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Summary 

Actinobacteria, especially the genus Streptomyces, provide a plethora of bioactive natural 

products. Over the last years, the ubiquitous use of antibiotics resulted in the increasing threat 

of resistant bacteria, explaining the intense research efforts nowadays to identify new bioactive 

substances and to improve production. Here, we studied the use of inorganic talc microparticles 

to enhance natural product formation in actinobacteria. Addition of talc to S. albus J1074/R2 

tripled pamamycin production up to 50 mg L-1, yielded a specific production spectrum of the 

derivatives, and strongly reduced pellet size. Systems biology analyses demonstrated the 

underlying mechanism of the production shift and revealed a globally reprogrammed gene 

expression. Supplied to S. lividans TK24 DG2-Km-P41hyg+, talc led to increased production 

of 109 mg L-1 of combined bottromycin A2, a promising antibiotic for drug development. Talc 

presence resulted in an increased production efficiency by rebalancing the cluster expression 

and caused an accelerated morphogenesis. Finally, we miniaturized the setup and examined the 

production of twelve natural products from different actinobacterial genera. In 75% of the 

studied cases, talc enhanced natural product formation and was even crucial for teicoplanin 

production. Due to the effectiveness and simplicity, morphology engineering of actinobacteria 

using talc microparticles appears as a promising approach for future applications.  
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Zusammenfassung 

Actinobacteria, insbesondere die Gattung Streptomyces, liefern eine Vielzahl an bioaktiven 

Naturstoffen. In den letzten Jahren führte der verstärkte Einsatz von Antibiotika zu einer 

zunehmenden Bedrohung durch resistente Bakterien, was die heutige intensive Forschung nach 

neuen bioaktiven Substanzen und deren Produktionsoptimierung begründet. Hier untersuchten 

wir die Verwendung von anorganischen Talk-Mikropartikeln, um die Naturstoffbildung in 

Actinobacteria zu steigern. Die Zugabe der Mikropartikel zu S. albus J1074/R2 verdreifachte 

die Pamamycin-Produktion auf bis zu 50 mg L-1, ergab ein spezifisches Spektrum der Derivate 

und reduzierte deutlich die Pelletgröße. Systembiologische Analysen offenbarten die Ursache 

der Produktverschiebung sowie eine global umprogrammierte Genexpression. Addition von 

Talk zu S. lividans TK24 DG2-Km-P41hyg+, führte zu einer beschleunigten Morphogenese 

und zu einer gesteigerten Produktion von 109 mg L-1 Bottromycin A2, indem es die 

Clusterexpression neu ausbalancierte. Abschließend miniaturisierten wir das Setup und 

untersuchten die Produktion von zwölf Naturstoffen aus verschiedenen Actinobacteria-

Gattungen. In 75% der untersuchten Fälle förderte die Zufuhr von Talk die Bildung des 

Naturprodukts und war sogar entscheidend für die Produktion von Teicoplanin. Aufgrund 

seiner Effektivität und Einfachheit erscheint Morphologie-Engineering von Actinobacteria 

mittels Talk-Mikropartikeln als vielversprechender Ansatz für zukünftige Anwendungen. 
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1 Introduction 

1.1 General introduction 

Actinobacteria are the most important source of natural products, chemically diverse molecules 

with an extremely high industrial interest (Harvey, 2000; Barka et al., 2016). This interest has 

been steadily increasing, since Alexander Fleming discovered the first industrially used 

antibiotic penicillin in 1928 (Fleming, 2001). Most compounds with antibacterial activities 

were discovered between the 1950s and the 1970s, also known as ‘the Golden Era’ of microbial 

natural product discovery (Brown & Wright, 2016). The time period after the Golden Era was 

marked by a severe decline in natural product identification, due to frequent rediscovery of 

known compounds and the opinion that one strain is unable to produce more than 3-4 molecular 

entities (Horbal et al., 2018). This theory was refuted with the discovery from genome 

sequencing that microbes with large genomes are able to produce about ten times as many 

secondary metabolites as previously recognized and that the most gifted Actinomycetes have 

even the capacity to produce around 30-50 secondary metabolites (Katz & Baltz, 2016). Again, 

a new era in natural product discovery has begun (Katz & Baltz, 2016). Many natural products 

have potent biological activities that function nowadays as antibiotics (Fleming, 2001),  

anti-cancer drugs (Arcamone et al., 1969), immunosuppressants (Vézina et al., 1975),  

-infectants (Campbell et al., 1983), herbicides (Bayer et al., 1972), insecticides (Butterworth & 

Morgan, 1968), and fungicides (Takeuchi et al., 1958; Kuhl et al. 2021). Thus, the discovery 

and commercial use of natural products and their derivatives helped to double human life 

expectations during the last century (Demain, 2006). As wide-ranged as their commercial 

application, is also their chemical diversity, relying on complex biosynthetic pathways and 

distinct backbones, as e.g. polyketides, β-lactams, peptides, and pyrroles, amongst many others 

(Challis & Hopwood, 2003; Berdy, 2005; van Wezel & McDowall, 2011).  

Every year, around 700,000 people die due to an infection with a multi-drug resistant superbug 

(Plackett, 2020). It is estimated that, if no action is taken, this number could rise to 10 million 

people by 2050, which would be more than the number of people who currently die from cancer 

worldwide every year (Plackett, 2020). Therefore, the development of natural products into new 

commercially applied drugs is of great importance. Two interesting natural product candidates 

for this next step are the polyketide pamamycin, with high antimicrobial activity against  

Gram-positive bacteria, fungi and mycobacteria, and the ribosomally synthesized and  

post-translationally modified peptide (RiPP) bottromycin, effective against methicillin-resistant 
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Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococci (VRE), among other 

Gram-positive bacteria and mycoplasma (Lefèvre et al., 2004; Kobayashi et al., 2010). 

Researchers today still have a high interest in their examination, despite the fact that both 

substances were already isolated from Streptomyces cultures for the first time in the Golden Era 

(Waisvisz et al., 1957; McCann & Pogell, 1979). The genus Streptomyces, belonging to the 

phylum of actinobacteria, provides today more than two‐third of all known antibiotics of 

microbial origin (Bibb, 2013) and more than half of the FDA-approved antibacterial natural 

products (Patridge et al., 2015). Unfortunately, cultivation of a microbe out of its natural habitat 

is not always feasible and actinobacteria often produce natural products in insufficient amounts 

or do not form them at all under laboratory conditions  (Ren et al., 2017). Therefore, it does not 

seem too surprising that immense efforts are being made to investigate and manipulate their 

unique morphological life cycle, as the link between morphological development and natural 

product formation is well known for a long period of time (Chater, 1984; Angert, 2005; Van 

Wezel et al., 2006; van Dissel et al., 2014; Barka et al., 2016). A promising method in this 

regard could be microparticle-enhanced cultivation (MPEC). Recent reports showed that MPEC 

could be beneficial to enhance product formation in filamentous prokaryotes (Ren et al., 2015; 

Holtmann et al., 2017; Walisko et al., 2017; Liu et al., 2019). The approach was introduced in 

2008 to enhance enzyme production in eukaryotic filamentous fungi and pioneering studies 

demonstrated that with the supply of inorganic microparticles it is possible to streamline the 

morphology of these organisms (Kaup et al., 2008; Driouch et al., 2010c; Driouch et al., 2010b; 

Driouch et al., 2012). Since then, several studies reported great success stories of MPEC with 

fungi, as they were able to enhance the formation of further enzymes, alcohols, polyketides, 

and drugs (Walisko et al., 2012; Coban et al., 2015; Etschmann et al., 2015; Antecka et al., 

2016b; Gonciarz et al., 2016; Yatmaz et al., 2016).  
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1.2  Main objectives 

The aim of this work was to establish a new production platform for natural products in 

actinobacteria based on the concept of microparticle-enhanced cultivation. In a first step, the 

exploration of pamamycin production in recombinant Streptomyces albus J1074/R2 and 

bottromycin production in recombinant Streptomyces lividans TK24 DG2-Km-P41hyg+ should 

give insights on how particles affected the physiology of the hosts. Careful analysis of 

submerged pellet morphology, substrate consumption, precursor supply, and global gene 

expression should reveal similarities and differences between the two setups. The data should 

give a systems-level portrait on how microparticles affect morphogenesis.  

Then, in a second step, the approach should be tested on a broader scale to investigate its 

potential in generally overproducing natural compounds of commercial interest from different 

structural classes in native and metabolically engineered actinobacteria, including 

Streptomycetes but also other genera, i.e. Amycolatopsis, Actinoplanes, and Kitasatospora. 

