al., 2016). Besides its antimicrobial properties against S. aureus, intranasal 

application also stimulates the immune system by activating CXCL8, thus 

inhibiting skin colonization by S. aureus (Bitschar et al., 2019). Another example 

is Ruminococcin C, an anti-colostridial, novel ribosomally synthesized and 

posttranslationally modified peptide (RiPP), produced by the human gut 

commensal Ruminococcus gnavus (Balty et al., 2019; Balty et al., 2020). These 

recent discoveries point out that also ‘obvious’ bioresources should receive more 

attention to uncover novel useful antimicrobials.  

In conclusion, new cultivation strategies paired with the bioprospection of 

underexplored bioresources are key drivers for the identification of novel NPs to 

meet the high demand for antimicrobials to combat AMR. 

1.3.3. Computational approaches  

Finding novel antibiotics in bacteria suitable as lead structures has become less 

likely since the ‘golden era’ of antibiotics, but is not impossible thanks to novel 

cultivation techniques, untapped bioresources and also computational approaches 

such as genome mining and metabolomics (Bachmann et al., 2014; Wohlleben 

et al., 2017; Medema et al., 2021; Panter et al., 2021). 

Furthermore, by coupling certain approaches, the discovery of new 

molecules becomes even more likely: for example, multi-omics approaches 

such as the coupling of bacterial genomics and metabolomics (Palazzotto and 
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Weber, 2018), or ‘one strain - many compounds (OSMAC) approaches (Bode 

et al., 2002). These in turn, coupled with strong downstream analytical toolboxes 

based on high-resolution liquid chromatography tandem mass 

spectrometry (HR-LC/MS/MS), has facilitated the detection of new compounds 

in the resulting multitude of extracts (Krug and Müller, 2014). The development 

of compound isolation and structure dereplication improved significantly, leading 

to yearly ~1600 numbers of published structures from nature, which is steadily 

increasing (Pye et al., 2017). Further improvement of robust statistical tools 

facilitate semi-automated extract prioritization to explore the extensive scientific 
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benefits of metabolic clusters (Marner et al., 2020; Riyanti et al., 2020). The 

combination of a bioactivity-guided approach with metabolomics is capable 

of preventing the re-isolation of already known NPs (Figure 5) (Demarque et al., 

2020). Combinations of these streamlined comprehensive techniques are now the 

state-of-the-art for the discovery of new NPs, exemplified by the description of 

new cyclic lipopetides known as chitinopeptins isolated from Chitinophaga spp. 

(Brinkmann et al., 2021a).  

These combined computational approaches will advance NP research to a 

higher level (Tommasi et al., 2015; Cully, 2018; Brogi, 2019), but type strains 

Figure 5: The comparative potential of the bioactivity-guided approach and metabolomics. 
A: The first step of both approaches involves crude extract pre-fractionation. B: In the metabolomics 
approach, all fractions from the crude extracts are analyzed by LC-MS/MS and biological testing. C: 
The data are then analyzed in metabolomics platforms such as GNPS indicating the active 
compounds. D: This represents the cycle of purification steps, where fractions are recovered by 
chromatography before testing. When the active fraction is identified, repeated purification steps are 

applied until an enriched fraction is obtained containing the active compounds. E: The black 
chromatogram represents one active fraction, where the active compounds are highlighted (RT 28.0–
32.0 min), whereas the red chromatogram, obtained after earlier purification steps, indicates the 

same active compounds previously revealed by the metabolomics approach. Adapted from 
Demarque et al. Sci Rep 2020 Jan 23;10(1):1051. 
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should nevertheless be made accessible in the laboratory to prospect the complete 

chemical repertoire of the microbial diversity. 

 

1.4. Antibiotic targets and bacterial evasion strategies  

So far, antibiotics aim only a limited number of targets, encompassing few 

different general MoAs: i) alteration of cell membranes (e.g. 

transpeptidase, muramyl ligase, BamA, LipidII), ii) protein biosynthesis (e.g. 

ribosomal 30 and 50S subunits), iii) nucleic acid synthesis (e.g. DNA- and RNA 

polymerase, topoisomerase), iv) metabolic pathways (e.g. fatty acid synthesis, 

folate pathway) and v) depolarization (ATP-synthase) (Figure 6). The 

requirements of NPs underlay chemical as well as biological rules that define 

criteria for exclusion of molecules that can be developed as drugs. For instance, 

a molecular weight not more than 500 dalton (Da), partition coefficient (log P), 

and a number of atoms from 20 to 70 in −0.4 to +5.6 range (Ghose et al., 1999; 

Lipinski et al., 2001). The ultimate goal is to find molecules, that meet these 

criteria, possess a potential novel mechanism of action (MoA), low frequency 

of resistance and define a new structural class of antibiotics (Tacconelli et al., 

2018), given by the examples of the synthetic peptidomimetic compound 

Murepavadin (Srinivas et al., 2010; Díez-Aguilar et al., 2021), and the NPs 

teixobactin (Ling et al., 2015) and darobactin (Imai et al., 2019). Bacteria possess 

numerous survival strategies to overcome susceptibility to antibiotics. They can 

be categorized into i) resistance, ii) tolerance and iii) persistence 

mechanisms (Brauner et al., 2016), whereby the latter will be introduced in more 

detail later. Generally, bacteria exhibit a physical barrier, their cell wall and an 

extracellular matrix, which passively decreases the cell permeability of drugs. 

Another mechanism is that bacteria undergo certain mutations that change the 

target 
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For example, only one random single point mutations in ribosomal 

subunits can lead to a resistance towards the respective antibiotic by lowering the 

possibility to bind to the target. Additionally, enzymes can be produced to 

deactivate the target and/or for the destruction the antibiotic exemplified by 

the secretion of penicillin-binding proteins such as β-lactamases, which cleave of 

β-lactams. A similar resistance mechanism is the production of antibiotic 

chelating agents. In answer to the recognition of antibiotics, bacteria augment 

their efflux pumps, which enable the selective export of compounds out of the 

cell (Lakemeyer et al., 2018). Augmentation of drug targets within the cell is also 

possible; the higher the amount of drug targets, the less effective the antibiotics. 

Bacteria possess the ability to bypass metabolic pathways, which are targeted 

by certain antibiotics such as the folate synthesis by sulfonamides.  

The overall problem intensifies if concerted escaping strategies make 

antibiotics in non-toxic doses rather useless. Therefore, six highly virulent 

antibiotic resistant pathogens are summarized in the term: ESKAPE, including 

multidrug-resistant (MDR) bacteria of Enterococcus faecium, Staphylococcus 

aureus, Klebsiella pneumonia, Acinetobacter spp., Pseudomonas aeruginosa and 

Figure 6: Bacterial drug targets and their resistance mechanisms towards corresponding antibiotics. 
Examples of known mechanisms of resistances towards specific antibiotics are shown (depicted in brackets). ag: 
aminoglycosides, ma: macrolides, tet: tetracyclines, ox: oxazolidinones, lin: lincosamides, strepA: streptogramin 
A, strepB: streptogramin B, pleurom: pleuromutilins, quin: quinolones, nal: nalidixic acid, novo: novobiocin, 
sulfon: sulfonamides, trim: trimethoprim, mu: mupirocin, chloram: chloramphenicol, fosfo: fosfomycin, rifam: 
rifamycins, nitro: nitroimidazoles, pen: penicillins, ceph: cephalosporins, mono: monobactams, carbp: 
carbapenems, bet: β-lactams. Adapted from Gan et al. Chem. Soc. Rev. 2021,50, 7820-7880. 
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Enterobacter spp. (Tommasi et al., 2015). The relative estimated prevalence of 

these pathogens is about 16% of hospital acquired infections, may leading to 

death, because even reserve antibiotics are pointless (Mulani et al., 2019; Dafale 

et al., 2020). The issue of resistance development is aggravated by e.g. biofilm 

formation, which takes places steadily and can cause adverse effects, when e.g. 

taking place in the gut (e.g. Clostridium difficile) or in wound infections (e.g. 

Staphylococcus aureus). Biofilm formation is supported by extracellular 

matrices (ECM) that consist of an impermeable meshwork including cells, 

exopolysaccharides, proteins and substantial amounts of extracellular DNA 

(Gödeke et al., 2011; Binnenkade et al., 2018). Thus, ECM leads to improved 

biofilm formation, thus a higher tolerance and additionally favors a subpopulation 

to turn into the metabolic state of persistence (e.g. minimum metabolic activity) 

(Pendleton et al., 2013; Díaz-Pascual et al., 2019). Hence, susceptibility decreases 

up to 1000-fold towards antimicrobials, especially targeting protein biosynthesis. 

A higher AMR transfer rate within biofilms is more likely due to the combination of 

close cell-to-cell contact, tolerance, and favorability of the persistence state 

(Bowler et al., 2020).  

