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Summary 

Streptomycetes, filamentous bacteria are well-known for their capability of producing 

bioactive secondary metabolites. With raised antimicrobial resistance of bacteria, 

these metabolites receive increased attention. Recently, the biosynthetic gene cluster 

of the reverse antibiotic nybomycin was found and its genes were firstly expressed 

heterologously in S. albus. The biosynthesis is complex since various building blocks 

are required. Nybomycin represents a promising antibiotic for the treatment of 

methicillin-resistant Staphylococcus aureus (MRSA). In this work, the aim was to 

improve the heterologous production in S. albus. In a minimal medium with mannitol 

as carbon source, 0.86 mg L-1 were produced in 275 h. Initial metabolic engineering 

attempts failed since the promoter PermE* was solely active during growth phase while 

main production occurred in stationary phase. Fluorescence-based promoter 

screening reveals the strong constitutive promoter PkasOP* with superior activity in 

growth and production phase. Multiple rounds of engineering in the pentose 

phosphate pathway (PPP) and shikimic acid pathway (SAP), to improve the supply of 

nybomycin building blocks, doubled nybomycin production to 1.6 mg L-1. Gene 

expression analysis, applying RNA-sequencing, revealed cluster-situated regulators 

nybWXYZ. Silencing the regulation by deletion of nybWXYZ yielded strain NYB-11, 

which produced 12 mg L-1 of nybomycin in a substrate optimized minimal medium 

containing 50 g L-1 mannitol. 
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Zusammenfassung 

Streptomyceten, filamentöse Bakterien sind bekannt für ihre Fähigkeit bioaktive 

Sekundärmetabolite zu produzieren. Kürzlich wurden die Biosynthese Gene für das 

reverse Antibiotikum Nybomycin entdeckt und erstmals heterolog in S. albus 

exprimiert. Die Biosynthese ist komplex, da verschiedene Bausteine verwendet 

werden. Nybomycin stellt ein vielversprechendes Antibiotikum für die Behandlung von 

Methicillin-resistenten Staphylococcus aureus (MRSA) dar. Das Ziel dieser Arbeit war 

es, die heterologe Produktion in S. albus zu verbessern. In einem minimalen 

Wachstumsmedium auf Mannitol, wurden 0.86 mg L-1 in 275h produziert. Erste 

Versuche der Stammoptimierung scheiterten, da der verwendete Promoter PermE* 

lediglich in der Wachstumsphase aktiv war, während die Hauptproduktion in der 

stationären Phase ablief. Durch Fluoreszenz-basierte Promoter Studien, konnte der 

konstitutive Promoter PkasOP* mit verbesserter Aktivität in Wachstums- und 

Produktionsphase gefunden werden. Mehrere Runden der Stammoptimierung im 

Pentose Phosphat Weg und im Shikimat Weg, um die Bereitstellung von Nybomycin 

Bausteinen zu verbessern, verdoppelten die Nybomycin Produktion auf 1.6 mg L-1. 

Durch Gen Expressionsanalysen mittels RNA-Sequenzierung wurden die Cluster 

eigenen Regulatorgene nybWXYZ entdeckt. Das Unterdrücken der Regulation durch 

Deletion der Gene nybWXYZ in Stamm NYB-11, brachte eine Produktionssteigerung 

auf 12 mg L-1 Nybomycin in einem Substrat optimierten minimal medium mit 50 g L-1 

Mannitol. 
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1 Introduction  

1.1 General introduction 

The genus Streptomyces, among the phylum actinobacteria, comprises Gram-positive 

filamentous bacteria from terrestrial and marine ecosystems (Macagnan et al., 2006). During 

their complex multi-staged life cycle, these cells propagate by vegetative mycelium formation, 

aerial hyphae production, and, finally, differentiation into new spores (Jones and Elliot, 2018; 

Kieser et al., 2000). The transition from vegetative to aerial growth is associated to a switch 

from primary to secondary metabolism, during which the most secondary metabolites are 

produced (Bibb, 2005; van Wezel and McDowall, 2011). This class of molecules is non-

essential for growth (Demain and Fang, 2000), however, known to play a significant role in 

competing rivals (Chadwick and Whelan, 1992), and as effector of differentiation, e.g. 

pamamycin (Kuhl et al., 2020; McCann and Pogell, 1979), and germicidin (Petersen et al., 

1993). Intriguingly, secondary metabolite-producing Streptomyces provide around two-thirds 

of all commercially available antibiotics (Barka et al., 2016; Kitani et al., 2011).  

Excessive and incorrect use of antibiotics, however, is associated with emerging resistance. 