Thereby, potential application of microparticle-enhanced cultivation of actinobacteria in 

industrial processes should be evaluated.  
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2 Theoretical Background 

2.1 The biology of actinobacteria 

Actinobacteria form one of the greatest bacterial phyla and can be found equally in terrestrial 

and aquatic ecosystems (Barka et al., 2016). They not only play an important role as symbionts 

and pathogens in plant-associated microbial communities, but they are also of great industrial 

importance for biotechnology, medicine, and agriculture, as they hold a treasure for bioactive 

secondary metabolites and produce the majority of naturally occurring antibiotics (Barka et al., 

2016). The first antibiotics of actinobacteria were already discovered in the early 1940s: 

actinomycin from a culture of Streptomyces antibioticus in 1940, streptothricin from a culture 

of Streptomyces lavendulae in 1942, and streptomycin from a culture of Streptomyces griseus 

in 1944 (Waksman & Woodruff, 1940; Waksman & Woodruff, 1942; Schatz & Waksman, 

1944). Besides Streptomyces, genera such as Mycobacterium, Micromonospora, 

Amycolatopsis, or Kitasatospora are famous for their production of secondary metabolites 

(Barka et al., 2016). Actinobacteria are Gram-positive bacteria with a high guanine-plus-

cytosine (G+C) DNA content in their genomes, which results in a higher stability of the 

genome, but also can hinder the genetic accessibility (Sinden, 1994). With some exceptions, 

actinobacteria are aerobic. Most of them are chemoheterotrophic and are able to use a wide 

variety of nutrients, including numerous complex polysaccharides (Lechevalier & Lechevalier, 

1965; Zimmermann, 1990; Barka et al., 2016). The majority of actinobacteria is mesophilic and 

favors a neutral pH. They grow optimally at a temperature between 25 and 30 °C and a pH 

value between 6 and 9, with maximum growth around neutrality (Edwards, 1993). 

Actinobacteria exhibit a wide variety of morphologies with many of them, especially 

Actinomycetes, possessing a mycelial life-cycle with complex morphological differentiation 

such as eukaryotic fungi (Barka et al., 2016). The morphology mainly differs with regard to the 

presence or absence of a substrate mycelium or aerial mycelium, the color of the mycelium, the 

production of diffusible melanoid pigments, and the structure and appearance of spores (Figure 

1) (Barka et al., 2016). Mycelial fragmentation is regarded as a special form of vegetative 

reproduction, albeit actinobacteria with primarily mycelial lifestyles usually reproduce by 

forming asexual spores (Barka et al., 2016). These spores dominate the life-cycles of most 

actinobacteria, as they live for the majority of their life-span under nutritional limitation, 

waiting for the occurrence of nutrients and ensuring the survival of the progenies (Mayfield et 
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al., 1972). Populations isolated from soil are dominated by the genus Streptomyces, which 

accounts for 95% of the isolated strains (Williams & Vickers, 1988).  

 

 

Figure 1: Schematic drawings of spore chains produced by different genera of Actinomycetes. 
Besides the presence or absence of a substrate or aerial mycelium, the color of the mycelia, and the 
production of diffusible melanoid pigments, the morphology of actinobacteria differs in the structure 
and appearance of their spores. From (Barka et al., 2016). Reprinted with permission of AMS. 

 

2.2 The genus Streptomyces and its role in antibiotic production 

Antimicrobial Resistance (AMR) occurs when bacteria, viruses, fungi and parasites adopt over 

time and no longer respond to medicines making infections harder to treat and increasing the 

risk of disease spread, severe illness and death (WHO, 2020). Resistance is strongly increasing 
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today, largely driven by ubiquitous use of antibiotics (Figure 2), often with little or no 

therapeutic benefit, e.g. to treat viral respiratory ailments and the non-therapeutically use in 

agriculture to promote livestock growth (Van Boeckel et al., 2017; Pouwels et al., 2018; Roope 

et al., 2019). Additionally, widespread use of broad-spectrum antibiotics, which are effective 

against a variety of bacteria, has greater potential for selecting for extensive antibiotic resistance 

than drugs that target specific bacteria. Antibiotic resistance undermines much of modern health 

care, which relies on access to effective antibiotics to prevent and treat infections associated 

with routine medical procedures (Roope et al., 2019). Streptomycetes produce approximately 

two-thirds of all known antibiotics of microbial origin (Bibb, 2013). Therefore, the microbes 

play a crucial role in the development of new drugs and in the fight against multi-resistant 

superbugs (Hopwood et al., 1995; Ilic et al., 2007). 

 

 

Figure 2: Excess antibiotic use versus access-related mortality in young children. The map 
demonstrates use of so-called “watch” and “reserve” antibiotics in standard units (SU) per 100,000 
children under the age of 6. The World Health Organization’s watch group includes antibiotics that are 
recommended as first- or second-choice treatments for only a small number of infections. The reserve 
group includes antibiotics that should be considered last-resort options and used only in the most severe 
circumstances, when all other alternatives have failed. From (Roope et al., 2019). Reprinted with 
permission from AAAS. 

 

Scientists have known for many years that single Streptomyces strains are able to produce a rich 

spectrum of bioactive secondary metabolites and famous compounds like actinorhodin (Act), 

undecylprodigiosin (Red) or the calcium dependent antibiotic (CDA) were isolated very early 

(Rudd & Hopwood, 1979; Hopwood & Wright, 1983; Feitelson et al., 1985). However, with 

the ability to sequence numerous complete genomes at low costs, scientists discovered that the 
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potential of the microbes was underestimated for a long time and that single strains with large 

genomes have the capacity to produce more than ten times as many antibiotics as previously 

recognized (Katz & Baltz, 2016). As for the example of S. coelicolor, a well-studied member, 

its genome holds more than 20 different (cryptic) biosynthetic gene clusters (Barka et al., 2016). 

Therefore, the importance of Streptomycetes for production of novel drugs is even higher than 

previously assumed and scientists aim for new genetic approaches to activate these cryptic, 

silent, or sleeping antibiotics (Gross, 2009; Zerikly & Challis, 2009; Medema et al., 2011). In 

addition, activation of silent clusters can be achieved by manipulating cultivation parameters, 

such as nutrient content, temperature, pH value, the addition of enzyme inhibitors, and rate of 

aeration. The use of cultivation based approaches is commonly known under the name OSMAC 

(one strain many compounds) and underlines how a single strain can produce different 

molecules when grown under different environmental conditions (Romano et al., 2018). In a 

recent study, the marine-derived Streptomyces sp. YB104 was grown in different media and 

screened for bioactive natural products. The analysis of metabolic profiles from different 

conditions resulted in the discovery of new compounds that were only present, when the strain 

was cultured in ACM medium, which indicates how dependent the production of secondary 

metabolites is on cultivation parameters (Wu et al., 2018; Ahmed, 2019). The model organism 

for control of antibiotic production in Streptomyces is S. coelicolor (Barka et al., 2016). 

Secondary metabolite production in Streptomyces correlates to the onset of morphological 

development (Bibb, 2005). This correlation is highly conserved and presumably evolved as 

strains need to compete with other microbes, when undergoing programmed cell death (PCD) 

under nutrient limiting conditions (van Wezel & McDowall, 2011). 

 

2.2.1 The morphology of Streptomyces  

Streptomycetes play key roles in soil ecology because of their ability to hydrolyze a wide range 

of polysaccharides (cellulose, chitin, xylan, and agar) and other natural macromolecules (Chater 

et al., 2010). The life-cycle of multicellular Streptomycetes starts with the germination of a 

single spore after sensing local nutrients (Figure 3) (Chater, 1972). The spores develop into 

hyphal filaments, which, in contrast to unicellular bacteria, grow linear by tip extension (Flärdh, 

2003). Exponential growth is characterized by a combination of tip extension and a branching 

of these vegetative hyphae, which is defined as cell division. Thereby, a dense substrate 

mycelium is formed, which is present in submerged and solid-grown cultures (Angert, 2005; 

van Dissel et al., 2014). Unfavored conditions, such as environmental stress or local nutrient 
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depletion, trigger a complex signaling cascade, which causes the production of a surfactant that 

coats emerging filaments to form sporogenic structures, called aerial hyphae (Barka et al., 

2016). The unbranched cells at the end of the aerial filaments differentiate and form 

synchronously uninucleoid cells that further develop into spores, where the whole cycle repeats 

(Angert, 2005). In competitive soil habitants, the timing of development is crucial. Under 

conditions with sufficient nutrient supply, Streptomyces strive for maximum vegetative growth, 

while during starvation, sporulation and subsequent spore dispersal are essential for the survival 

of the colony (Barka et al., 2016). To provide building blocks for these aerial mycelia in times 

of nutrient depletion, Streptomyces degrades the substrate mycelium in a way similar to 

programmed cell death (PCD) mechanisms (Méndez et al., 1985; Miguélez et al., 1999; 

Manteca et al., 2006). This allows cells to gather precursors for the next round of biomass 

formation, such as amino acids, lipids, carbohydrates, and nucleotides (Kim et al., 1995; 

Manteca et al., 2006; Rigali et al., 2006). It is understandable that this time point coincides with 

the period of highest antibiotic formation, as the increased building block availability, in a 

usually nutrient depleted area, attracts competing motile microbes (Barka et al., 2016; Tenconi 

et al., 2018). DNA binding of the nutrient sensory regulator DasR is mediated by binding  

N-acetylglucosamine-related metabolites as ligands, giving an example for the metabolic 

control of antibiotic production and morphogenesis (Rigali et al., 2006). 