In summary, resistance, tolerance and persistence mechanisms pose a 

major issue in respect of antibiotic evasion strategies, which should be addressed 

to combat the AMR crisis more effectively. 

 

1.4.1. Resistance transmission, tolerance and persistence  

How are resistances transmitted? The steadily increasing amount of AMR bacteria 

is facilitated by particular antibiotic evasion strategies, which can be implications 

of resistance mechanisms. Resistant bacteria are associated with an higher risk of 

treatment failures and relapsing infections (Huemer et al., 2020). Resistance 

towards antimicrobials is defined by their minimum inhibitory concentration (MIC) 

regarding the growth rate of a microorganism. Manifold molecular mechanisms 

are responsible for the so-called ‘resistome’ (Brauner et al., 2016). The resistome 

includes all genes (efflux pumps, enzymatic activity, mutations in the target, etc.) 

that are involved in the invulnerability of microorganisms towards certain 

concentrations of antimicrobials. There are several mechanisms to gain resistance 

genes – also known as pathogenicity islands (Hacker and Kaper, 2000; Frost et 
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al., 2021). The transfer results in new bacterial genotypes, which is gained by 

host mutations, vertical gene transfer and horizontal gene transfer (HGT). 

Resistance is often plasmid-borne among bacterial genera and e.g. transferred via 

HGT (Sköld, 2000). HTG is being realized via i) transformation (the 

internalization of free DNA by competent cells), ii) transduction (the transfer of 

bacterial DNA shuttled by bacteriophages) and iii) conjugation (the active 

transfer of DNA via pili from the donor to the recipient) (Thomas and Nielsen, 

2005). 

Moreover, exceeding a critical amount of individuals, planktonic bacteria can 

form biofilms, facilitating subpopulations therein to fall into a metabolic dormant 

status, so-called ‘persister’ (Lewis, 2007). The term was coined for cells, which 

reduce the metabolic activity to a minimum, therefore, decrease the susceptibility 

of antibiotics to a minimum (Høiby et al., 2010). This state of persistence plays a 

key role during infections, because it defines the way and period of drug 

administration (Høiby et al., 2011).  

The biofilm forming bacterium E. coli displays a well-studied example for 

persister formation, however complete understanding still requires detailed 

research (Manuse et al., 2021). E.coli strains are common inhabitants of human 

guts, but can evolve to a life-threatening issue. Once at the wrong place it can 

cause severe implications such as urinary tract infections or lead to kidney failure 

due to persistent biofilms (Foxman, 2010). Tolerance towards antibiotics is higher 

in a mature biofilm compared to the early stage of biofilm formation (Brauner et 

al., 2016). Additionally, gene transfer is enhanced in biofilms due to close cell-cell 

contact leading to faster exchange of pathogenicity islands. Thus, it is a preferred 

option to use enzymes, quorum sensing molecules or other compounds to even 

prevent biofilm formation at its beginning (Orman and Brynildsen, 2016). To this 

end, high doses of antibiotics are administered in early stages of infections (Høiby 

et al., 2010). Obviously, this represents a small treatment window, insanely, poses 

the risk of persister formation occurring frequently by improper doses 

administered mistimed (Zheng et al., 2020). Often, severe chronic hospital-

acquired infections are caused by MDR bacteria, hence, the remaining options are 

colistin or mitomycin C. Colistin is a pore forming-agent, and Mitomycin C a DNA-

crosslinking anti-cancer drug, which both eradicate cells independent of their 

metabolic status. However, these drugs implicit a range of toxicities in patients, 
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as signs of nephrotoxicity and leukocytopenia even at low plasma concentrations 

(Zheng et al., 2020).  

In summary, bacteria are more tolerant towards antibiotics in biofilms, may 

resulting in persister cells, which in turn spread resistances more efficient, 

ultimately leading to more resistance of the whole population. Hence, it is essential 

to shine through all stages of persisting bacteria to identify new targets, thus, 

treatment options. 

 

1.4.2. Toxin-antitoxin-dependent persister in E. coli 

Species of the genus E. coli inhabit a variety of known genes leading to persistence 

pathways, thus displaying also a model organism towards persister formation. It 

is known that e.g. relE, smpB, glpD, umuD, and tnaA are involved in late time 

points of persister formation after antibiotic treatment. The genes oxyR, dnaK, 

phoU, lon, recA, mqsR and tisAB hypothetically play a role in an early stage. There 

are several known membrane-associated type I toxins from toxin-antitoxin 

systems (TAS): HokB, TisB, LdrA, LdrD, IbsC, ZorO, ShoB, and DinQ (Nonin-

Lecomte et al., 2021). The TAS tisB/istR-1 enables persister formation, 

inhabiting an increased level of tolerance towards DNA-causing agents, due to 

augmented occurrence of the toxin TisB. Explained briefly, ciprofloxacin targets 

the type II DNA topoisomerase (DNA gyrase), necessary for replication during cell 

division. DNA topoisomerases cut double-stranded DNA (dsDNA) due to the 

hydrolysis of ATP. Upon ciprofloxacin treatment dsDNA breaks occur, thus cells 

are arrested in a non-dividing stage, ultimately leading to death (Mason et al., 

1995). While dsDNA-breaks occur, the bacterial SOS response is activated to 

enhance the DNA repair system (Janion, 2008). If a certain threshold of the SOS 

response is overleaped, the cell may fall into a persistent state, to prevent death 

caused by antibiotics for instance. This is facilitated by a tightly regulated cascade, 

whereas, e.g production of TisB is triggered in E.coli as a result. TisB is a pore-

forming toxin, which accumulates in the cell membrane, leading to eradication of 

the proton motive force (pmf), which in turn leads to depolarization.  
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It is followed by quick ATP-depletion, which in turn causes the cell metabolism to 

decrease to a minimum (Shan et al., 2017). That opens up an opportunity, in 

which a subpopulation of a colony is favored to survive the antibiotic treatment 

(Berghoff et al., 2017). Besides tisB/ist-R, there are several known type I toxin–

antitoxin modules such as mqsR, lon, relE, hipA, hokB dinQ, mazF, and dinJ 

(Lewis, 2007; Wu et al., 2015; Edelmann and Berghoff, 2019). That means, many 

enzymes, therefore, potential targets for antibiotic treatments are involved in the 

type I toxin–antitoxin cascades. The evolving knowledge about persister 

Figure 7: Scheme of toxin TisB-dependent persister formation.  
A: While suffering from DNA damage, the ubiquitous SOS response is activated leading to a persistence state in 
bacteria. The first barrier has been overcome when TisB accumulation leads to pore formation. This results in 
membrane depolarization by disruption of the proton motive force (pmf), ultimately leading in ATP-depletion, 
thus low or no metabolic activity. One the one hand the presence of SOS stimulating agents, especially when 
targeting DNA directly (e.g. Mitomycin C) or indirectly (e.g. Ciprofloxacin) stimulates TisB-dependent persisters. 
On the other hand this may happen also in absence of strong SOS induction due to stochastic effects, even if the 
regulatory RNA elements are depleted. Both enhances the survival rate of E.coli during antibiotic treatment. 
B: The LexA box is repressed by its repressor. TisB translation is regulated by two RNA elements. LexA controls 
the transcription of IstR-2 and tisB. IstR-1 gene is expressed constitutively. The primary tisB transcript (+1) 
must be processed into its translationally active +42 form enabling ribosome binding. This transcript leads to 
expression of TisB toxin, but only if not further inactivated by RNAse III cleavage (+106). Adapted from Berghoff 
et al. Mol Microbiol. 2017 Mar;103(6):1020-1033. 

B 
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formation, respective mechanisms and especially involved enzymes, may shed 

light on new targets, functioning as treatment options against hospital-acquired 

persisting infections (Lewis, 2007, 2020).  

The introduction of mechanistic models is a useful tool to understand the 

cellular cascades leading to persistence. For example, tisAB, lexA and recA 

knockouts (or a combination thereof) shed light on the mechanistic cascade 

underlying TisB persister formation (Dörr et al., 2009; Dörr et al., 2010). The 

rather more subject-oriented double deletion mutant of both regulatory RNA 

elements Δ1–41 and ΔistR (ΔΔ) (Figure 7) enhanced persister formation by up to 

200-fold after antibiotic treatment (Berghoff et al., 2017), therefore giving rise to 

a ‘high persister’ (hip) phenotype.  

Prospectively, the combination of such models with high-throughput 

methods that facilitate the analysis of the phenotypes discussed above supports 

the stochastic evaluation of the proportion of persister cells in the total population. 