Methicillin-resistant Staphylococcus aureus (MRSA) a prominent hospital pathogen, causes 

thousands of deaths annually, while rapidly acquiring new resistances and thus hampering 

antibiotic treatment. Nybomycin, a pyridoquinolinedione-based metabolite, discovered in the 

1950s, exhibits antibiotic activity against several pathogens including MRSA (Strelitz et al., 

1955). Interestingly, inhibiting activity is, however, only observed against quinolone-resistant 

MRSA strains, subsequently sensitizing the strain to quinolone antibiotic again, by causing a 

backmutation in the affected gyrase A gene. Due to this special mode of action, nybomycin 

was termed `reverse` antibiotic, and regarded promising for potential future dual treatment 

using a combination of quinolone-antibiotics and nybomycin (Hiramatsu et al., 2012). The 

chemical synthesis of nybomycin is possible, however, laborious, time-consuming, and occurs 

at low yield (Forbis and Rinehart, 1971; Parkinson et al., 2015). The recent identification of the 

nybomycin biosynthetic gene cluster (BGC) in Streptomyces albus subsp. chlorinus, allowed 

the first generation of a heterologous nybomycin producer strain and provided a valuable proof 
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of principle (Rodriguez Estevez et al., 2018). Unfortunately, the production titer in the basic 

strain was low, limiting further exploration of the molecule.  
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1.2 Objectives 

The aim of this work was to metabolically engineer a heterologous Streptomyces host to 

improve the production of nybomycin. Firstly, robust, and reliable methods for nybomycin 

extraction and analysis should be established. Next, the basic heterologous nybomycin 

producer S. albus 4N24 (Rodriguez Estevez et al., 2018) should be characterized for growth 

and nybomycin formation. Next, suitable promotors should be identified for tailored gene 

expression during the nybomycin production phase, using fluorescence-based gene 

expression screening. Subsequently, rational strain engineering of the carbon core 

metabolism, reactions for precursor supply, and the nybomycin biosynthetic pathway, should 

be conducted to improve product formation. The mutant strains should then be analyzed to 

combine promising gene targets, for the generation of even more efficient producers. Finally, 

RNA sequencing of selected strains should provide a systems view on gene expression of the 

nybomycin biosynthetic genes, as well as supporting and competing pathways.  
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2 Theoretical Background 

2.1 The world of actinobacteria 

Actinobacteria are Gram-positive filamentous bacteria with a high G+C content in their genome 

(Barka et al., 2016). They live in both terrestrial and marine ecosystems (Macagnan et al., 

2006; Ribeiro da Cunha et al., 2019; Sarmiento-Vizcaino et al., 2018; Waksman et al., 2010). 

Since actinomycetes produce mycelium and propagate by sporulation like filamentous fungi, 

they are often considered as a translational form of fungi and bacteria. However, as all Gram-

positive prokaryotes, actinomycetes are cellularly organized with a prokaryotic nucleoid and a 

peptidoglycan cell wall (Barka et al., 2016). Actinobacteria represent one of the largest 

taxonomic units among all 18 major lineages within the Bacteria domain (Ludwig et al., 2012; 

Ventura et al., 2007). Among the phylum actinobacteria, 15 genera are described, namely: 

Tropheryma, Propionibacterium, Micromonospora, Salinispora, Mycobacterium, Nocardia, 

Corynebacterium, Gordonia,  Rhodococcus, Leifsonia, Bifidobacterium, Gardnerella, 

Thermobifida, Frankia and Streptomyces that are majorly distinguished by morphology 

(mycelial- and spore-chain morphology, spore chain length and melanin pigments) (Barka et 

al., 2016) and chemotaxonomy, including cell wall composition, whole-cell sugars, 

phospholipids, and menaquinones (Labeda, 1987). Meanwhile, sequencing technologies, 

allowing easy and cheap whole genome sequencing to conduct 16S rRNA and DNA-DNA 

hybridization analyses, also play an important role in the taxonomic classification of 

actinomycetes (Barka et al., 2016).  
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2.2 Streptomyces: cellular life cycle and natural product formation  

Streptomyces represent the largest genus among actinobacteria (Lee et al., 2014). In soil 

samples, approximately 95% of the existing actinomycetes belong to the genus Streptomyces 

(Williams and Vickers, 1988). In this natural habitat they play a crucial role in recycling carbon 

from plant and fungi debris (Barka et al., 2016). Furthermore, Streptomyces possess large 

genomes organized in linear chromosomes, ranging in size from approximately 6-12 Mb 

(Harrison and Studholme, 2014). Their chromosomes are divided into the central ´core` region 

containing essential housekeeping genes (Hopwood, 2006) and two flanking ´arms`, 

containing non-essential genes, probably acquired by horizontal gene transfer to adapt to 

altered environmental conditions (Bentley et al., 2002; Hopwood, 2006) 

Streptomyces contain large numbers (>20) of biosynthetic gene clusters (BGCs) encoding 

polyketide synthases (PKSs), non-ribosomal peptide synthetases (NRPSs) and other genes 

for the production of polyketides (Staunton and Weissman, 2001), peptides (Marahiel and 

Essen, 2009), bacteriocins (Moore, 2008), and other natural products (Nett et al., 2009). 