Prominent categories of developmental genes required for the formation of aerial hyphae and 

spores include the bld genes (bald, “hairless”, aerial hyphae of mutants lack fluffy 

characteristic), the whi genes (white, mutants fail to produce the gray spore pigment), the ram 

genes (for rapid aerial mycelium), and the ssgA-like genes (for sporulation of Streptomyces 

griseus) (Figure 4) (Hopwood et al., 1970; Merrick, 1976; Ma & Kendall, 1994; Traag & van 

Wezel, 2008; Barka et al. 2016). Over the years, extensive research has unraveled the regulation 

of aerial mycelium and spore formation. The majority of bld and whi genes, known today, has 

regulatory function, with many of them encoding transcription factors (Barka et al., 2016). 

Among the most studied genes are the highly pleiotropic transcription factor bldD, the RNA 

polymerase σ-factors bldN, sigN and whiG, and whiH (Mendez & Chater, 1987; Den Hengst et 

al., 2010; Bibb et al., 2012; Persson et al., 2013; Barka et al. 2016; Rebets et al., 2018).  
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Figure 3: Schematic drawings of the morphological development of Streptomycetes. The life-cycle 
starts with the germination of singles spores, from which a hyphal filament emerges and grows by tip 
extension. Cell division is defined by a branching of these hyphae and leads to a dense network, called 
substrate mycelium. Environmental stress, such as nutrient depletion, causes a complex signaling 
cascade, which triggers the production of a surfactant that coats emerging filaments. These aerial hyphae 
possess different characteristics from those of the substrate mycelium. At the end of these aerial 
filaments, the unbranched cells synchronously divide and form uninucleoid cells, which maturate again 
into spores. From (Angert, 2005). Reprinted with permission from Springer Nature. 

 

Aerial hyphae are responsible for the fluffy characteristic of Streptomyces colonies (Flärdh & 

Buttner, 2009). The characteristics of aerial hyphae vary significantly from the vegetative ones 

of the substrate mycelium, as they do not branch as extensively, as they are nearly twice as wide 

as the vegetative hyphae, and as they are surrounded by a hydrophobic layer (Wildermuth et 

al., 1971; Claessen et al., 2003). This layer, the so-called rodlet layer, is formed by a number of 

hydrophobic chaplin and rodlin proteins (Claessen et al., 2004). The chp and rdl genes, 

encoding for these proteins, give just two examples for the numerous genes regulated by the  

σ-factor bldN (Bibb et al., 2012). Chaplin proteins form the main building blocks of the rodlet 

layer (van Dissel et al., 2014). Eight chaplins are present in S. coelicolor, three large (ChpABC) 

and five smaller ones (ChpDEFGH). ChpC, ChpE, and ChpH are essential for sporulation 

(Claessen et al., 2003; Di Berardo et al., 2008). Although the rodlin proteins are required for 
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the alignment of the rodlet structures, they are not essential for sporulation (Claessen et al., 

2002).   

Ultimately, the Streptomyces life-cycle requires the cessation of aerial hyphae growth and the 

onset of sporulation-specific cell division (Figure 4) (Barka et al., 2016). Mutations of whiA, 

whiB, and ssgB, involved in this signal transmission resulted in cultures with proportionally 

large aerial mycelia (Chater, 1972; Kormanec et al., 1998; Keijser et al., 2003). In contrast to 

cell division in vegetative mycelia, sporulation-specific cell division in aerial hyphae occurs 

simultaneously by forming many septa that divide the hyphae into spore compartments. Cell 

fission then results in chains of individual spores, each with a single copy of the chromosome 

(Jakimowicz & van Wezel, 2012). The SsgA-like proteins (SALPs) play a key role in septum 

localization, with both ssgA and ssgB required for sporulation (Barka et al., 2016). While the 

sporulation and cell division protein SsgA activates sporulation-specific cell division, SsgB 

directly recruits and stimulates polymerization of FtsZ (Van Wezel et al., 2006; van Dissel et 

al., 2014). Thereby, SsgB is responsible for the symmetrical spacing of the Z-rings (Willemse 

et al., 2011). FtsZ is highly conserved among prokaryotes and also crucial for binary fission, 

the mode how most bacteria divide (Angert, 2005). The large impact of SsgA on morphogenesis 

was demonstrated by microarray analysis, which showed that deletion of ssgA affects 

expression of an unprecedented large number of genes, with many hundreds of genes up- or 

downregulated by at least twofold, including most developmental genes (e.g. bld, whi and ssg 

genes), as well as many genes involved in DNA segregation and topology (Noens et al., 2005; 

Traag & van Wezel, 2008). On the other hand, a ssgA-overexpressing mutant of S. coelicolor 

led to an increased septum formation, a high production of spore-like compartments, and 

significantly wider hyphae that contained irregular and often extremely thick septa (van Wezel 

et al., 2000). Furthermore, ssgA has a strong influence on antibiotic production, as an 

overexpressing mutant of S. coelicolor indicated a strongly enhanced undecylprodigiosin (Red) 

production (van Wezel et al., 2000). Simultaneously, the strain was no longer capable of 

actinorhodin production, possibly due to an arrest in development at a time where actinorhodin 

production has not been initiated (van Wezel et al., 2000). In contrast, Red production occurs 

during vegetative growth and (perhaps as a consequence) benefits from fast and fragmented 

growth of the ssgA mutant (van Dissel et al., 2014). Additionally, a ssgA-overexpressing strain 

of S. lividans revealed a twofold increased yield of enzyme production (Van Wezel et al., 2006) 
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Figure 4: Streptomyces morphogenesis. Nutrient limitation and environmental stress are major triggers 
of development, leading to the accumulation of ppGpp. This results in cessation of early growth and 
repression of the nutrient sensory DasR protein by PCD of the substrate mycelium. Bld proteins and 
environmental signals control the procession toward aerial growth and antibiotic production. The 
developmental master regulator BldD only represses the transcription of genes for many key 
developmental regulatory proteins when bound to tetrameric cyclic-di-GMP. These genes include whiB, 
whiG, ssgAB, and ftsZ. FtsZ accumulates, localizes to septum sites in an SsgAB-dependent manner and 
ladders of FtsZ subsequently define spore compartments, followed by spore maturation. The production 
of antibiotics is typically linked to the morphological differentiation from vegetative to aerial growth. 
Solid black arrows represent major transitions in development, while dotted lines indicate transcriptional 
control. From (Barka et al., 2016). Reprinted with permission of AMS. 

 

Growth and morphology of mycelial mass is in part strain-dependent, especially in submerged 

cultures (van Dissel et al., 2014). In general, morphologies in liquid cultures can be categorized 

in three types: freely dispersed mycelia that behave like single cells with high mass transfer 

properties (e.g. S. venezuelae), open mycelial networks that generally have good mass transfer 

characteristics, but increase the viscosity of the media (e.g. S. albus), and pellets that do not 

increase the viscosity significantly, but often contain a nutrient-deprived center (e.g. S. lividans) 
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(Paul & Thomas, 1998; van Dissel et al., 2014). The great number of parameters that influence 

how the mycelia grow, branch, aggregate, and fragment, also leads to a large heterogeneity of 

phenotypes that coexist inside the bioreactor (van Dissel et al., 2014). It also has to be noted 

that not all Streptomycetes form spores in liquid cultures and that some strains only sporulate 

in nutrient-limiting media (Kendrick & Ensign, 1983). For instance, S. lividans, in contrast to 

S. albus, does not sporulate in liquid culture (Daza et al., 1989; Rebets et al., 2018). However, 

a big advantage of sporulation studies in submerged cultures over studies in solid-grown 

cultures is that they enable global expression profiling by systems biology approaches like 

transcriptome, proteome, or metabolome analysis (Zhou et al., 2011). We are only beginning to 

unravel the mechanisms that control morphogenesis of Streptomycetes, and this is particularly 

true for mycelial growth in submerged cultures. At the same time, understanding the correlation 

between morphogenesis and productivity is of critical importance for the exploitation of 

Streptomycetes in the industrial domain (van Dissel et al., 2014). 