In conclusion, these models promote the investigation and understanding of E.coli 

persister formation, therefore offering a helpful tool for antibiotics research and 

for the development of new treatment options for relapsing bacterial infections. 
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CHAPTER 1: IMPLEMENTATION OF HIGH-THROUGHPUT 
TECHNIQUES TO BIOPROSPECT FOR NATURAL 
PRODUCTS IN UNDEREXPLORED BIORESOURCES 
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2. AIMS OF CHAPTER 1  

 

The microbial dark matter offers a rich resource for natural product research, as 

exemplified by several recent studies (Ling et al., 2015; Lok, 2015; Imai et al., 

2019; Quigley et al., 2020; Fiedler, 2021). Different methods have been used to 

achieve the laboratory cultivation of hitherto uncultivable strains, but high-

throughput screening should also be implemented, to leverage the numbers game 

in natural product discovery. Moreover, chemical novelty should be prospected in 

new isolates using e.g. metabolomic studies. 

 

(i) First, a flexible microplate-based high-throughput method should be 

established to selectively obtain bacterial isolates from underexplored 

bioresources. This was exemplified by the bacterial phylum 

Acidobacteria, which has few accessible representatives today (Sikorski 

et al., 2022). The high-throughput microplate-based approach should 

be adapted towards their specific needs to obtain more laboratory 

cultures (Kielak et al., 2016). We observed that a rich source of 

Acidobacteria is represented by the underexplored nest microbiome of 

the subterranean termite C. testaceus and therefore chose it for this 

purpose.  

 

(ii) Second, to increase the success of cultivation of (i) even further, an 

ultrahigh-throughput microfluidics cultivation approach should be 

applied before a microplate-based bioactivity-guided screening (Marner 

et al., 2020), and should be tested on a forest soil microbiome. This 

should likewise increase the throughput by subsequent arraying into 

standardized microplate formats for bioactivity screening. Furthermore, 

in order to reduce the workload associated with the dereplication of 

bioactivities, suitable computational approaches such as metabolomics 

studies should be brought in line with the obtained molecular genetic 

results of the isolated microorganisms. 
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(iii & iv)  To prospect the expected broad chemical diversity of (i) and (ii), axenic 

fungal and bacterial strains isolated from the underexplored 

Coptotermes termite nest, which were already deposited in the 

Fraunhofer strain collection were used. They should be examined to 

detect bioactivities against bacterial and fungal pathogens, and to 

isolate novel chemical scaffolds including support of metabolomics-

guided approaches. 

 

(v) Furthermore, a protocol for a flexible integrated screening approach 

based on the microfluidic setup from (ii) that exchanges the microplate-

based screening should be established. To this end, double emulsions 

should be designed to accelerate the screening for novel natural 

products in an ultrahigh-throughput manner. 
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Supplementary Fig. S1. Poisson distribution of λ0.1 and λ10 showing the probability of the amount 

of cells encapsulated per droplet. 

Supplementary Fig. S2. Work scheme of this study showing the microfluidics workflow, the 

subsequent cultivation, screening and dereplication 

Supplementary Fig. S3. Live/dead staining using the LIVE/DEAD BacLight Bacterial Viability and 

Counting Kit (L7007, Invitrogen). 

Supplementary Tab. S1. Overview of the cultured genera separated by sample and media. 

Supplementary Fig. S4. Phylogenetic classification of FHG110511 within the phylum Acidobacteria. 

Supplementary Tab. S2. Cosine similarity table – Data for Fig. affiliation 

Supplementary Fig. S5. Assay read-out of μ-fractionation plates of strain FHG110488 against M. 

smegmatis ATCC 607. 

Supplementary Fig. S6. MS2-network of “active” extract of FHG110488 against Septoria tritici 

MUCL45407 focusing on the cluster representing all seven detected serratamolide derivatives and their 

literature known structures. 

Supplementary Fig. S7. Assay read-out of fractions 104+105, 107-113 and 116 of μ-fractionation 

plate of strain FHG110502 against Mycobacterium smegmatis ATCC 607. 

Supplementary Fig. S8. Assay read-out of fractions 92+93 and 130-135 of μ-fractionation plate of 

strain FHG110502 against Mycobacterium smegmatis ATCC 607.  

Supplementary Fig. S9. Assay read-out of μ-fractionation plate of strain FHG110508 against 

Staphylococcus aureus ATCC 25923. 

Supplementary Fig. S10. MS2-network of “active” extract of FHG110508 against Staphylococcus 

aureus ATCC 25923 with focus on the cluster representing all five detected macrotetrolide derivatives 

and their adduct ions.  
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Supplementary Fig. S1. Poisson distribution of λ0.1 and λ10 showing the probability of the amount 

of cells encapsulated per droplet.
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 (Duetz et al., 2000; Marner et al., 2020; Oberpaul et al., 2020; Caballero-Aguilara et al., 2021) 

Supplementary Fig. S2. Work scheme of this study showing the microfluidics workflow, the subsequent cultivation, screening and 

dereplication.
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Supplementary Fig. S3. Live/dead staining using the LIVE/DEAD BacLight Bacterial Viability and Counting 

Kit (L7007, Invitrogen). Manufacturer’s protocol was applied on the cells retrieved by nycodenz densitiy 

gradient centrifugation (A: SYTO 9, B: propidium iodide, C: merged) directly after bacterial isolation. 

Exemplary pictures are shown, ten independent stains were done and considered for the calculation. Live:dead 

ratio was estimated resulting in ~70:30 ± 6.7%. 
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Tab. S1. Overview of the cultured genera in mISEM2 pH 7.2, pH 5.5 and VL55-xyl pH 5.5. 16S 

rRNA gene sequencing was applied using the primer 1492R on mechanically disrupted culture broth 

grown for 7 days 

Phylum Class Genus 

No. of 

identified 

sequences 

Collection 

date 
Sampling site 

Sampling 

coordinates 

Local 

environment 

Isolation 

medium 

Acidobacteria Acidobacteriia Edaphobacter 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Mycobacterium 4 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Cellulomonas 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Nocardioides 7 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Rothia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Streptomyces 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Actinobacteria Actinobacteria Mycolicibacterium 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Bacteroidetes Sphingobacteriia Mucilaginibacter 5 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Firmicutes Clostridia Clostridium 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Ancylobacter 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Bradyrhizobium 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Inquilinus 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Kaistia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Labrys 9 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Mesorhizobium 30 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Phyllobacterium 98 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Rhizobium 42 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Alphaproteobacteria Sphingomonas 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Betaproteobacteria Burkholderia 6 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Betaproteobacteria Variovorax 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Betaproteobacteria Caballeronia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Gammaproteobacteria Moraxella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Gammaproteobacteria Luteibacter 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

Proteobacteria Gammaproteobacteria Dyella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan 

  No Relative /no 

sequence data 
117 29.01.2019 

Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

VL55-

Xylan          

Acidobacteria Acidobacteriia Edaphobacter 6 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Agromyces 7 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Angustibacter 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5  

Actinobacteria Actinobacteria Cellulomonas 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Leifsonia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Mycobacterium 4 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Mycolicibacterium 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Nocardioides 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Actinobacteria Actinobacteria Rhodococcus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Bacteroidetes Sphingobacteriia Mucilaginibacter 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Ancylobacter 9 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Bosea 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 
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Proteobacteria Betaproteobacteria Burkholderia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Gammaproteobacteria Buttiauxella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Betaproteobacteria Caballeronia 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Betaproteobacteria Cupriavidus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Gammaproteobacteria Dyella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Inquilinus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Gammaproteobacteria Luteibacter 5 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Mesorhizobium 11 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Phyllobacterium 25 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Rhizobium 6 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Alphaproteobacteria Sphingomonas 9 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

Proteobacteria Betaproteobacteria Variovorax 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5 

  No Relative /no 

sequence data 
20 29.01.2019 

Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 5.5          

Proteobacteria Betaproteobacteria Achromobacter 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Agromyces 151 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Arthrobacter 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Cellulomonas 6 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Glaciibacter 19 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Isoptericola 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Leifsonia 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Microbacterium 12 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Mycetocola 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Mycobacterium 6 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Nakamurella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Nocardioides 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Plantibacter 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Promicromonospora 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Rhodococcus 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Streptomyces 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Subtercola 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Actinobacteria Actinobacteria Williamsia 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Bacteroidetes Flavobacterium Flavobacterium 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Bacteroidetes Sphingobacteriia Pedobacter 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Bacteroidetes Chitinophaga Pseudoflavitalea 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Firmicutes Bacilli Staphylococcus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Ancylobacter 112 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Nitratireductor 43 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Bosea 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Bradyrhizobium 8 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Betaproteobacteria Burkholderia 7 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Betaproteobacteria Cupriavidus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Hyphomicrobium 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Inquilinus 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 
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Proteobacteria Alphaproteobacteria Kaistia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Gammaproteobacteria Luteibacter 10 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Gammaproteobacteria Lysobacter 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Mesorhizobium 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Betaproteobacteria Paraburkholderia 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Phyllobacterium 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Betaproteobacteria Polaromonas 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Gammaproteobacteria Pseudomonas 10 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Gammaproteobacteria Pseudoxanthomonas 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Reyranella 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Rhizobium 9 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Rhodopseudomonas 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Sinorhizobium/Ensifer 2 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Alphaproteobacteria Sphingomonas 1 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Betaproteobacteria Variovorax 18 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

Proteobacteria Gammaproteobacteria Xanthomonas 3 29.01.2019 
Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 

  No Relative/no 

sequence data total 
141 29.01.2019 

Bergwerkswald 

Gießen, Germany 

50.564032 N, 

8.672555 E 
forrest soil 

mISEM2  

pH 7.2 
         

  No Relative /no 

sequence data total 
278      
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Supplementary Fig. S4. Phylogenetic classification of FHG110511 within the phylum Acidobacteria 

clustering into subgroup 1. The tree is based on a ClustalW alignment of available 16S rRNA gene 

sequences from the ref_seq database between positions 113 and 1,357 [based on Escherichia coli 16S 

rRNA gene numbering (Brosius et al., 1978)] from the most similar sequences to the isolated strains, 

and also includes representatives of Acidobacteria subgroups 1, 3, 4, 6, 7, 8, and 10. The tree was 

calculated using MEGA v7.0.26 with the maximum-likelihood method and GTR-Gamma model. 