Approximately 75% of the commercially available antibiotics are derived from Streptomyces 

(Baltz, 2007; Berdy, 2005; Kinkel et al., 2014; Quinn et al., 2020), highlighting the importance 

of this genus with regard to development of new bioactive compounds particularly in the era of 

increasing antimicrobial resistance (AMR).  

Streptomyces display a complex but well investigated life cycle that can be divided into three 

developmental forms, namely vegetative mycelium, aerial hyphae, and spores (Figure 1). The 

common starting point of development is the germination of a free dormant spore. The 

following vegetative growth is characterized by linear tip extension and branching of the 

filaments at random intervals to build a dense network termed vegetative mycelium. Cell 

division during vegetative growth leads to cross-walls, separating hyphae into connected 

compartments (Wildermuth and Hopwood, 1970), containing multiple copies of the 

chromosome, giving Streptomyces the character of a multicellular bacterium (Claessen et al., 

2014; Kois-Ostrowska et al., 2016). 

Under unfavorable environmental conditions such as nutrient depletion, Streptomyces enter 

the second growth stage in which most antibiotics are produced (Bibb, 2005; van Wezel and 
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McDowall, 2011). Here, the vegetative mycelium is autolytically degraded by programmed cell 

death to supply nutrients for the formation of non-branching aerial hyphae (Méndez et al., 1985; 

Miguelez et al., 1999; Wildermuth, 1970). After the aerial hyphae growth has finished, the 

unbranched filaments start simultaneous septation to form chains of single genome pre-

spores, that are further maturing to dormant spores (Jones and Elliot, 2018).  

 

 

Figure 1: Developmental life cycle stages of Streptomyces species. In a nutrient-rich environment, free spores 
start germination, and subsequent formation of vegetative mycelium. Upon nutrient scarcity, the vegetative 

mycelium is autolytically degraded, serving as substrate for growth of the aerial hyphae. Afterwards, the unbranched 

hyphae start simultaneous septation to form a new generation of spores. 

 

The development of Streptomyces and the production of secondary metabolites is highly 

connected (Barka et al., 2016; Kuhl et al., 2021). Obviously, regulatory genes involved in 

differentiation (such as bld and whi), also play a significant role in the regulation of secondary 

metabolite (antibiotic) formation (Elliot et al., 1998; Pope et al., 1996) 

In the second phase (aerial hyphae formation phase, stationary phase), the cells shift to 

secondary metabolism, i.e., formation of secondary metabolites, often referred as natural 

product start (Puglisi, 2004; Stone and Williams, 1992). Apparently, secondary metabolite 

production and sporulation share some similarities (Bibb, 2005; van Wezel and McDowall, 

2011). Estimations suggest that approximately 25 % of all known secondary metabolites – 
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more than one million – exploit biological activity such as antibiotic, antifungal, antiviral, 

immunosuppressive, antiparasitic, and anticancer (Demain, 2014), which may inhibit growth 

of competing microbes in the natural habitat (Hopwood, 1999). However, previous studies 

showed that secondary metabolites also play crucial roles in signaling, cell-cell communication 

(Davies, 2011; Willey and Gaskell, 2011), and differentiation (Kuhl et al., 2020; McCann and 

Pogell, 1979; Petersen et al., 1993).  

Genes encoding secondary metabolites are usually organized in clusters that vary in size from 

several kilobases to more than 100 kilobases (Bentley et al., 2004; Bentley et al., 2002; Ikeda 

et al., 2003; Schwecke et al., 1995; Smanski et al., 2016). Emerging next generation 

sequencing technologies (Didelot et al., 2012), enabled inexpensive sequencing of several 

Streptomyces genomes. Driven by software tools to predict potential secondary metabolite 

gene clusters from genome sequences such as antiSMASH (Medema et al., 2011), the 

discovery and the development of new natural products evolved rapidly. However, BGCs often 

remain silent under conventional laboratory conditions (Liu et al., 2021b; Rodriguez Estevez 

et al., 2020). Several approaches to activate cryptic BGC have been described (Liu et al., 

2021b). A common approach is the use of heterologous expression hosts or optimized chassis 

strains (Ahmed et al., 2020; Bu et al., 2019; Myronovskyi et al., 2018) for the expression of 

BGCs, obtained by either cloning (Hover et al., 2018; Rodriguez Estevez et al., 2018) or 

reconstruction (Ji et al., 2022; Ji et al., 2018) of the cluster genes. On the other hand, promoter 

engineering (Bai et al., 2015; Luo et al., 2015; Wang et al., 2019a), engineering of 

transcriptional regulation (Hackl and Bechthold, 2015; Liu et al., 2019; Zhu et al., 2017) or 

ribosome and RNA polymerase engineering (Li et al., 2019; Thong et al., 2018) in the native 

host is applied to activate silent BGCs. Another strategy is screening for antibiotic resistant 

mutants, that may alter the spectrum of produced secondary metabolites (Hosoya et al., 1998; 

Rodriguez Estevez et al., 2020; Shima et al., 1996).  