 

2.3 Natural Products of actinobacteria 

Due to the extensive research for the past decades, more than ten thousand natural compounds 

have been derivatized from different microbial sources (Nair & Abraham, 2020). Because of 

their wide application possibilities in the biotechnological, pharmaceutical, and agricultural 

industries, products have been used extensively as antibiotics, anti-tumor agents, 

immunosuppressants, insecticides, herbicides, and antifungal agents (Nair & Abraham, 2020). 

Examples of major antibiotic groups are tetracyclines, cephalosporines, aminoglycosides, 

glycopeptides, polyketides, and RiPPs (ribosomally synthesized and post-translationally 

modified peptides), highly diverse in their molecular structures (Figure 5) (van Wezel & 

McDowall, 2011). As previously mentioned, the great majority of bioactive substances is 

derived from the genus Streptomyces, but also other secondary metabolite producers, such as 

Amycolatopsis, Actinoplanes, Micromonospora and Myxobacteria are of great importance 

(Bibb, 2013; Barka et al., 2016). Certain compounds produced by Streptomyces spp. have such 

a high toxicity that they are even lethal for human consumption, regardless of the kind of 

application (Nair & Abraham, 2020). Some natural products occur at a much higher frequency 

than others. For example, streptothricin (10%), streptomycin (1%), and actinomycin (0.1%) are 

present in a higher proportion among random Streptomyces isolates than e.g. erythromycin 

(0.001%), vancomycin (0.001%), and daptomycin (0.00001%) (Baltz, 2007; Barka et al., 2016). 
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Therefore, it is no surprise that actinomycin, streptomycin, and streptothricin were the first 

antibiotics isolated from actinobacteria (Barka et al., 2016). Albeit the natural function of many 

secondary metabolites is considered to be as antibiotics that thwart  the growth of  competing 

microorganisms, there are clear examples of roles in cell communication and signaling (van 

Wezel & McDowall, 2011). In the following, the polyketide pamamycin and the RiPP 

bottromycin, the main products that were investigated in this work and the used strains, will be 

highlighted in more detail. 

 

 

Figure 5: Examples of natural products used in chemical biology and drug discovery. The given 
compounds highlight the large diversity in natural product structures. From (Hong, 2011). Reprinted 
with permission of Elsevier. 

 

2.3.1 The heterologous host Streptomyces albus J1074 

The strain S. albus J1074 is a widely used chassis strain for the heterologous production of 

bioactive natural products. Its genetic accessibility, as it is defective in the Sal I (Sal GI) 

restriction-modification system, allows genetic modification in a straightforward fashion, and 

its minimized genome allows fast growth (Zaburannyi et al., 2014; Kallifidas et al., 2018). With 

a size of only 6.8 Mbp, its genome is the smallest within the genus of Streptomyces (Zaburannyi 
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et al., 2014). Furthermore, organic extracts from routine laboratory S. albus fermentation broths 

lack endogenous secondary metabolites (Kallifidas et al., 2018). The strain is capable to 

produce a wide selection of heterologous secondary metabolites, ranging from marine 

Micromonospora secondary metabolites to potent anticancer agents (Lombó et al., 2006; Baltz, 

2010). For example, it was used to express biosynthetic gene clusters for steffimycin, 

fredericamycin, isomigrastatin, napyradiomycin, cyclooctatin, thiocoraline, and moenomycin 

production (Wendt-Pienkowski et al., 2005; Gullón et al., 2006; Lombó et al., 2006; Winter et 

al., 2007; Feng et al., 2009; Kim et al., 2009; Makitrynskyy et al., 2010; Zaburannyi et al., 

2014). Recently, the generation of S. albus Del14, a cluster-free S. albus chassis strains, further 

improved the capability for heterologous expression of secondary metabolite clusters. The 

strain obtained 15 deletions of clusters encoding secondary metabolite biosynthetic pathways 

in its chromosome, resulting in a maximized production capacity and a substantially improved 

compound detection limit (Myronovskyi et al., 2018).  

 

2.3.2 The polyketide pamamycin 

Natural products whose biosynthesis can be traced to an intermediate that contains repeating 

ketide units are known as polyketides. Polyketides are synthesized by bacteria and fungi and 

have significant roles in drug discovery and nature (Ridley & Khosla, 2009). Although only a 

limited number of these antibiotics have been isolated by conventional screening methods, new 

genomic technologies have provided compelling evidence that the biosynthetic potential for 

structurally diverse polyketides in nature is truly immense (Ridley & Khosla, 2009). They are 

a large family of natural products, which are formed through the condensation of acylthioester 

units such as malonyl-CoA and methylmalonyl-CoA by polyketide synthases to yield 

metabolites with diverse structures and biological activities (Ridley et al., 2008). Thereby, the 

biosynthesis of polyketides is similar to that of fatty acid anabolism, where decarboxylative 

condensation of the acyl thioester unit, malonyl-coenzyme A (CoA), leads to the extension of 

the fatty acid. However, PKSs are also able to use other substrates besides malonyl-CoA, such 

as propionyl-CoA, methylmalonyl- CoA, ethylmalonyl-CoA, and methoxymalonyl-CoA 

(Ridley & Khosla, 2009). In general, there are three types of polyketide synthases (PKSs) in 

bacteria that are able to synthesize these complex substances: Type I (multimodular) PKSs, type 

II (iterative) PKSs, and type III PKSs (Ridley et al., 2008). Type I PKSs consist of one or more 

multifunctional proteins containing multiple modules of catalysts, of which each is responsible 

for one round of chain elongation and associated reduction reactions. Depending on the catalytic 
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domains present, multimodular PKSs can generate polyketides of remarkable structural 

diversity (Ridley & Khosla, 2009) Type II PKSs consist of a disconnected set of proteins, each 

with one or two active sites. The catalysts repetitively construct a polyketide chain of defined 

length (Ridley & Khosla, 2009). The enzymatic structure of type III PKSs is the simplest, as no 

acyl carrier proteins are involved and the CoA-thioesters are directly condensed to form small 

aromatic compounds (Ridley & Khosla, 2009). A common feature of all three pathways is that 

frequently additional enzymes, such as oxidoreductases, cyclases, or functional group 

transferases modify the polyketide to generate the immense structural diversity of these natural 

products (Ridley et al., 2008; Ridley & Khosla, 2009).  

A promising polyketide is pamamycin. The pamamycin family consists of 16 macrodiolide 

homologues, which are produced by several Streptomyces spp (Rebets et al., 2015). They were 

first isolated in 1979 by a group researchers that identified their ability to induce aerial 

mycelium formation in S. alboniger DSMZ 40043 (McCann & Pogell, 1979). In addition to 

autoregulatory, anioniphoric and antifungal activities, pamamycins are active against multi-

resistant Mycobacterium tuberculosis (Lefèvre et al., 2004; Rebets et al., 2015). Thereby, they 

are regarded as promising lead molecules for the development of novel antituberculosis drugs 

(Metz, 2005). The polyketide origin of pamamycins was verified by feeding experiments with 
13C-labeled acetate, propionate, and succinate (Hashimoto et al., 2005). This is especially 

interesting since succinate cannot directly participate in a Claisen condensation (Rebets et al., 

2015). By a combination of genetic and biochemical data, researchers were able to identify the 

pamamycin biosynthetic gene cluster in S. alboniger and to decipher its biosynthetic pathway 

(Figure 6). The cluster consists of 20 genes, which are grouped into two cores of KS genes, the 

right and left core (Rebets et al., 2015). Pamamycin production starts with the condensation of 

succinyl-CoA and (methyl)malonyl-CoA, catalyzed by PamA. Incorporation of different 

extender units, i.e. malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA, finally 

determines the molecular structure, mass, and biological activity (Rebets et al., 2015). In a final 

step, the production of these complex molecules relies on the assembly of two asymmetrical 

parts, called small and large hydroxy acids (Rebets et al., 2015). Interestingly, the different 

pamamycin derivatives vary in their biological activity (Lefèvre et al., 2004; Natsume, 2016). 