Circles on the tree branches indicate values of 1,000 bootstrap replicates with a bootstrap support of 

more than 50%. Subgroup affiliations are indicated by colors. The new isolate is indicated by a black 

arrow. The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.  
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Supplementary Fig. S5. (A) Assay read-out of μ-fractionation plates of strain FHG110488 against M. 

smegmatis ATCC 607. Fractions are numbered and those causing at least 70% rel. growth inhibition 

were considered “active” and marked red. Column 1: medium control; Column 2+3: antibiotic standard 

(isoniazid); Column 4: growth control. Area AH05-AH24 top: 5 μL injection volume; Area AH05-

AH24 bottom: 10 μL injection; Crude: crude extract as a control. (B) Overlaid Base peak 

Chromatogram (grey), fraction collector analog signal (light blue bars) and extracted ion 

chromatogram of m/z 515.3329±0.005 [M+H]+ (1, red) of the 50 fold concentrated extract (in MeOH) 

with 5 μL injection volume. (C) UV and MS spectrum of fractions 84-87. (D) MS/MS fragmentation 

of the precursor ion at m/z 515.3330 [M+H]+ (dereplicated as Serratamolide A, displayed in red) with 

manual annotation of the neutral losses. 
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Supplementary Fig. S6. (A) MS2-network of “active” extract of FHG110488 against Septoria tritici 

MUCL45407 focusing on the cluster representing all seven detected serratamolide derivatives and their 

literature known structures (dots of parent ions found as hits in our internal database or AntiBase are 

marked in gold). (B) Overlaid Base peak Chromatogram (grey) and extracted ion chromatograms of 

serratamolides 1-7 (1 m/z 515.3327 [M+H]+, C26H47N2O8
+ (red); 2 m/z 541.3483 [M+H]+, C28H49N2O8

+ 

(blue); 3 m/z 543.3640 [M+H]+, C28H51N2O8
+ (black); 4 m/z 533.3433 [M+H]+, C26H49N2O9

+ (cyan); 5 

m/z 547.3598 [M+H]+, C27H51N2O9
+ (yellow); 6 m/z 575.3902 [M+H]+, C29H55N2O9

+ (light green); 7 

m/z 573.3746 [M+H]+, C29H53N2O9
+ (dark green)) of the 50 fold concentrated extract (in MeOH) with 

5 μL injection volume. (C) MS/MS fragmentation of the precursor ions 1-7. 
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Supplementary Fig. S7. (A) Assay read-out of μ-fractionation plate of strain FHG110502 against 

Mycobacterium smegmatis ATCC 607. Fractions are numbered and those causing at least 70% rel. 

growth inhibition were considered “active” and marked red. Column 1: medium control; Column 2+3: 

antibiotic standard (isoniazid); Column 4: growth control. Area AH05-AH24: 2 μL injection volume; 

Area IP05-IP24: 5 μL injection; Crude: crude extract as a control. (B) Overlaid Base peak 

Chromatograms (grey), Fraction collector analog signals (light blue bars) and extracted ion 

chromatogram s of m/z 1112.6814±0.005 [M+H]+ (8, red) with corresponding m/z 556.8446±0.005 

[M+2H]2+ (green), m/z 1126.6973±0.005 [M+H]+ (9, yellow) with corresponding m/z 563.8524±0.005 

[M+2H]2+ (blue), and m/z 1154.7288±0.005 [M+H]+ (10, purple) with corresponding m/z 

577.8680±0.005 [M+2H]2+ (magenta) of the 50 fold concentrated extract (in MeOH) with 5μL injection 

volume. (C) UV and MS spectrum of fractions 105-106 (left), 108-118 (middle) and 116 (right). (D) 

MS/MS fragmentation of the precursor ion at m/z 1112.6814 [M+H]+, m/z 1126.6973 [M+H]+, and m/z 

1154.7288 [M+H]+ (dereplicated as massetolide E, massetolide F and massetolide H, respectively), 

manual annotation of the neutral losses and proposed structures of the fragment ions at m/z 284.2229 

and m/z 312.2533. (E) Structures of all three dereplicated compounds 8-10.  



 

74 
 

 

Supplementary Fig. S8. (A) Assay read-out of μ-fractionation plate of strain FHG110502 against 

Mycobacterium smegmatis ATCC 607. Fractions are numbered and those causing at least 70% rel. 

growth inhibition were considered “active” and marked red. Column 1: medium control; Column 2+3: 

antibiotic standard (isoniazid); Column 4: growth control. Area AH05-AH24: 2 μL injection volume; 

Area IP05-IP24: 5 μL injection; Crude: crude extract as a control. (B) Overlaid Base peak 

Chromatograms (grey), Fraction collector analog signals (light blue bars) and extracted ion 

chromatogram s of m/z 454.2931±0.005 [M+H]+ (11, red), m/z 690.5073±0.005 [M+H]+ (12, blue) and 

m/z 716.5237±0.005 [M+H]+ (13, green)of the 50 fold concentrated extract (in MeOH) with 5μL 

injection volume. (C) UV and MS spectrum of fractions 93-94 (left) and 130-136 (right). (D) MS/MS 

fragmentation of the precursor ion at m/z 454.2931 [M+H]+, m/z 690.5073 [M+H]+, and m/z 716.5237 

[M+H]+ (dereplicated as lyso-palmitoyl-phosphoethanolamine, palmitoleoyl-palmitoyl-

phosphoetanolamine and palmitoleoyl-oleoyl-phosphoetanolamine, respectively), manual annotation 

of the neutral losses and proposed structures of the fragment ions. (E) Putative structures of all three 

dereplicated compounds 11-13. 
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Supplementary Fig. S9. (A) Assay read-out of μ-fractionation plate of strain FHG110508 against 

Staphylococcus aureus ATCC 25923. Fractions are numbered and those causing at least 70% rel. 

growth inhibition were considered “active” and marked red. Column 1: medium control; Column 2+3: 

antibiotic standard (gentamycin); Column 4: growth control. Area AH05-AH24: 2 μL injection 

volume; Area IP05-IP24: 5 μL injection; Crude: crude extract as a control. (B) Overlaid Base peak 

Chromatograms (grey), Fraction collector analog signals (light blue bars) and extracted ion 

chromatogram s of m/z 737.4475±0.005 [M+H]+ (14, red), m/z 751.4636±0.005 [M+H]+ (15, green), 

m/z 765.4794±0.005 [M+H]+ (16, blue), and m/z 779.4956±0.005 [M+H]+ (17, yellow) of the 50 fold 

concentrated extract (in MeOH) with 5μL injection volume. (C) UV and MS spectrum of fractions 120, 

124, 128 and 131-132 (from left to right). (D) MS/MS fragmentation of the precursor ion at m/z 

737.4462 [M+H]+, m/z 751.4618 [M+H]+, m/z 765.4779 [M+H]+, and m/z 779.4933 [M+H]+ 

(dereplicated as nonactin, monactin, dinactin and macrotetrolide G, respectively) with manual 

annotation of the neutral loss and proposed structure of the fragment ion at m/z 213.1482 of parent ion 

at m/z 779.4933 indicating the presents of macrotetrolide G instead of trinactin. (E) Structures of all 

four dereplicated macrotetrolides. Me: methyl; Et: ethyl; iPr: isopropyl.  
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Supplementary Fig. S10. (A) MS2-network of “active” extract of FHG110508 against Staphylococcus 

aureus ATCC 25923 with focus on the cluster representing all five detected macrotetrolide derivatives 

and their adduct ions (dots of parent ions found as hits in our internal database or AntiBase are marked 

in gold). (B) Overlaid Base peak Chromatogram (grey) and extracted ion chromatograms of 

macrotetrolide 14-18 (14 m/z 737.4462 [M+H]+, C40H65O12
+ (red); 15 m/z 751.4618 [M+H]+, 