Research on natural products started in the 1940s, since the first antibiotic penicillin was 

discovered in fungi (Fleming, 1929). Until the 1980s, the discovery reached a peak of 500 

microbial bioactive compounds per year (Demain, 2014) including streptomycin and other 

aminoglycosides (Waksman and Schatz, 1945), cephalosporins (Bo, 2000) and tetracyclines 
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(Nelson and Levy, 2011). The discovery rate decreased dramatically in the 21st century for 

several reasons. Primarily, it was due to the loss of interest of pharmaceutical companies in 

developing these compounds due to low economic profit, resulting from the immense 

development costs caused by high screening efforts and long-term clinical trials (Livermore, 

2011). Hence, natural products became unattractive, and pharmaceutical companies rather 

focused on high-throughput screening of synthetic compounds (Pereira and Williams, 2007). 

Certainly, the new high-throughput screening approach of synthetic compounds revealed a 

much lower hit rate compared to natural products (Weissman and Leadlay, 2005). 

Starting with the discovery and the development of new natural products as antibiotics, 

antimicrobial resistance (AMR) emerged simultaneously (Fleming, 1929). Microbes, exposed 

to sub-lethal antibiotic concentrations, can establish resistance by acquiring spontaneous 

mutations (Kohanski et al., 2010; Salverda et al., 2017). Horizontal gene transfer, however, 

i.e., exchange of genetic material among bacteria including antibiotic resistance genes, 

enables easy and fast adaption to the sublethal environmental conditions (Roux and Blokesch, 

2018). Common resistance mechanisms of bacteria rely on 1) drug inactivation by chemical 

modification of the molecule, 2) modification of drug binding sites to thwart interaction of the 

drug and its target, 3) insufficient intracellular drug accumulation by loss of porins or importers 

and efficient export of the molecule by efflux pumps, 4) formation of a biofilm, constituted of 

polymeric substances and other protecting molecules to build a mechanical and biochemical 

defense (Santajit and Indrawattana, 2016).  

The development of multi drug resistant bacteria, particularly in clinical environments, is 

gaining more and more attention. The world health organization estimates the number of 

deaths caused by multi drug resistant bacteria by 2050 to around 10 million per year (Sun et 

al., 2019; WHO, 2014). Within the ESKAPE pathogens (Enterococcus faecium, 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 

aeruginosa and Enterobacter species) (Santajit and Indrawattana, 2016), MRSA i.e. 

methicillin-resistant Staphylococcus aureus acquired multiple additional resistances to further 

antibiotics (Vestergaard et al., 2019), including other penicillins, cephalosporins, 

monobactams, carbapenems, cephems, and β-lactams and β-lactamase inhibitor 
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combinations (Dhungel et al., 2021) posing the threat of a devastating return to the pre-

antibiotic era (Hassoun et al., 2017). Every year, MRSA infections cause more than 100,000 

death cases with the highest burden in less developed regions e.g., lacking hygiene or a proper 

health care system. Extensive collaboration and appropriate policy decisions to brief about 

infection preventions, global access to essential antibiotic but also to support research and 

development for new antibiotics is required to tackle this problem (Murray et al., 2022).   
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Table 1: Clinically relevant compounds originating from Streptomyces species and their type 

Compound Type  species Reference 

Bialaphos Herbicide S. hygrocopicus (Seto et al., 1983) 

Bleomycin Anticancer S. verticillus (Kong et al., 2018) 

Chloramphenicol Antibiotic S. venezuelae (Brock, 1961) 

Cineromycin A + B  Antibiotic S. cinerochromogenes (Miyairi, 1966) 

Clavulanic acid  Antibiotic S. clavuligerus (Higgens and Kastner, 
1971) 

Clindamycin Antibiotic S. lincolnensis (Macleod et al., 1964) 

Lincomycin Antibiotic S. lincolnensis (Macleod et al., 1964) 

Daptomycin Antibiotic S. roseosporus (Eliopoulos et al., 1986) 

Erythromycin Antibiotic S. erythraeus (Washington and Wilson, 
1985) 

Fosfomycin Antibiotic S. fradiae (Matthews et al., 2016) 

Ivermectin Antiparasitic S. avermitilis (Ottesen and Campbell, 
1994) 

Kanamycin Antibiotic S. kanamyceticus (Umezawa, 1958) 

Neomycin Antibiotic S. fradiae  

S. albogriseus 

(Waksman and Lechevalier, 
1949) 

Nystatin Antifungal S. noursei (Hazen and Brown, 1950) 

Rapamycin Antifungal, antitumor, 
immonusuppressive 

S. hygrocopicus (Sehgal, 2003) 

Saframycins A-E Anticancer S. lavendulae subsp. 
grasserius 

(Arai et al., 1980) 

Streptomycin Antibiotic S. griseus (Schatz et al., 2005) 

Tetracycline Antibiotic S. aureofaciens 

S. rimosus 

(Petkovic et al., 2006) 

Vancomycin Antibiotic Amycolatopsis 
orientalis 

(Geraci et al., 1956) 
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2.3 Streptomyces albus J1074 as heterologous expression workhorse 

Streptomyces albus J1074, formerly known as Streptomyces albus G, was first mentioned 

almost 50 years ago, while describing its defective SalI (SalGI) restriction modification system 

(Chater and Wilde, 1976; Chater and Wilde, 1980; Rodicio and Chater, 1988). Notably, this 

feature allows easy and straightforward genetic manipulation which has greatly contributed to 

its development into an efficient expression host since then. S. albus J1074 possesses one of 

the smallest Streptomyces genomes known so far which comprises approximately 6.8 Mb and 

exhibits a high GC content of 73.3 % and encodes 5,832 predicted protein coding sequences. 