Therefore, it is crucial to understand the molecular basis of pamamycin biosynthesis and it 

appears interesting to manipulate the production process towards more favorable derivatives.  
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Figure 6: Pamamycin biosynthesis. A: Pamamycin biosynthetic gene cluster from S. alboniger DSMZ 
40043. B: Pamamycin biosynthetic pathway. PamA (KS) catalyzes the condensation of succinyl-CoA 
with malonyl- or methylmalonyl-CoA, followed by a rotation by PamB. The resulting 4-oxoadipyl-CoA 
and 5-methyl-4-oxoadipyl-CoA are key intermediates, which are used as extenders for a Claisen 
condensation facilitating the succinate incorporation. Starter units are most likely supplied as  
ACP-esters. Eventually, the pathway divides into two branches. Activity of the ketoreductases PamO, 
PamM, and PamN coupled with the closure of the tetrahydrofuran ring by PamS, results in formation of 
the small hydroxy acids. In the other branch, PamF adds the second molecule of adipate followed by the 
final extension with malonate catalyzed by PamG. Ketoreduction, closure of the tetrahydrofuran rings, 
and amination, catalyzed by PamO, PamM, PamN, PamS, PamX, and PamY, result in the formation of 
the large hydroxy acids. Reactivation of the hydroxy acids by the acyl-Coa ligase PamL and unusual  
C-O condensations, facilitated by the KSs PamJ and PamK, result in the final pamamycin. Adapted from 
(Rebets et al., 2015). Reprinted with permission of Wiley.  



Theoretical Background 

17 

 

2.3.3 Streptomyces lividans – A host for heterologous peptide and protein production 

S. lividans is well known to produce extracellular peptides and proteins in large amounts (Anné 

& Van Mellaert, 1993). It is the standard host for heterologous expression of proteins and 

antibiotic-synthesizing enzymes and as such, is often used as microbial cell factory to produce 

industrial enzymes and antibiotics (Rückert et al., 2015). Many examples have shown the 

feasibility to use S. lividans for the production of proteins of prokaryotic and eukaryotic origin 

(Anné & Van Mellaert, 1993). Additionally, there are examples that S. lividans can glycosylate 

proteins, which is of importance to produce eukaryotic proteins (Hu et al., 1993). S. coelicolor 

A3(2), an important strain for genetics research in Streptomyces, has a strong restriction towards 

incoming foreign DNA. This characteristic, appears to be widespread among Streptomyces spp. 

(Anné & Van Mellaert, 1993).  In contrast, S. lividans, does not cleave exogenous methylated 

DNA, allowing transformation with DNA isolated from E. coli or with bifunctional plasmids 

(Kieser & Hopwood, 1991; Anné & Van Mellaert, 1993).  This results in a high efficiency of 

conjugative transfer, particularly important for experiments that require a high-throughput 

transfer of arrayed library clones for screening genomic or metagenomic libraries (Wang et al., 

2000; Peng et al., 2018). Recently, a set of clean S. lividans chassis strains (S. lividans ΔYA11, 

originating from S. lividans TK24) was constructed by deleting eleven endogenous gene 

clusters. The strain obtained a simplified metabolic background, as well as superior growth and 

production characteristics for heterologous secondary metabolites than its parental strain, which 

further facilitates heterologous expression of biosynthetic gene clusters (Ahmed et al., 2020). 

 

2.3.4 The ribosomally synthesized and post-translationally modified peptide 

bottromycin 

Another promising class of natural products to fight the rising threat of multi-resistant bacteria, 

with more than 20 sub-classes, are ribosomally synthesized and post-translationally modified 

peptides (RiPPs). RiPPs are produced by prokaryotes, eukaryotes, and archaea, and possess a 

wide range of biological properties (Arnison et al., 2013). Although many RiPPs display potent 

antibiotic activity and modes of action, distinct from currently used drugs, issues with poor 

solubility and bioavailability so far hindered a broader clinical use. Therefore, it was not 

possible to realize their full potential yet (Hudson & Mitchell, 2018). However, the 

extraordinary biosynthetic flexibility is what sets RiPPs apart from polyketides and  

non-ribosomal peptides, as RiPP biosynthetic enzymes typically display high levels of substrate 

tolerance (Arnison et al., 2013). This promiscuity is the result of a short recognition sequence 
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in the beginning of the precursor peptide, which is removed during maturation. This unique 

feature provides RiPPs with remarkable engineering potential and gives belief to overcome the 

abovementioned problems in the future (Weissman, 2016; Winn et al., 2016; Hudson & 

Mitchell, 2018). The biosynthesis begins with ribosomal synthesis of the precursor peptide, 

consisting of a N-terminal leader peptide, the core peptide, which develops into the final RiPP 

after post-translational maturation, and a C-terminal recognition sequence (Figure 7) (Arnison 

et al., 2013). Through the physical separation of the sites responsible for substrate binding and 

residue modification, it seems possible to utilize the RiPP biosynthetic enzymes to generate 

novel compounds to address the rise of antibiotic resistance (Hudson & Mitchell, 2018). 

Bottromycins, antibacterial RiPPs, were already isolated in 1957 from cultures of  

S. bottropensis (Waisvisz et al., 1957). They represent a  promising class of antibiotics, as mode 

of action studies revealed that they target the aminoacyl-tRNA binding site (A site) on the 50S 

ribosome, which ultimately leads to the inhibition of protein synthesis in the pathogen (Otaka 

& Kaji, 1976; Otaka & Kaji, 1981). Thereby, they are regarded as promising leads for new  

anti-infectives, as this target site is currently not addressed by clinically used antibiotics (Huo 

et al., 2012). By inhibiting translation, they are even active against clinically important 

pathogens, such as methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-

resistant Enterococci (VRE) (Kobayashi et al., 2010). Structurally, bottromycins are strongly 

modified peptides exhibiting various biosynthetic features, including a unique 

“macrocyclodehydration” leading to amidine ring formation and a thiazole ring formation, 

besides various methylations and proteolytic digestion (Huo et al., 2012). The biosynthetic gene 

cluster of S. sp. BC16019, producing bottromycins A2, B2, and C2, was identified in 2012 (Huo 

et al., 2012). From then on, studies on the bottromycin biosynthesis steadily increased. This not 

only led to the production of numerous derivatives, but also to the finding that the bottromycin 

pathway in S. scabies stalls at several steps and produces inefficient side-products (Crone et al., 

2016; Horbal et al., 2018; Vior et al., 2020). It was shown that constitutive high expression of 

the btm cluster is not the key to high titers of mature bottromycin, but instead leads to high 

yields of shunt metabolites. In contrast, controlled expression resulted in higher efficiency and 

thereby, mature bottromycin to shunt metabolite ratios (Horbal et al., 2018; Vior et al., 2020). 

Promoter choice is a key factor for optimizing the production of RiPPs, which also can depend 

on the timing of gene expression (Vior et al., 2020). 
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Figure 7: Bottromycin A2 biosynthesis. A: Bottromycin biosynthetic gene cluster from  
S. sp. BC16019. botT: multidrug transporter, botOMT: O-methyl transferase, botRMT123: radical  
S-adenosylmethionine methyltransferase, botA: bottromycin precursor peptide, botC: YcaO domain 
protein, botCD: YcaO domain protein, botH: hydrolase, botAH: aminohydrolase, botCYP: cytochrome 
P450 enzyme, botR: transcriptional regulator, botP: leucyl-aminopeptidase. B: Maturation of the 
bottromycin precursor peptide, consisting of a core peptide and a C-terminal extension as recognition 
sequence (underlined). The maturation requires various posttranslational modifications (gray), including 
proteolytic cleavage, methylations, “macrocyclodehydration”, and thiazole ring formation (mechanisms 
for the latter two are boxed). Adapted from (Huo et al., 2012). Reprinted with permission of Elsevier.  