C41H67O12
+ (green); 16 m/z 765.4779 [M+H]+, C42H69O12

+ (blue); 17 m/z 779.4933 [M+H]+, 

C43H71O12
+ (yellow); 18 m/z 793.5104 [M+H]+, C44H73O12

+ (black)) of the 50 fold concentrated extract 

(in MeOH) with 5 μL injection volume. (C) MS/MS fragmentation of the precursor ions 14-18 

dereplicated as nonactin, monactin, dinactin, macrotetrolide G, and macrotetrolide D, respectively, 

with manual annotation of the neutral loss and proposed structure of the fragment ion at m/z 213.1482 

of parent ion at m/z 779.4933 indicating the presents of macrotetrolide G instead of trinactin and 

fragment ion at m/z 213.1487 of parent ion at m/z 793.5104 indicating the presents of macrotetrolide 

D instead of tetranactin.  
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3. SUMMARY OF CHAPTER 1  

 
i) The successful cultivation of new representatives of Acidobacteria were 

facilitated by applying the herein established method. Briefly, an adapted 

nycodenz density gradient protocol facilitated the segregation of viable 

cells from the termite nest matrix. The core microbiome of the termites 

Coptotermes spp. was defined by evaluating its stability over 2 years and 

in the presence of a fungal infection. The study additionally revealed a shift 

of the abundance of Streptomyces spp. along with Acidobacteria during 

the spread of the fungal infection. Streptomyces spp. are supposed to 

maintain colony health during fungal nest infections (Chouvenc et al., 

2013), but this phenomenon has yet to be explored for Acidobacteria. The 

implementation of a microplate-based high-throughput cultivation 

approach enabled the selective isolation of two new species in the genera 

Terracidiphilus and Acidobacterium, both belonging to the phylum 

Acidobacteria from an underexplored bioresource. Based on the 

comparison of 16S rRNA gene sequences, FHG110202 was found to be 

most closely related to Acidobacterium ailaauiT (97.7%) and FHG110214 

to Terracidiphilus gabretensisT (97.1%). Both strains were stored in the 

Fraunhofer IME strain collection and are currently a subject of further 

investigation. 

 

ii) In brief, methods of i) were further developed by the sophisticated 

coupling of high-throughput microfluidics cultivation and flow cytometry 

with subsequent screening, which demonstrated the functionality of rapid 

prospection ‘from bioresources to compounds’. Culture-independent 

methods were applied to the bulk of droplets, which received one single 

environmental cell. The evaluation of these data have revealed that by 

choosing the appropriate media, the chance is high that diverse microbes 

can be cultured in agarose-solidified microspheres. After running through 

the herein established cultivation pipeline, the cultivation of environmental 

cells in droplets in a prior step led to the isolation of a broad diversity. This 

was proven by the identification of 1071 cultures in 96-deep-well 

microplates, which affiliated to five phyla and 57 genera. One highlight 
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was the isolation of a member of the phylum Acidobacteria: FHG110552 

was most closely related to Edaphobacter modestus (98.8%). The 

successful isolation of scarcely-cultured Proteobacteria (Ancylobacter, 

Buttiauxella, Inquilinus, Kaistia, Labrys, Luteibacter, Polaromonas, 

Reyranella and Variovorax) is also notable. Furthermore, the streamlined 

setup of a bioactivity-guided OSMAC approach, coupled with cosine-

similarity analysis and metabolomics, led to the identification of six 

derivatives of serratamolide A produced by Erwinia sp. FHG110488. 

Although transcription factors controlling serrawettin biosynthesis have 

been reported, this is the first proof of an environmental Erwinia sp. 

producing serratamolide A. Unfortunately, no new natural product was 

identified, but further derivatives of known bioactive natural products such 

as macrotetrolides, massetolides, and cyclic lipopeptides were proposed 

by molecular networking. This successful and flexible platform will further 

facilitate the cultivation of microbial dark matter and will allow the rapid 

extraction of its chemical repertoire, when applied to other bioresources. 

 
iii) The hitherto uncultured representative FHG000416, which is most closely 

related to Olivibacter domesticus DSM 18733 (94.5%), was isolated from 

the termite nest of C. gestroi by using the technique from i). This 

supported the discovery of two novel lipoamino acids, which are analogs 

of the known Lipid 430. Two of the LAAs isolated from strain FHG000416 

showed a valuable bioactivity with a minimal inhibitory concentration 

(MIC) of 8-16 µg/mL and the LPE 16 µg/mL against the Gram-negative 

pathogenic bacterium Moraxella catarrhalis ATCC 25238. 

 

iv) The analysis of the mycobiome of a termite nest from i), which was 

suffering from a spreading fungal infection, revealed a high abundance of 

Trichoderma spp. compared to the healthy colony. Strain FHG000513 was 

therefore isolated and screened for known and new natural products by 

applying metabolomic methods. One unknown pentapeptide namely 

FE011 was identified, then isolated and dereplicated by NMR spectroscopy. 

Furthermore, five derivatives thereof were predicted by MS/MS analysis. 
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Unfortunately, the peptide showed no activity against the tested screening 

panel, and its biological role thus requires further investigation. 

 

v) The conversion of the established microfluidics setup from ii) to a two-step 

double emulsion method was successful. This enables ultrahigh-

throughput screening in droplets for natural product research, such as the 

screening of large clone libraries or targeted screening for novel antibiotics 

or enzymes.
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CHAPTER 2: HIGH-THROUGHPUT E. COLI PERSISTER 
PHENOTYPING 
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4. AIMS OF CHAPTER 2  

 

Environmental factors such as alarmones, bacteriostatic agents, and DNA damage 

lead to persister formation – a bet-hedging strategy of bacterial subpopulations to 

ensure the survival of the whole population. A hallmark of persister cells is their 

tolerance towards high concentrations of antibiotics. This includes the induction of 

the SOS response, which in turn lowers the susceptibility towards antibiotics. This 

can lead to relapse and therapeutic treatment failure during hospital-acquired 

infections (Lewis, 2010). Artificial high persister phenotypes are used in 

laboratories dismantle all cascades leading to persistence, and only a few hip 

phenotypes have been investigated thus far (Kaldalu et al., 2020). Due to the 

dynamic heterogenic nature of persister cells (Balaban et al., 2004), methods 

based on whole population measurements are inappropriate to display these cells 

as their signal becomes indistinct in the bulk (Goormaghtigh and van Melderen, 

2019). Two options are either to use high-persistent mutants or flow cytometry to 

tackle this challenge. Both options should be combined herein. 

 

(i) Stationary phase E. coli cells undergo a phenotypical change by shriveling 

and changing from a rod-shaped to a coccoid morphology (Nyström, 

2004). Persisters, which are drug-induced - e.g. by fluoroquinolone 

antibiotics - tend to change the morphology (Uzoechi and Abu-Lail, 2020; 

Wong et al., 2021). These phenomena should be exploited to characterize 

the hip phenotype of E. coli on a single-cell level via flow cytometry. To 

this end, time series of flow cytometry scattering and cell sorting was 

applied to investigate the tightly regulated mechanisms of the type I 

toxin-antitoxin system TisB and its dependency on SOS induction. This 

was additionally enhanced by using the high persister model E. coli Δ1-

41 Δist-R (Berghoff et al., 2017) at different stages of the bacterial life 

cycle. 

 

(ii) Wild-type E. coli persister are dependent on the SOS response following 

DNA damage caused by fluoroquinolone antibiotics, which enhances 

persister formation during the early growth resumption phase (Völzing 

and Brynildsen, 2015; Mok and Brynildsen, 2018; Goormaghtigh and van 

Melderen, 2019). An ectopic fluorescence reporter for the activation of 
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the SOS response (sulA-syfp2) should be used to further investigate the 

SOS dependency with a special emphasis on the susceptibility of the hip 

phenotype of E. coli Δ1-41 Δist-R to DNA-damaging antibiotics (e.g. 

Mitomycin D).  
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CIPROFLOXACIN BUT ENHANCES 
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5. SUMMARY OF CHAPTER 2  

 
(i) Comprehensive persister phenotyping revealed that the hip phenotype 

was not dependent on SOS induction. Rather more likely, post-

transcriptional deregulation of tisB gene expression promotes 

membrane depolarization, thus ATP depletion, causing the stationary-

phase hip phenotype. Moreover, deletion of the regulatory RNA 

elements uncoupled TisB toxin expression from LexA-dependent SOS 

induction and the formation of the hip phenotype following treatment 

with antibiotics. In summary, the work presented herein provides a 

stationary-phase model to study TisB-dependent persistence, which is 

– most importantly – not based on an impaired toxin variant (Semanjski 

et al., 2018), but rather on the increased expression of a wild-type 

toxin. 