Interestingly, its two flanking chromosome `arms` are significantly smaller than those of S. 

coelicolor and other Streptomycetes (Zaburannyi et al., 2014). Furthermore, insertion elements 

within the genome are mainly located in the `core` region contrary to S. coelicolor where such 

transposases are found to be more concentrated in the `arms`. The small genome and its 

genetic organization enable fast growth and good genetic accessibility, making S. albus J1074  

a widely used host for the heterologous expression of cryptic biosynthetic pathways and the 

production of secondary metabolites from diverse organisms (Baltz, 2010; Myronovskyi et al., 

2014; Zaburannyi et al., 2014). This is underlined by various prominent examples, including 

the production of steffimycin (Gullon et al., 2006), fredericamycins (Wendt-Pienkowski et al., 

2005), pamamycins (Rebets et al., 2015), iso-migrastatin (Feng et al., 2009), thiocoraline 

(Lombo et al., 2006), cyclooctatin  (Kim et al., 2009), moenomycin (Makitrynskyy et al., 2010), 

and napyradiomycin (Winter et al., 2007), respectively. The S. albus J1074 expression platform 

was much improved by generating the cluster-free chassis S. albus Del14, upon the deletion 

of 15 native biosynthetic gene clusters encoding secondary metabolite biosynthetic pathways. 

The eliminiation of these undesired routes advanced production and allowed much more 

selective synthesis with reduced detection limits (Myronovskyi et al., 2018). The “clean” strain 

S. albus Del14 has also been validated as heterologous expression platform for fredericamycin 

C2 (Rodriguez Estevez et al., 2020), benzanthric acid (Rodríguez Estévez et al., 2020), 

albucidin (Myronovskyi et al., 2020), dudomycins  (Lasch et al., 2020), chelocardin (Lukezic et 

al., 2020), mansouramycin D (Shuai et al., 2022), huimycin (Shuai et al., 2020), bonsecamin 
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(Lasch et al., 2021), miramides (Paulus et al., 2022), and nybomycin (Rodriguez Estevez et 

al., 2018). 

2.3.1 Systems metabolic engineering 

Microbes offer genetic capabilities to produce a wide range of commercially relevant products, 

ranging from bulk chemicals including biofuels, solvents, organic acids, monomers, polymers, 

food supplements to high-value products such as pharmaceuticals, functional proteins or 

flavoring chemicals (Becker et al., 2018b; Becker and Wittmann, 2015). For competitive 

production, microbial cell factories need to enable attractive titer, yield and productivity (Lee 

and Kim, 2015). Classically, random mutagenesis and selection was used to obtain strains 

with improved performance. While this approach is still applied, however, the inherent 

accumulation of detrimental mutations during strain development poses a drawback on this 

strategy, (Lal et al., 1996; Parekh et al., 2000). Beneficially, the advent of genetic engineering 

technologies subsequently enabled a new way of designing and construction superior cell 

factories (Liu and Stephanopoulos, 2021; Yang et al., 2017) .  

Nowadays, the generation of high performance cell factories is empowered by efficient 

systems metabolic engineering strategies that integrate systems biology, synthetic biology, 

and evolutionary engineering (Choi et al., 2016). On the experimental side, genomics, 

transcriptomics, proteomics, metabolomics and fluxomics, have provided a substantial 

knowledge gain for strain development (Becker and Wittmann, 2015; Lee and Kim, 2015). In 

addition, genome-based in silico metabolic modelling and simulation has greatly contributed 

to the prediction of strategies for subsequent pathway and protein engineering (Gustavsson 

and Lee, 2016). As example, genome-scale metabolic models (GSMM) have been constructed 

for several organisms, including E. coli (Edwards and Palsson, 2000; Reed et al., 2003), B. 

subtilis (Goelzer et al., 2008; Henry et al., 2009; Oh et al., 2007; Tanaka et al., 2012), M. 

tuberculosis (Beste et al., 2007; Kavvas et al., 2018), C. glutamicum (Becker et al., 2005; 

Becker et al., 2011; Feierabend et al., 2021; Wittmann and Heinzle, 2002), S. cerevisiae 

(Dobson et al., 2010; Forster et al., 2003) and Streptomyces sp. (Dang et al., 2017; Huang et 

al., 2011). Hereby, the integration of omics data sets into GSMM, provided a comprehensive 
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view on the cell metabolism (Kim et al., 2016; Monk et al., 2016). As example, GSMM guided 

the improvement of production of the antitumor drug FK506 in Streptomyces tsukubaensis, 

significantly (Huang et al., 2013a).  