 

2.4 Microparticle-enhanced cultivation 

Microparticle-enhanced cultivation (MPEC) was introduced in 2008 to improve biomass and 

product formation during cultivation of filamentous microorganisms (Kaup et al., 2008). In a 

pioneering study, chloroperoxidase (CPO) formation of Caldariomyces fumago was analyzed 
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in the presence and absence of different microparticle concentrations of different size (Kaup et 

al., 2008). Particles with a diameter ≤ 42 µm led to dispersion of the C. fumago mycelia up to 

the level of single hyphae, an about fivefold increase in maximum specific productivity of CPO 

formation, and in a tenfold increase of CPO activity. In general, microparticles of a diameter 

comparable to the size of spores or spore agglomerates are most efficient (Antecka et al., 

2016a). Furthermore, not all kinds of microparticles result in a similar response, a finding which 

was verified in several studies (Kaup et al., 2008; Driouch et al., 2010b; Driouch et al., 2012). 

The most commonly used microparticles today are made of talc (hydrous magnesium silicate), 

aluminum oxide, and titanate (titanium silicate oxide). Interestingly, use of titanate 

microparticles resulted in particle aggregation in the center of the pellets, leading to so-called 

core-shell pellets of A. niger (Driouch et al., 2012). A fluorescence-based analysis of GFP 

expression revealed that biomass of these core-shell pellets was completely active, due to their 

structure and reduced thickness, whereby large pellets of the control were only active in a  

200 µm surface layer. This surface layer matched the critical penetration depth for nutrients and 

oxygen typically observed for fungal pellets (Driouch et al., 2012).  

To investigate if the observed effects were caused by leaching minerals from the particles,  

A. niger and Trichoderma atroviride were cultivated in leached particle media, which were 

incubated with talc and iron oxide microparticles overnight and subsequently sterile-filtered 

(Etschmann et al., 2015). The majority of the particle-induced effects derived from the 

physicochemical properties, but the effects in A. niger, to small extent, could be contributed to 

leachable components of talc as well (Etschmann et al., 2015). Presently, it is still unclear how 

microparticles exactly change the morphology of fungi and, as a consequence, increase the 

productivity of the strains (Antecka et al., 2016a). The most probable explanation is that 

microparticles disturb the initial phase of spore aggregation (Driouch et al., 2010b). It was 

revealed that under talc microparticle supply, the typical spore agglomerates in A. niger control 

cultures disappeared so that only individual spores were present during germination. 

Interestingly, the time point of supplying the microparticles to the culture was crucial, as the 

morphology of A. niger was not affected when the microparticles were added during later 

phases of the cultivation. This indicated that the microparticles disturbed the initial phase of 

spore aggregation. (Driouch et al., 2010b; Antecka et al., 2016a). 
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3 Scientific articles 

 

The results of this work have been published before. 

 

3.1 Microparticles globally reprogram Streptomyces albus toward 

accelerated morphogenesis, streamlined carbon core metabolism, and 

enhanced production of the antituberculosis polyketide pamamycin 

Martin Kuhl, Lars Gläser, Yuriy Rebets, Christian Rückert, Namrata Sarkar, Thomas Hartsch, 

Jörn Kalinowski, Andriy Luzhetskyy, and Christoph Wittmann 

 

Biotechnology and Bioengineering. 2020; 117: 3858-3875.  

 

https://doi.org/10.1002/bit.27537 

 

C. W. designed the project. M. K. conducted the cultures. M. K. and Y. R. performed 

pamamycin analysis. M. K. and L. G. performed CoA ester analysis. C. R. and J. K. performed 

RNA sequencing. C. R., J. K., N. S., and T. H. processed and evaluated the RNA sequencing 

data. M. K. and C. W. analyzed the data, drew the figures, and wrote the first draft of the 

manuscript. All authors commented, extended, and improved the manuscript. All authors read 

and approved the final version of the manuscript. 

 

This is an open access article under the terms of the Creative Commons Attribution License. 

The supplementary information to this article is available in the appendix. 
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3.2 Microparticles enhance the formation of seven major classes of natural 

products in native and metabolically engineered actinobacteria through 

accelerated morphological development 

Martin Kuhl, Christian Rückert, Lars Gläser, Selma Beganovic, Andriy Luzhetskyy, Jörn 

Kalinowski, and Christoph Wittmann 

 

Biotechnology and Bioengineering. 2021; in press 

 

https://doi.org/10.1002/bit.27818 

 

C. W. designed and supervised the project. M. K. conducted the cultures and performed 

substrate and natural product analysis. C. R. and J. K. performed genomics and transcriptomics 

of S. lividans. M. K. and L. G. performed metabolomics of S. lividans. M. K. and C. W. analyzed 

the data, drew the figures, and wrote the first draft of the manuscript. All authors commented, 

extended, and improved the manuscript. All authors read and approved the final version of the 

manuscript. 

 

This is an open access article under the terms of the Creative Commons Attribution License. 

The supplementary information to this article is available in the appendix. 
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3.3 A common approach for absolute quantification of short chain CoA 

thioesters in prokaryotic and eukaryotic microbes 

Lars Gläser, Martin Kuhl, Sofija Jovanovic, Michel Fritz, Bastian Vögeli, Tobias J. Erb, Judith 

Becker, and Christoph Wittmann 

 

Microbial Cell Factories. 2020; 19:160 

 

https://doi.org/10.1186/s12934-020-01413-1 

 

B. V. synthesized CoA thioesters. L. G., M. K., and M. F. developed the CoA thioester 
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4 Discussion 

4.1 The importance of the genus Streptomyces to overcome the threat of 

antimicrobial resistance 

Actinobacteria, especially the genus Streptomyces, produce a plethora of biological active 

natural products with many of them functioning as antibiotics, antifungals, and anthelmintics, 

amongst others (Barka et al., 2016). Thereby, natural products and their derivatives greatly 

helped to increase human life expectation over the last decades (Demain, 2006) and display 

more than 50% of today’s approved drugs (Cragg & Newman, 2013). Cases of infections with 

antimicrobial resistant pathogens strongly increased, due to the ubiquitous and often  

non-advantageous use of antibiotics (Van Boeckel et al., 2017; Pouwels et al., 2018; Roope et 

al., 2019). In the past, the use of Streptomyces-derived antibiotics, such as the in this work 

examined oxytetracycline from S. rimosus, as well as streptomycin from S. griseus, 

cephalosporins from S. clavuligerus, chloramphenicol from S. venezuelae, tetracycline from  

S. aureofaciens, nystatin from S. noursei, kanamycin from S. kanamyceticus, and fosfomycin 

from S. fradiae, helped to guarantee the safety of medical procedures and treatments (Procópio 

et al., 2012; Pethick et al., 2013). Therefore, it does not seem unlikely that Streptomyces 

microbes have the capability to produce additional compounds that guarantee our safety in the 

future with new modes of action of which we currently not know (Lasch et al., 2020; Rodríguez 

Estévez et al., 2020; Shuai et al., 2020). But also other secondary metabolite producers of the 

phylum actinobacteria, such as the in this work used Amycolatopsis, Actinoplanes, and 

Kitasatospora (Kuhl et al., 2021) are promising for the research of new drugs. To identify such 

compounds for the treatment of infections caused by multi-resistant pathogens, new methods 

to enhance natural product formation and to activate silent biosynthetic clusters are needed. 

Prominent examples of such clinically relevant strains are methicillin-resistant Staphylococcus 

aureus (MRSA) and vancomycin-resistant Enterococci (VRE) (Cetinkaya et al., 2000; 

Gurusamy et al., 2013). It has been demonstrated that bottromycin derivatives exhibit potent 

biological activity against these dangerous strains (Kobayashi et al., 2010). However, 

bottromycins are difficult to obtain and their research has developed into a challenge for 

scientists over the last 65 years (Kazmaier, 2020). Thus, the particle-based cultivation strategy, 

resulting in high titers for bottromycin A2 and its methylated derivative (109 mg L-1 combined),  

appear very promising towards future drug development (Kuhl et al., 2021). It might also drive 

the RiPP cinnamycin, investigated here, and RiPP antibiotics in general, which could create 
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extra impact, as the biosynthetic flexibility of this class of compounds sets them apart from 

other natural products (Arnison et al., 2013; Kuhl et al., 2021). This unique feature provides 

RiPPs with remarkable engineering potential and gives belief to generate novel compounds to 

address the rise of antibiotic resistance and to overcome their problems of low solubility and 

bioavailability in the future (Weissman, 2016; Winn et al., 2016; Hudson & Mitchell, 2018). 

The abovementioned problems of antimicrobial resistance clearly justify the number of 

different approaches in today’s research in natural product drug discovery (Atanasov et al., 

2021).  