 

(ii) The SOS response and its involvement in persister formation was 

further dismantled by introducing the non-cleavable variant LexA3, 

which is important in respect of proper SOS response caused by DNA 

damage. By using the stationary phase persister model E. coli Δ1-41 

Δist-R from i), it was proven that depolarization due to the depletion of 

ATP, avoids fatal DNA damage after ciprofloxacin treatment. An 

elevated level of the toxin TisB therefore maximizes the survival of 

persister in the presence of ciprofloxacin in an SOS/LexA-independent 

manner, while enhancing susceptibility to the DNA cross-linking agent 

mitomycin C. This was most probably caused by the suppression of the 

SOS response in the ΔΔ background, and thus the dsDNA repair system. 

In summary, this is in agreement with the indication that a diverse 

persister strategy is favored (Balaban et al., 2004), which maximizes 

the survival rate of the whole population by optimally balancing the 

advantages and disadvantages of each strategy. 
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6. DISCUSSION 

 
Environmental microorganisms and the NPs they synthesize are a major source of 

inspiration for drug development. An estimated 50–70% of all drugs on the market 

are derived from NPs (Newman and Cragg, 2020). Historically, the introduction of 

the Waksman cultivation pipeline facilitated the cultivation of numerous 

Actinobacteria, many of which synthesize drugs or precursors thereof, which are 

still used today (Baltz, 2008; Newman and Cragg, 2020). Following the golden era 

of antibiotics, the rediscovery rate of known bacteria and respective NPs grew 

steadily (Schäberle and Hack, 2014). Ultimately, this led to a lack of novel 

structures suitable as drug candidates (Ventola, 2015). The field of NP discovery 

must therefore gain access to the so-called microbial dark matter to exploit its 

metabolic capabilities (Lok, 2015). As a consequence, new cultivation approaches 

must be developed, to leverage this numbers game, which in turn promotes NP 

discovery campaigns dramatically (Lewis, 2020). This is necessary because the 

likelihood of finding novel NPs is higher in untapped bacterial taxa (Hoffmann et 

al., 2018; Lewis, 2020). These adapted approaches will provide more inspiration 

for new chemical entities in the bacterial kingdom by facilitating their isolation 

using new cultivation strategies, such as microfluidics cultivation (Quigley et al., 

2020; Matilla, 2021). Depending on the library, an estimation claims that 5,000 – 

10,000 drug-like compounds tested only one drug will reach the market (Matthews 

et al., 2016), which is even lower for NPs, hence their discovery has become a 

numbers game.  

Therefore, the application of ultrahigh-throughput approaches such as 

combined microfluidics cultivation and metabolomics-guided screening pipelines 

are one inevitable option to leverage the numbers game in natural products 

discovery. 

 

2.1.1 Ultrahigh-throughput microfluidics expands the cultivability of 

microbial dark matter 

To access the chemical repertoire of the microbial dark matter, one of the best 

options is to cultivate the elusive bacteria in the laboratory. This opens the door 

for OSMAC approaches in bioprospecting campaigns, which are still more 

promising than cloning libraries (Bode et al., 2002; Harbers, 2008; Nora et al., 
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2019). Even so, only ~1% of known bacteria have been cultivated successfully 

thus far (Lok, 2015; Hug et al., 2016). What are the candidates for NP research, 

which have not been extensively researched today? One example of an 

underexplored phylum is represented by Acidobacteria (Kielak et al., 2016). They 

are ubiquitous, and many representatives possess biosynthetic gene cluster in the 

same amount as the well-characterized NP producing Actinobacteria (Crits-

Christoph et al., 2021). Only a few Acidobacteria have been cultured (Kaeberlein 

et al., 2002) and were prospected for their chemical potential (Eichorst et al., 

2018). We therefore adapted a flexible high-throughput cultivation technique to 

selectively meet Acidobacteria-specific growth conditions (Oberpaul et al., 2020), 

which are responsible for the limited number of representatives cultured thus far 

(Kielak et al., 2017; Sikorski et al., 2022). Illumina amplicon sequencing applied 

to different nest levels and individuals of the termite genus Coptotermes revealed 

a stable core microbiome and that termite nests contain abundant Acidobacteria 

(up to 10%). Their overall abundance in the nest material was observed in all 

samples that were evaluated over a timeframe of 2 years. Interestingly, 

abundance of Acidobacteria spp. increased over time during a fungal infection as 

well as Streptomyces spp. It was proposed that they were recruited by termites 

and defend the colony against fungal intruders, thus maintain the colonies health 

(Chouvenc et al., 2013). This leads to the assumption that Acidobacteria may also 

help to maintain colony health, but this hypothesis has to be addressed in detail 

in future investigations. The selective microplate-based high-throughput approach 

led to the isolation of new representatives (Oberpaul et al., 2020), which are still 

under investigation to characterize their NPs. This research may shed light on their 

ecological and/or biological roles in xylophagous lower termites. This knowledge 

could also be used to get an inspiration for strategies to control these pests, for 

example by interfering with their core microbiome, which might be essential for 

homeostasis. 

 The above-mentioned microplate-based high-throughput approach was 

successful in terms of targeted cultivation. However, some problems that occur in 

all microplate-based cultivation campaigns should be addressed in the following 

setup. One major issue is the distribution of single cells into microplate wells as 

well as the fact that the size ratio of one well of a 96-well microplate to the single 

cell is enormous. Thus, microfluidic cultivation should be exploited to implement 

a step, which lowers this ratio dramatically, before cells are distributed to 
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microplates. The idea behind is that encapsulation in agarose-solidified 

microspheres influences the growth of single cells positively due to the 

miniaturization. It also allows automation and even higher throughput (Mahler et 

al., 2021). Briefly, an existing ultrahigh-throughput microfluidics cultivation 

approach was modified to improve the obtained microbial diversity. This was 

confirmed using single cells obtained by the Nycodenz gradient method described 

herein from sludge obtained from forest soil. Individual cells were counted by 

FACS and distributed into approx. every tenth of five millions of agarose-solidified 

microspheres. First it was assessed, which factors e.g. C-source, C:N ratio and pH 

value influences the cultured microbial diversity positively. Thus, Illumina 

amplicon sequencing was used to visualize the diversity within the bulk of droplets 

of eight different media. This led to three modified media, which were used for the 

encapsulation to increase the cultured diversity. All droplets containing grown 

colonies originating from a single cell were identified by staining with a membrane 

potential dye and FACS. Then arrayed into a 384-well microplates. The stepwise 

scale-up from the microsphere to the cavities of a 384-well and then 96-deepwell 

microplate should improve the successful isolation of cultures (e.g. dependent on 

their own growth mediation factors). Based on the turbidity cultures were up-

scaled. Then after repeated fermentation the culture broth was split up for an 

OSMAC approach, and was used as the inoculum for a fermentation in a 

miniaturized 96-well system (Duetz, 2007). This resulted in >6000 extracts, 

retrieved from 1071 cultures (57 genera out of 5 phyla in total), sufficient for 

several antimicrobial and antifungal assays, thus leading to a high probability of 

finding undescribed natural products. The modulation of media components (C-

sources) and especially pH significantly enhanced the cultivated diversity, 

ultimately resulted in the isolation of strains from underexplored phyla such as 

Acidobacteria, and other genera including Ancylobacter, Buttiauxella, Inquilinus, 

Kaistia, Labrys, Luteibacter, Polaromonas, Reyranella and Variovorax (Oberpaul 

et al., 2021). Genetic fingerprinting and metabolomics were applied to all cultured 

strains for their phylogenetic and chemical classification, to reduce redundancy in 

downstream processing, e.g. due to one overrepresented strain (as observed for 

Penicillium sp. herein). Known bioactive molecules were automatically annotated 

using a metabolomics pipeline (Marner et al., 2020). This facilitated the quick 

dereplication of three chosen bioactive extracts into hitherto unknown bioactive 

derivatives of known NPs. Derivatives are interesting in many ways: i) they were 
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overlooked previously, thus unpublished (Marner et al., 2020), ii) they comprise 

bioactivities that are not true for the initially described compound (Bill et al., 2021) 

and iii) they have different physicochemical properties, which e.g. influences their 

stability, solubility or membrane permeability (Chatterjee et al., 2013; Bockus et 

al., 2015). The latter was exemplified with GE81112A, whereas for the proposed 

structure no antibacterial effect was observed even though its configuration only 

differed in only one position. On the other hand, its corresponding epimer was 

turning active against E. coli (Jürjens et al., 2018), which was even further 

improved by derivatization of the pharmacophores (Zwick et al., 2021). This was 

also proven recently with a new colistin derivative biphenyl-macolacin, but on the 

other hand emphasizes the necessity for novel antibiotics, since colistin (and 

derivatives thereof) can cause severe nephrotoxicity (Zheng et al., 2020). 