Transcriptomics is applied to determine dynamic gene expression differences between strains, 

culture conditions and growth phases, respectively, and offers a prominent tool to decipher 

global regulatory networks and identify potential targets for strain optimization (Becker and 

Wittmann, 2015). Whole-genome DNA microarrays and RNA sequencing technologies 

represent useful tools, with complementing advances in their field of application, respectively 

(Kogenaru et al., 2012). Whereas RNA sequencing offers more accurate quantitative 

measurement and the determination of absolute transcript abundance (Mantione et al., 2014), 

it is linked to substantially increased effort and costs. Microarray-based transcriptome analysis 

unveiled targets for strain improvement of recombinant proteins (Choi et al., 2003), amino acids 

such as L-glutamate (Stansen et al., 2005), L-lysine (Hayashi et al., 2006; Krömer et al., 2004) 

and related compounds such as diaminopentane (Kind et al., 2010b). 

Since metabolic activities may not directly correlate with transcript levels, proteomics gained 

increased attention to enable a deeper understanding of cellular metabolism and cell 

physiology (Basan et al., 2015; Schmidt et al., 2016). Metabolomics, aiming at the 

quantification of (intracellular and extracellular) metabolites is more directly associated to the 

metabolic activities (Choi et al., 2019). Since intracellular metabolite levels, may change within 

short time, appropriate sampling protocols are crucial (Bolten et al., 2007; Pinu et al., 2019; 

Wittmann et al., 2004). To this end, different sampling approaches have been developed that 

allow, reliable intracellular metabolite quantification (Bolten et al., 2007; Gläser et al., 2020; 

Wittmann et al., 2004). Notably, metabolomics has proven valuable to drive strain engineering. 

As example, the production of 1-butanol in E. coli, could be efficiently improved after identifying 

a CoA imbalance using metabolomic profiling (Ohtake et al., 2017). Furthermore, the 1-butanol 

tolerance of S. cerevisiae was improved after revealing threonine, citric acid, trehalose, valine 

and pyroglutamic acid as tolerance promoting metabolites (Teoh et al., 2016; Teoh et al., 

2015). Metabolome studies have, furthermore, been applied to guide the optimization of 

important commercial amino acids, including L-methionine (Krömer et al., 2005; Krömer et al., 
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2006a; Krömer et al., 2006b), L-valine and L-leucine (Magnus et al., 2006), and L-lysine 

(Krömer et al., 2004). In the heterologous pamamycin producing strain S. albus J1074/R2 that 

uses CoA thioesters as starter and extender units, metabolite profiling and subsequent strain 

engineering optimized pamamycin production (Gummerlich et al., 2021).  

Finally, fluxomics yields the deepest insights into the cellular metabolism. It determines the in 

vivo rates of metabolic reactions using tracer substrates that are labelled with 13C and 15N, then 

determine the resulting labelling patterns in metabolite formed during the tracer cultivations, 

using LC-MS (Schwechheimer et al., 2018a; van Winden et al., 2005), GC-MS (Wittmann, 

2007), and NMR (Pickford, 2019; Schwechheimer et al., 2018b). The obtained labelling pattern 

is then used to calculate the flux distribution within the cell, providing most valuable insights 

for strain engineering (Wittmann, 2007). Various success stories have highlighted 13C 

metabolic flux analysis as guiding tool for strain engineering and the overproduction of multiple 

compounds (Becker et al., 2009; Becker et al., 2005; Becker et al., 2011; Hoffmann et al., 

2018; Lange et al., 2017; Schwechheimer et al., 2018a).  

 

In addition, strong efforts have enabled the tailormade genomic engineering of microbes 

(d’Espaux et al., 2017; Pontrelli et al., 2018), whereby the genetic toolbox is constantly 

expanding and has been extended and applied, e.g. to Chlostridium sp. for acetone and 

butanol production (Kim et al., 2015; Qi et al., 2018), Corynebacterium glutamicum for amino 

acid production (Becker et al., 2007; Becker et al., 2011; Hoffmann et al., 2018; Park et al., 

2014), Yarrowia lipolytica for lipid and fatty acid production (Qiao et al., 2017; Sagnak et al., 

2018), and actinomycetes for the synthesis of natural products (Tong et al., 2015). Further 

advances in synthetic biology meanwhile allow the optimized reconstruction of existing 

pathways and the design of novel pathways (Paddon et al., 2013).  