 

4.2 Systems-biology analyses provide fascinating insights into pamamycin 

and bottromycin production 

Classical strain engineering, relying on random mutagenesis and selection, inherently causes 

growth deficiencies, weak stress tolerance, and undesired by-product formation in the obtained 

mutants or even leads to dead-end mutants, which are completely resistant to subsequent rounds 

of optimization. These strains may carry up to several thousand mutations, which makes it 

difficult to unravel the mechanisms of their biosynthetic pathways (Becker et al., 2011). Thus, 

intense research efforts, using systems metabolic engineering, have been invested in the past to 

enable the construction of tailor-made production strains based on highly vital wild types 

(Olano et al., 2008; Tyo et al., 2010; Becker et al., 2011). Systems metabolic engineering relies 

on a profound understanding of the biological networks of a cellular system (Wittmann & Lee, 

2012). Today, these information are gathered using state-of-the-art omics technologies, such as 

transcriptomics and metabolomics, which interlock to decipher the key interactions for 

maximizing titers, yields, or growth rates (Becker et al., 2011; García-Granados et al., 2019).  

In this work, we could demonstrate the power of such holistic approaches for cellular 

optimization. First, we developed a method for the absolute quantification of short chain  

CoA-thioesters in prokaryotic and eukaryotic microbes, which exhibits high precision and 

reproducibility for various microbes studied (Gläser et al., 2020). Then, we applied this 

metabolomics tool, together with RNA sequencing, to unravel molecular details mechanisms 

of how talc microparticles boosted pamamycin production and shifted the product spectrum in 

S. albus J1074/R2 (Kuhl et al., 2020) and how the microparticles boosted bottromycin A2 

production in S. lividans TK24 DG2-Km-P41hyg+ (Kuhl et al., 2021).  
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Based on the obtained systems-view on pamamycin production and supporting pathways, we 

discovered that talc supply strongly upregulated the pamamycin biosynthetic gene cluster (up 

to 1,024-fold), explaining the tripled titer (Kuhl et al., 2020). Moreover, the microparticles 

upregulated most genes encoding for enzymes of the CoA-ester metabolism, which resulted in 

a modulation of intracellular CoA-ester availability. This finding, together with the discovery 

of a modified ratio between malonyl-CoA, methylmalonyl-CoA, and ethylmalonyl-CoA, nicely 

explained the altered production spectrum, since the three building blocks compete for 

incorporation into pamamycin and thereby determine the final product spectrum (Rebets et al., 

2015). As consequence of a higher availability of the larger building block  

methylmalonyl-CoA, together with a reduced availability of the smaller building block 

malonyl-CoA, heavier pamamycin derivatives (Pam 621, Pam 635, Pam 649, and Pam 663) 

were enhanced, whereas more than twofold less small pamamycins (Pam 579 and Pam 593) 

were present, when talc was supplied (Kuhl et al., 2020). Albeit the regulatory mechanisms of 

CoA-metabolism are highly complex and CoA-ester converting enzymes show a certain degree 

of promiscuity, these findings highlight how promising metabolic engineering of CoA‐ester 

supply appears to streamline pamamycin production towards selective derivatives and support 

future exploration of pamamycins for the development of new potent drugs (Kuhl et al., 2020; 

Gummerlich et al., 2021). 

In contrast to pamamycin and other natural products (Lu et al., 2016; Kallifidas et al., 2018), 

precursor availability could be ruled out for increased bottromycin production in  S. lividans 

TK24 DG2-Km-P41hyg+ (Kuhl et al., 2021). Instead, the analysis of pathway intermediates 

and inefficient shunt products, as well as of the transcriptomic data, indicated a higher 

production efficiency with microparticle supply, orchestrated by a rebalancing of biosynthetic 

cluster genes. We discovered that specifically the increased expression (2.4-fold) of 

aminohydrolase, encoded by botAH, during main production phase was responsible for the 

increased production efficiency of (Met-)bottromycin A2. The enzyme catalyzes the unique 

amidine-forming macrocyclodehydration, which follows β-methylation in the post-translational 

modification of bottromycins (Huo et al., 2012; Crone et al., 2016). This was a surprising 

finding, as the cluster was designed to uncouple expression from the metabolism of the host 

using synthetic promoters (Horbal et al., 2018). However, the RNA sequencing data revealed 

that the expression was only weakly driven by the synthetic promoters, but largely relied on the 

highly active promoter of the hygromycin marker gene hygR and a so far unknown, but 

apparently even stronger antisense promoter sequence downstream of hygR, which transcribed 

the cluster in the opposite direction and expressed the left cluster genes and an additional anti-
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sense transcript of hygR (Kuhl et al., 2021). These conclusions are different of the findings for 

pamamycin production in S. albus J1074/R2, where the microparticles induced an entire 

activation of the biosynthetic cluster. Most likely, this derives from a distinct regulation of the 

clusters, as the pamamycin cluster was under the control of native promoters (Kuhl et al., 2020), 

different to the synthetic control of the bottromycin cluster. Still, this demonstrated again that 

talc microparticle supply results in specific transcriptional changes of biosynthetic cluster 

genes. 

 

4.3 Microparticle-enhanced cultivation of actinobacteria is a strong 

addition to the OSMAC principle and could enable natural product 

drug discovery in the future 

With the discovery that microbes with large genomes have the capacity to produce about ten 

times more secondary metabolites than previously recognized and that the most gifted strains 

among Actinomycetes can produce up to 30-50 secondary metabolites, a new era in natural 

product discovery has begun (Katz & Baltz, 2016). Still, problems in natural product drug 

discovery relate to the inaccessibility of  strains in laboratory cultures and the fact that the 

microbes often produce certain substances only in their natural environment. Thus, it remains 

difficult to elucidate the molecular structure of a substance and to examine its bioactivity, its 

molecular targets, and potential side-effects (Atanasov et al., 2021). Finding new methods for 

strain culturing, in situ analysis, natural product synthesis, extraction and pre-fractionation of 

extracts, and molecular mode of action elucidation therefore plays a crucial role for natural 

product drug discovery (Atanasov et al., 2021). In this regard, the developed microparticle 

enhanced cultivation of actinobacteria in shake-flasks and especially in miniaturized microtiter 

plates appears a highly useful approach to facilitate natural product research. In this regard, it 

nicely complements recent breakthroughs in co-cultivation of producer strains. As example, the 

co-cultivation of microorganisms with helper strains, in particular fungi simulates the natural 

habitat of the producers and thereby supports the production and identification of new natural 

products (Abdel-Razek et al., 2018; Moussa et al., 2019).  
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Figure 8: Overview of talc-enhanced natural product formation in actinobacteria. MPEC of 
actinobacteria resulted in 75% of the investigated cases in enhanced formation of the natural product. 
The approach did not only work for actinobacteria from different genera, i.e. Streptomyces, 

Amycolatopsis, Actinoplanes and Kitasatospora, but it also enhanced production performance in natural 
producers and heterologous hosts as well as in strains expressing the biosynthetic gene cluster of interest 
under native and synthetic control (Kuhl and Wittmann, 2021, graphical abstract to Kuhl et al., 2021). 

 

As shown, by supplying talc microparticles to shake-flask cultures, we could strongly increase 

pamamycin production in S. albus J1074/R2 (50 mg L-1, 300%) and bottromycin A2  

(109 mg L-1, 141%) as well as undecylprodigiosin (164%) production S. lividans TK24  

DG2-Km-P41hyg+ (Kuhl et al., 2020; Kuhl et al., 2021). Moreover, the addition of 

microparticles to micro-scale cultures of numerous actinobacteria resulted in a strong increase 

of natural product formation in 75% of the investigated cases, covering polyketides, 
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glycopeptides, RiPPs, an alkaloid, a tetracycline, an anthramycin-analogue and an 

angucyclinone-analogue with highly different structures, and was even crucial for teicoplanin 

production in Actinoplanes teichomyceticus (Figure 8) (Kuhl et al., 2021). It seems therefore 

fair to state that the here described findings demonstrate that MPEC of actinobacteria serves as 

a valuable addition to the OSMAC principle (one strain many compounds), which summarizes 

the use of cultivation-based approaches to trigger or enhance secondary metabolite production 

(Romano et al., 2018). Not only did the approach work for actinobacteria from different genera, 

i.e. Streptomyces, Amycolatopsis, Actinoplanes and Kitasatospora, it also enhanced production 

in natural producers and heterologous hosts as well as in strains expressing the biosynthetic 

gene cluster of interest under native and synthetic control (Kuhl et al., 2021). The immense 

stimulation of teicoplanin production indicates that supplying talc microparticles could lead to 

the activation of silent clusters. As consequence, the discovery of new derivatives of previously 

known natural products or completely new substances seems possible. Thus, MPEC appears as 

a powerful tool to support natural product research in actinobacteria and could be commonly 

applied when newly isolated strains are cultivated for the first time, also to investigate a 

potential link between complex morphology and production of a certain compound. Although 

the approach was in the past mainly used to enhance the formation of enzymes, alcohols, 

polyketides, and drugs in various fungi (Walisko et al., 2012; Coban et al., 2015; Etschmann et 

al., 2015; Antecka et al., 2016b; Gonciarz et al., 2016; Yatmaz et al., 2016), it does not seem 

too surprising that it also seems beneficial for actinobacteria, as fungi and many actinobacteria 

possess a similar mycelial lifestyle. Finally, as demonstrated in this work, its effectiveness, its 

applicability in different scales, its simplicity, its low cost, and its possibility to specifically 

tailor the morphology of the microorganisms underlines the capabilities of MPEC of 

actinobacteria and is what makes this approach so interesting for future applications. 