Even though only new derivatives were found by applying our setup, this is 

the first report of Serrawettin A produced by an Erwinia species, although its ability 

to produce serratamolides is suggested (Tanikawa et al., 2006). Moreover, the 

application of the microfluidics cultivation pipeline established herein was used for 

a cultivation campaign to obtain microbial diversity from the carton nest of C. 

testaceus. This facilitated the cultivation of a Gemmata sp. – a member of the 

phylum Planctomycetes (unpublished data). They are supposed to have promising 

genetic potential (Wiegand et al., 2018; Kallscheuer and Jogler, 2021) regarding 

NP research and this represents the first Gemmata spp. isolated from a termite 

nest. 

To prove the idea that lower xylophagous termites provide a rich source of 

novel microorganisms producing new NPs, strains isolated from the latter were 

fermented and prospected for chemical novelty. Olivibacter sp. FHG000416 was 

found to produce derivatives of known lipids, and new pentapeptides produced by 

Trichoderma sp. FHG000531 were isolated and characterized. Strain FHG000416 

was isolated from the carton nest of C. gestroi and shared a sequence identity of 

94.5% to Olivibacter domesticus DSM 18733, thus leading to the assumption that 

it represents a new species within the genus Olivibacter. It also produced a 

derivative of the known lysophosphatidylethanolamine (LPE) 451 (Woznica et al., 

2016) and derivatives of Lipid 430 (Sohlenkamp and Geiger, 2016). Both inhibited 

the growth of the Gram-negative human pathogen Moraxella catarrhalis ATCC 

25238 comprising valuable MICs (MICs: 8 and 16 µg/mL) (Bill et al., 2021). Strain 

FHG000531 was isolated from a nest infected with fungi. We exploited this unique 
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situation to characterize the mycobiome of the infected nest, already proven to 

undergo a microbiome shift (Oberpaul et al., 2020). Illumina amplicon sequencing 

was applied, revealing a high abundance of Trichoderma spp in the nest material. 

They were also highly abundant in the samples associated with infected termite 

individuals, but not the healthy ones. Hence, the strain was isolated and its 

metabolic repertoire was analyzed by applying an OSMAC approach, which was 

followed by molecular networking of the methanolic extracts. This revealed many 

known toxic and insecticidal compounds and derivatives thereof, as well as one 

cluster containing six hitherto unknown pentapeptides (including the isolation and 

characterization of one of them by NMR spectroscopy and MS/MS). The novel 

pentapeptide featured an unusual N,N-dimethyl-leucine residue, that is poorly 

described (Junker et al., 2006). However, it did not show any bioactivity when 

tested against a broad panel of pathogenic bacteria and fungi, nor was it toxic 

toward the plant Brassica rapa susp. rapa and the invertebrate Caenorhabditis 

elegans (Oberpaul et al., 2022). Despite the lack of activity in these assays, the 

concept of finding chemical novelty in uncultured strains from underexplored 

bioresources using the herein established setups was proven. However, the role 

of the mycobiome (and microbiome) of lower termites needs further investigation 

towards the interaction with the termites and colony health status as described 

for higher termites (Beemelmanns et al., 2016; Benndorf et al., 2018; Klassen et 

al., 2019). 

In summary, this platform facilitates sample selection for miniaturized and 

largely automated NP discovery campaigns. It offers a strategy to reduce complex 

environmental samples to a diverse range of axenic cultures, which in turn 

facilitates the integration of the arrayed strains into various bioprospecting 

campaigns supported by OSMAC approaches. The combination of these 

techniques, all of which are easily accessible, increases the throughput, 

simultaneously decreases the workload and the timespan from sampling to 

bioassays by limiting the number of lab generations (around 3-4) required to 

generate axenic cultures. This relatively low number is an advantage in respect of 

the unwanted effect that the bacteria adapt to far to the lab environment and 

cultivation conditions. Thus, probably leading to downregulation of genes related 

to antibiotics resistance and likewise their production, which is poorly understood 

(Jahn et al., 2017; Maeda et al., 2020). The microfluidics cultivation approach 

established herein will interest scientists seeking to exploit microbial diversity not 
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strictly limited to NP discovery. There are no limitations in terms of bioresources, 

organism type, cultivation parameters (e.g., temperature, pH, carbon source, 

shaking, and oxygen availability) or screenings. Given the low cost per extract 

from axenic cultures, the high throughput (>1000 cultures per week), 

standardized formats (ANSI microplate), and automated steps (robotics, 

annotation of known NPs) this setup is a great example of a standardized pipeline 

suitable for the interface between academia and industry.  

In summary, rapid cultivation in microspheres to leverage the isolation of 

hitherto uncultured bacteria was therefore successfully proven, and should be 

applied to additional underexplored bioresources to further expand the diversity 

of the microbial cultures accessible for bioprospecting campaigns. 

To take the success of cultivation to the next level, we established a 

so-called ‘droplet-in-droplet’ process using the devices described above 

(Brinkmann et al., 2021b). This enabled the introduction of a second shell, which 

nestles around the solidified inner agarose sphere, to facilitate the 

compartmentalization of spatially non-separated droplets described before (Skhiri 

et al., 2012). The transport of small molecules between the compartments is still 

possible, but the exchange of bacteria is hindered (Mahler et al., 2021). This was 

confirmed by the encapsulation of E. coli dh5α strains labeled with green 

fluorescent protein (GFP) in the inner sphere and red fluorescent protein (dsRed) 

in the outer shell, respectively. The labeled bacteria remained in their respective 

layers. However, motile microorganisms - E. coli dh5α lacks pili for locomotion 

(Wood et al., 2006) - may have the ability to break through this barrier, although 

this possibility was not addressed experimentally herein. So-called ‘helper strains’ 

or rather ‘helper molecules’ such as siderophores or quorum sensing molecules 

promote the growth of bacteria (Whitehead et al., 2001; D'Onofrio et al., 2010; 

Verbeke et al., 2017). This would be helpful in the following context: In the first 

step, environmental bacteria are individually encapsulated in an agarose-solidified 

droplet containing a specified growth medium. In a second step, a second layer is 

introduced around the first droplet, containing a defined number of bacteria 

functioning as helper strains. Additionally, to promote growth an extract is 

prepared and added to the medium (e.g. soil extract). Importantly, the second 

layer must not be solidified. After the desired incubation time and conditions are 

imposed, the second shell containing the helper strain could be released by an 

emulsion breaker and removed by FACS. This co-cultivation might promote the 
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growth of encapsulated single bacteria, allowing them to form a more robust 

colony that grows the next-largest format (e.g. 384-well microplates), which 

might not be the case if the bacteria were diluted on an agar plate (Staley and 

Konopka, 1985). Indeed, this method facilitates all kinds of co-encapsulation 

experiments and could even enable the observation of certain bacterial consortia. 

For example, the introduction of even more layers could be used to assemble 

synthetic consortia for stepwise bioprocessing applications (Shong et al., 2012). 

Microfluidics cultivation is not widely used to date, and is usually limited to oral 

and soil microbiota (Zengler et al., 2002; Mahler et al., 2018; Mahler et al., 2021; 

Oberpaul et al., 2021).  

Most of the low-hanging fruits from the Waksman pipeline have already been 

harvested. However, examination of underexplored bioresources, novel cultivation 

approaches, computational technologies in drug discovery and combinations 

thereof have already uncovered novel natural products such as darobactin (Imai 

et al., 2019), teixobactin (Ling et al., 2015), lugdunin (Zipperer et al., 2016), 

abyssomycin (Riedlinger et al., 2004), and halicin (Stokes et al., 2020). Each of 

these techniques has advantages and disadvantages, but their sophisticated 

combination, ultrahigh-throughput potential and high degree of automation are 

clearly favorable.  

In conclusion, the results presented in this chapter highlight the use of such 

techniques to accelerate the cultivation of hitherto uncultured microorganisms 

from underexplored bioresources, ultimately resulting in the discovery of novel 

chemical entities. 

 

2.1.2 High-throughput persister phenotyping 

Relapsing infections caused by bacterial persister cells pose a severe threat to 

patients (Lewis, 2013). Persister cells exist in a dormant state, where most broad-

spectrum antibiotics, which target active cellular processes, become ineffective. 