Likewise, systems metabolic engineering has been successfully applied to Streptomyces sp. 

for improved production of natural products. GSMM of diverse Streptomyces species have 

been constructed to identify and engineer potential target genes, resulting in improved strains 

for the production of pikromycin (Cho et al., 2022), rapamycin (Dang et al., 2017), FK506 

(Huang et al., 2013a; Huang et al., 2013b), and ascomycin (Wang et al., 2017). Furthermore, 
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based on GSMM, an optimized feeding strategy for improved daptomycin production in S. 

roseosporus could be established (Huang et al., 2011). The refactoring of the large daptomycin 

BGC, based on transcription level analysis and expression balancing resulted in significant 

increased lipopeptide titers (Ji et al., 2022). Similarly, combinatorial metabolic engineering by 

the introduction of a refactored second copy of the pristinamycin BGC and the systematic 

manipulation of cluster-situated regulatory genes improved production (Li et al., 2015). 

Genomic comparison of a randomly mutagenized milbemycin producing strain and its 

corresponding non-producing wild type, revealed target genes from primary metabolism that 

influenced milbemycin production. The combinatorial engineering of these genes increased 

the product titer significantly (Liu et al., 2021a). Another promising strategy is a semi-rational 

approach by combining random mutagenesis with resistance marker reporter system to select 

for strains with high expression levels of the BGC genes. By applying this strategy, natamycin 

production in S. gilvosporeus was improved more than 3-fold (Wang et al., 2016). Moreover, 

the industrial salinomycin producer strain S. albus S12 was further improved, and subsequent 

comparative transcriptome analysis unveiled insights into relevant metabolic pathways (Zhang 

et al., 2019). 
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2.4 Nybomycins – promising reverse antibiotics 

Nybomycins, pyridoquinolinedione-based metabolites, were discovered in 1955 (Strelitz et al., 

1955). To date, various Streptomyces from terrestrial soil e.g. Streptomyces sp. AD-3-6 (Wang 

et al., 2019b) or Streptomyces hyalinum (Komaki et al., 2020), marine sediments e.g. 

Streptomyces albus subsp. chlorinus (Rodriguez Estevez et al., 2018), Streptomyces sp. 

MS44 (Arai et al., 2015) but also Streptomyces sp. Pe6 from the body of the carpenter ant 

Camponotus vagus (Zakalyukina et al., 2019) are known to produce nybomycins. 

Unfortunately, the natural isolates form only traces of the products and often exhibit poor 

genetic accessibility so that their use makes microbial nybomycin synthesis inefficient. 

Chemical synthesis of nybomycin, although successfully demonstrated, suffers from 

inefficiency as well, due to the need for ten synthetic steps with very low overall yield (Bardell-

Cox et al., 2019; Forbis and Rinehart, 1970; Forbis and Rinehart, 1971; Forbis and Rinehart, 

1973). Various nybomycin analogues or structurally related compounds such as 

deoxynybomycin, deoxynyboquinone or nybomycin B-D have been identified, recently (Figure 

2) (Wang et al., 2019b). 

 

 

Figure 2: Nybomycin and its natural derivatives isolated from various Streptomyces species.  

 



Theoretical Background 

17 

 

Initial investigations in 1955 with nybomycin revealed antiphage and antibacterial activity 

(Strelitz et al., 1955). Subsequent studies identified additional activity against Gram-positive 

Mycobacterium smegmatis, Mycobacterium bovis and Mycobacterium tuberculosis including 

clinically relevant strains under both aerobic and hypoxic conditions (Arai et al., 2015). 

Nybomycin treatment caused elongation of the cell bodies in Mycobacterium sp. that has been 

observed previously in mutants lacking genes involved in cell shape control and cell wall 

synthesis (Kang et al., 2005). Similarly, antibiotics acting on E. coli DNA replication and 

transcription such as nalidixic acid or ciprofloxacin also caused similar significant 

morphological changes (Nonejuie et al., 2013), allowing speculation that nybomycin might also 

target molecules involved in cell division or DNA replication and transcription. Further 

experiments confirmed this assumption by performing DNA binding assays, that revealed 

binding of nybomycin to plasmid DNA. These observations give evidence, that binding to 

genomic DNA of Mycobacterium sp. may be possible, causing inhibition of DNA replication 

and transcription, resulting in the described morphological changes and cell death (Arai et al., 

2015). Altogether, nybomycin provides a new class of antibiotics for the potential treatment of 

Tuberculosis. 

Furthermore, antibiotic activity was observed against Gram-positive clinically relevant 

quinolone-resistant Staphylococcus aureus (MRSA) strains possessing a S84L mutation in the 

gyrA gene, a type II topoisomerase that enables resistance to quinolone antibiotics, whereas 

strains with intact gyrA are not affected (Hiramatsu et al., 2012). 

Topoisomerases represent a class of bacterial enzymes which are involved in genome 

maintenance and replication. They are classified as type I and type II topoisomerases, differing 

in the type of targeted DNA (single-strand DNA and double-strand DNA). DNA gyrase and 

topoisomerase IV, consisting of subunits GyrA2GyrB2 and ParC2ParE2 complexes, 

respectively, belong to the class type II topoisomerases, which are responsible for changes of 

the topological status of DNA during replication. Since DNA replication is an essential process 

in the cellular lifecycle, topoisomerases represent attractive targets for developing new 

antibiotics (Shiriaev et al., 2021). Quinolones represent a prominent class of antibiotics 

targeting bacterial topoisomerases (Chan et al., 2013). In general, quinolone antibiotics 
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capture bacterial DNA gyrase and topoisomerase IV by binding the enzyme-DNA complex, 

blocking subsequent ligation of the double strand break (Aldred et al., 2014; Drlica et al., 2009). 