 

4.4 Microparticles reduce the average size of cell pellets and accelerate 

morphology development in submerged cultures of S. albus and  

S. lividans 

Streptomycetes possess, unlike unicellular bacteria, a complex, multicellular life-cycle, which 

is strictly regulated by a morphological development program (Barka et al., 2016). In 

competitive soil habitants, the timing of development is crucial, as Streptomycetes degrade their 

own substrate mycelium under nutrient depletion in a way similar to programmed cell death 
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(PCD) mechanisms, which  allows the cells to gather precursors for the next round of biomass 

formation (Méndez et al., 1985; Miguélez et al., 1999; Manteca et al., 2006; Rigali et al., 2006). 

During this work, we observed a strong size reduction of cell pellets in microparticle presence  

and gathered detailed information on how the talc microparticles modified and accelerated 

morphogenesis in submerged cultures of S. albus and S. lividans (Kuhl et al., 2020; Kuhl et al., 

2021). It appears clear that smaller pellet diameters are favored from a bioprocess engineering 

point of view, as there are less problems with mass transfer rates, slow growth, and culture 

heterogeneity in liquid cultures (Tamura et al., 1997; Mehmood et al., 2012; van Dissel et al., 

2014; van Dissel & van Wezel, 2018; Kuhl et al., 2021). In the cases presented here, talc 

addition resulted in a 40% size reduction of submerged S. lividans pellets during growth and 

even a more than sixfold size reduction for pellets of pamamycin producing S. albus (Kuhl et 

al., 2020; Kuhl et al., 2021). The distinct pellet characteristics, as pellets of S. albus possess a 

much more open morphology than the dense pellets of S. lividans, are the most likely 

explanation for this different impact, as open morphologies offer more attack points to the talc 

microparticles for fragmentation and to stop aggregation (Zacchetti et al., 2018). But also 

differences in cell wall composition, mechanical strength, and hydrophobicity of spores, 

hyphae, and mycelia could explain the different accessibility of these bacteria to talc-mediated 

morphology engineering and might be interesting to study further (Driouch et al., 2010a; 

Driouch et al., 2010c; Driouch et al., 2010b; Driouch et al., 2012; Walisko et al., 2012; Kuhl et 

al., 2021). Even though exceptions cannot be excluded, it can be expected that talc 

microparticles also reduce the average pellet size of other mycelium forming actinobacteria. 

Moreover, talc did not only affect the phenotypes of producer strains on the cellular level, but 

also on the molecular level, as the transcriptomic data revealed strong changes in the 

morphogenesis program between control and microparticle supplied cultures. In S. albus, the 

regulatory program was massively upregulated in talc presence, which was observed for 

practically all genes as part of the morphology control cascade: activation was already visible 

during the initial growth phase and was even higher during production phase, including  famous 

representatives of morphogenesis in Streptomycetes, such as relA (XNRR2_1071), eshA 

(XNRR2_1554), ssgA (XNRR2_5315),  facC (XNRR2_2306), the hydrophobic chaplin and 

rodlin coat proteins of spores, and σBldN (XNRR2_3527), amongst many others (Kuhl et al., 

2020). Although it was not possible to identify the specific link between morphology 

development and pamamycin production, it appears likely that the enhanced formation was a 

consequence of the talc-induced accelerated morphogenesis, as it is long known that 
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morphology and pamamycins are somehow connected (McCann & Pogell, 1979; Kuhl et al., 

2020).  

In contrast to S. albus, S. lividans does not sporulate in liquid cultures, which, besides other 

variations in morphology control, could explain the differences in the regulatory responses with 

talc supply: talc amended cultures of S. lividans did not show an upregulation of morphology 

development genes, but only demonstrated a faster morphogenesis (Daza et al., 1989; Rebets 

et al., 2018). Throughout the cultivation, the dynamics of the morphology program varied 

between control and microparticle enhanced cultures, although cultures possessed an almost 

identical cellular program in later stages (Kuhl et al., 2021). This accelerated program was 

especially highlighted by premature activation of the morphological development regulators 

sigN (SLIV_18240) and bldN (SLIV_21180), but also of other morphology regulators, such as 

ssgA (SLIV_18635), ssgB (SLIV_30050), and wblA (SLIV_20395) (Kuhl et al., 2021). All in all, 

the overall response to talc supply was somehow similar between S. albus and S. lividans, 

resulting in an accelerated morphology development and aging. Again, albeit exceptions cannot 

be excluded, it seems likely that other mycelium forming actinobacteria would response in a 

similar way.
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5 Conclusions and outlook 

In this work, we showed the impact and effectiveness of microparticle-enhanced cultivation of 

actinobacteria. First, we developed an approach for the absolute quantification of short chain 

CoA-thioesters in prokaryotic and eukaryotic microbes, which exhibited high precision and 

reproducibility for all microbes, (Gläser et al., 2020). By combining this technique with RNA 

sequencing, we could unravel the mechanisms that led to an enhanced and shifted pamamycin 

production in S. albus J1074/R2. We could show that talc microparticles globally 

reprogrammed the metabolism, forced an accelerated morphological development, and 

triggered expression of the pamamycin cluster and supporting pathways of pamamycin 

production (Kuhl et al., 2020). In a next step, we transferred MPEC to bottromycin producing 

S. lividans TK24 DG2-Km-P41hyg+, resulting in the so far highest reported titer for 

bottromycin A2. Moreover, we identified the aminohydrolase BotAH as key enzyme for the 

enhanced efficiency of the bottromycin production pathway and observed an accelerated aging 

of the producer (Kuhl et al., 2021). In a final step, we miniaturized the approach and 

investigated the formation of twelve different natural products in presence of up to 50 g L-1 talc, 

resulting in 75% of the investigated cases in an enhanced formation. For teicoplanin production, 

talc presence was even crucial, as it was almost non-detectable in the control culture (Kuhl et 

al., 2021). The fact that the approach not only worked for actinobacteria from different genera, 

i.e. Streptomyces, Amycolatopsis, Actinoplanes and Kitasatospora, but also in natural producers 

and heterologous hosts as well as for native and synthetic controlled biosynthetic clusters show 

its potential for future applications in natural product drug discovery.  

In the past, it has remained largely unclear how microparticle supply leads to the observed 

effects on the molecular level (Antecka et al., 2016a). Using transcriptomics throughout various 

time points of the cultivation, we demonstrated that cultures in presence of talc possessed an 

accelerated morphogenesis and that, in this context, our findings could be valuable for future 

strain optimizations by suggesting targets for metabolic engineering. The correlation between 

morphological development and antibiotic production in Streptomyces is well known for a very 

long time (Chater, 1984). In this regard, it looks like the microparticles trigger a sweet spot 

towards enhanced antibiotic formation in most cases (Kuhl et al., 2021).  Cultivating new strains 

isolates and re-screening of strain libraries could potentially lead to the discovery of new 

(derivatives of) secondary metabolites by activating (silent) biosynthetic gene clusters. 

Moreover, it appears interesting to investigate the addition of microparticles to actinobacterial 

strains, which are, at least for now, genetically not accessible (Atanasov et al., 2021). In this 
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regard, the approach is also an excellent addition to recently developed approaches for the 

micro-scale characterization of Streptomyces (Koepff et al., 2017; van Dissel & van Wezel, 

2018).  

Given effectiveness, applicability to different scales, simplicity, low cost, proven safety, and 

the possibility to specifically tailor the morphology of mycelium forming strains, it seems fair 

to state that morphology engineering of actinobacteria using talc microparticles has a high 

potential and could help in the fight against emerging multi-resistant pathogens in the future. 
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