Incorrect dosing of antibiotics can promote persister formation and the cells tend 

to ‘wake up’ with even stronger resistance to the perceived antibiotic. Given our 

incomplete understanding of persister formation, hip phenotypes have been 

established in the laboratory (Korch et al., 2003). One example is the TisB-

dependent hip phenotype ΔΔ discussed herein (Edelmann et al., 2021b). Persister 

formation is a stochastically driven process (Manuse et al., 2021), so high-
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throughput methods such as flow cytometry strongly support the experimental 

analysis of the heterogeneity of persister phenotypes (Mohiuddin et al., 2020). In 

Chapter 2, this technique supports the research on the toxin-antitoxin system 

tisB/istR-1. This facilitated the statistical evaluation of an observed subpopulation, 

which otherwise might have been overlooked (Edelmann et al., 2021b). Light 

scattering revealed that nearly 75% of the population resembled exponentially 

growing wild-type cells, whereas the remaining 25% was more akin to the shape 

and size of stationary-phase cells. This was confirmed by light microscopy and a 

dilution experiment, suggesting that subpopulation A was linked to the hip 

phenotype of the ΔΔ mutant. A sorting experiment confirmed the hypothesis – 

persister cells were 200-fold more abundant in the smaller population. The study 

therefore established a stationary-phase persister model to understand TisB-

dependent persistence. Noteworthy, the model is not based on an impaired toxin 

variant (Semanjski et al., 2018), but reflects the amplified expression of a wild-

type toxin. Moreover, the SOS cascade in E. coli was uncovered in more detail by 

introducing the non-cleavable variant LexA3. This regulates many of the genes 

involved in DNA repair and the cell division cascade, for example by interfering 

with SulA. This was confirmed by the enhanced susceptibility of the ΔΔ mutant to 

the DNA cross-linking agent mitomycin C, and was observed by flow scattering 

along with a live/dead staining. 

It is noteworthy that the first persister-related gene hipA was found by using 

a microfluidics setup for persister screening (Balaban et al., 2004). In that setup, 

the use of membrane potential dyes facilitated the analysis of ATP-dependent 

persister cells. To observe and characterize this population in terms of the 

stochastic recurrence of single persister cells, they could be arrayed into droplets 

as described in Chapter 1. This could also help to further characterize the efficacy 

of several antibiotics or combinations thereof. A colony derived from a single 

persister cell could thus provide information about the viability of the whole 

persister population on a single-cell level. This is comparable to the so-called 

ScanLag method (Levin-Reisman et al., 2010), but is rather more convincing 

because it is compatible with cell staining and has a higher throughput and thus 

higher statistical power. Moreover, this could be combined with the introduction 

of compounds to screen for triggering agents, which can promote the recurrence 

of persister cells or even dormant cells (Song and Wood, 2021), or in contrast can 

inhibit recurrence.  
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In summary, the ΔΔ mutant does not express SOS genes, and is therefore 

more susceptible to DNA cross-linking agents such as mitomycin C, probably due 

to the impeded SOS response (Edelmann et al., 2021a). The ΔΔ mutant and other 

introduced mutations combined with high-throughput phenotyping will therefore 

provide more detailed insight into persister formation in E. coli, and will help to 

identify and characterize potential targets for antimicrobials or other treatment 

options for relapsing infections. Furthermore, it would be interesting to evaluate 

a combination of the herein established microfluidics setup with the hip phenotype 

in terms of stochastic analysis and to uncover further aspects of persister 

formation on a single-cell level. 

 

7. FUTURE PERSPECTIVE  

It has been proposed that there are no more broad-spectrum compounds left to 

be discovered and novel antibiotics against gram-negative bacteria are even more 

difficult to find (Lewis 2020). It is therefore a good option to optimize screenings 

towards specific drug applicable targets. For example, pathogenic bacteria 

expressing reporter genes provide an easy readout in high-throughput assays, 

which led to the discovery of e.g. platensymicin (Wang et al., 2006). The concept 

behind such screens is to focus the screening on certain drug applicable targets, 

in this particular case on type II fatty acid synthesis (FASII), which is essential 

and exclusive for bacteria (Kodali et al., 2005). To this end the comprehensive 

E.coli fluorescent reporter library introduced by Zaslaver and co-workers could be 

used (Zaslaver et al., 2006). This comprehensive library consist of several 

plasmids, whereas a transcription of a gene is linked with the production of gfp, 

e.g. recA. Combined with the before-mentioned microfluidics setup, this displays 

an option to specifically search for antimicrobials targeting the expression of genes 

or proteins involved therein. Due to the versatility of the microfluidics setup, it 

would be possible to screen encapsulated environmental bacteria or huge cDNA 

libraries (Klaus et al., 2021), which increases the probability of success by 

increasing the throughput and separating the events of interest for downstream 

processing.  

A further possibility is the ‘integrated cultivation and screening’ in droplets 

featuring a single shell or a ‘droplet-in-droplet’ process (Glaeser et al., 2018). As 

well as abiotic factors, several biological parameters can be exchanged in such a 



 

165 
 

setup. For example: environmental strains or heterologous cDNA libraries are 

sources of antimicrobials that could be encapsulated to prospect for natural 

products. Pathogenic bacteria, the comprehensive E. coli library, persister cells or 

protein substrates could be used as targets. Moreover, an integrated cultivation 

and screening could also be used to prospect for predatory microbes, which could 

be co-encapsulated with GFP-producing screening strains to provide a simple 

readout suitable for high-throughput screening and sorting. This would support 

the discovery of antimicrobials, because predatory bacteria such as Myxococcales 

tend to produce a plethora of antibacterials (Matthijs et al., 2014; Herrmann et 

al., 2017; Bhat et al., 2021).  

In conclusion, these highly versatile ultrahigh-throughput methods offer a 

general screening strategy for bioactive compounds or proteins, as well as the 

cultivation of unknown microbes, microbial interaction studies, and bacterial 

phenotyping on a single-cell level. Moreover, they will support the discovery of 

new antibiotics in many different ways, thus helping the research community to 

outpace the increasing threat of the antimicrobial resistance crisis. 
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9. SUPPORTING INFORMATION 

 
Table S1: All marketed antibiotic classes at this time, a well-known example, origin and mechanism of action. NP = NP origin (Fungi or Bacterium); S = 

synthetic; (Butler, 2004; Butler and Buss, 2006; Lakemeyer et al., 2018). B = bacterial origin; F = fungal origin); BB = broad-spectrum, G+ = Gram-
positive; G- = Gram-negative. 

 
 

No Antibiotic class Example Origin First microorganism Mechanism of action Target 

1 Aminoglycosides  Kanamycin NP B (Streptomyces kanamyceticus) 30S ribosomal subunit BS 

2 Tetracyclines  Oxytetracycline NP B (Streptomyces aureofaciens/rimosus) 30S ribosomal subunit BS 

3 Chloramphenicol Chloramphenicol NP B (Streptomyces venezuelae) 50S ribosomal subunit BS 

4 Fusidic acid  Fusidic acid  NP F (Fusidium coccineum) 50S ribosomal subunit G+ 

5 Lincosamides  Lincomycin NP B (Streptomyces lincolnensis) 50S ribosomal subunit BS 

6 Macrolides  Erythromycin NP B (Saccharopolyspora erythraea) 50S ribosomal subunit BS 

7 Streptogramins  Pristinamycin NP B (Streptomyces pristinaespiralis) 50S ribosomal subunit G+ 

8 Glycopeptides  Vancomycin NP B (Amycolatopsis orientalis) Cell wall synthesis (D-Ala-D) G+ 

9 Quinolones  Ciprofloxacin S synthethic DNA-Gyrase + unknown mechanism 
supposed 

BS 

10 Aminopyrimidines  Trimethoprim S synthethic Folic acid metabolism BS 
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No Antibiotic class Example Origin First microorganism Mechanism of action Target 

11 Sulfonamides  Prontosil S synthethic Folic acid metabolism G+ 

12 Oxazolidinone Linezolid S synthethic N-formylmethionyl-tRNA–ribosome–
mRNA complex 

BS 

13 Nitro-heterocycles  Nitrofurantoin S synthethic Nucleic acid synthesis (formation of 
toxic compounds) 

BS 

14 Lipopeptides  Daptomycin NP B (Streptomyces roseosporus) Pore formation (Depolarization) G+ 

15 Polypeptides  e.g Colistin NP B (e.g. Bacillus colistinus) Pore formation (Depolarization) G- 

16 Carbapenems  Thienamycin NP B (Streptomyces cattleya) Transpeptidase  
(Cell wall) 

BS 

17 Cephalosporins  Cephalosporin C NP F (Acremonium chrysogenum) Transpeptidase  
(Cell wall) 

BS 

18 Monobactams  Aztreonam NP B (Chromobacterium violaceum) Transpeptidase  
(Cell wall) 

G- 

19 β-lactams  Penicillin NP F (Penicillium notatum) Transpeptidase  
(Cell wall) 

BS 

20 Fosfomycin Fosfomycin NP B (Streptomyces viridochromogenes) UDP-N-acetylglucosamine 1-
carboxyvinyltransferase 

BS 

21 Ansamycines  Rifamycin NP B (Amycolatopsis rifamycinica) β-subunit of DNA-dependent RNA-
Polymerase 

BS 
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