The most common mechanism is binding of the quinolone to the serine residue of the gyrA 

subunit in the quinolone resistance-determining region via a hydrated magnesium ion bridge 

(Blower et al., 2016). 

Quinolone-resistance is a frequent phenomenon that occurs when either one or both type II 

topoisomerase subunit genes (parC and gyrA) are mutated (Ferrero et al., 1994). However, 

Hiramatsu and co-workers found that nybomycin and deoxynybomycin only target mutated 

gyrA that comprised the substitution of serine by leucine at position 84 (Hiramatsu et al., 2012). 

Further investigations confirmed that the mutated ParC protein did not affect sensitivity to 

deoxynybomycin (Parkinson et al., 2015).  Similarly, various microbes acquired quinolone-

resistance by a mutated serine residue within the gyrA gene, as shown for B. anthracis (S85L) 

(Price et al., 2003), E. coli (S83L) (Vila et al., 1994), A. baumannii (S83L) (Vila et al., 1995), 

Shigella sp. (S83L) (Hirose et al., 2005; Mensa et al., 2008), vancomycin-resistant 

Enterococcus (S83I/R/Y) (Werner et al., 2010), S. pneumoniae (S81F/Y) (Bast et al., 2000), 

K. pneumoniae (S8F/Y) (Deguchi et al., 1997) and N. gonorrhoeae (S91F/Y) (Vernel-Pauillac 

et al., 2009).  

Interestingly, the treatment of quinolone-resistant MRSA with nybomycin or deoxynybomycin 

results in very low numbers of survivors. Sequence analysis then revealed a backmutation in 

the gyrA gene, that made the mutants susceptible to quinolone antibiotics again. This feature 

of reversing resistance creates a new class of antibiotics termed `reverse antibiotics` (Figure 

3) (Hiramatsu et al., 2012; Hiramatsu et al., 2015; Parkinson et al., 2015). Besides nybomycin, 

apigenin, a compound from the flavone class also exhibited reverse antibiotic activity against 

quinolone-resistant MRSA (Morimoto et al., 2015).  
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Figure 3: Nybomycin – the reverse antibiotic for quinolone resistance. Natural S. aureus, sensitive to 

quinolones and resistant to nybomycin, acquires a S84L mutation in gyrase A gene with high frequency (10-8-10-9 

(Parkinson et al., 2015)) upon quinolone treatment. Mutated S. aureus achieved quinolone resistance but becomes 
sensitive to nybomycin. Treatment with nybomycin reverses the mutation in gyrA with low frequency (10-10 

(Parkinson et al., 2015)) making S. aureus susceptible to quinolone antibiotics again (Adapted from (Hiramatsu et 

al., 2015) 

 

So far, little is known about the biological activity of nybomycin on Gram-negative microbes 

such as E. coli. The outer membrane of Gram-negative bacteria is difficult to be crossed by 

small molecules. Once entered through outer porins, small molecules are usually exported by 

efflux pumps (Richter et al., 2017). Initial results indicated activity of nybomycins against some 

of the tested E. coli strains (Strelitz et al., 1955). However, a later study did not observe activity 

of nybomycin on 14 tested E. coli isolates, likely due to an efflux pump that mediated resistance 

(Morimoto et al., 2013; Zakalyukina et al., 2019). This observation was confirmed by using a 

E. coli Δtolc strain with increased permeability for antibiotics, that additionally acquired 

quinolone resistance by a mutation in gyrA (S83L or D87Y), by being sensitive to nybomycin 
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(Shiriaev et al., 2021). Interestingly, in contrast to S. aureus, the same E. coli strain with WT 

gyrA, was sensitive to nybomycin as observed for quinolone-resistance E. coli. The sensitivity 

of quinolone-sensitive and quinolone-resistant E. coli strains to nybomycin, might be due to 

preferential inhibition of topoisomerase IV rather than gyrase (Shiriaev et al., 2021). On the 

other hand, when testing the E. coli strain without increased permeability to antibiotics, 

deoxynybomycin poorly inhibited WT DNA gyrase in vitro, and in turn highly inhibited S83L 

mutated DNA gyrase, highlighting the importance of mutant DNA gyrase for sensitizing 

bacteria to deoxynybomycin (Parkinson et al., 2015). 

Interestingly, the spheres of action of nybomycin and deoxynybomycin are not only limited to 

bacteria. Previous studies showed nybomycin toxicity against cancer cell lines A549 (human 

lung) and VA13 (lung fibroblast) (Zakalyukina et al., 2019). Furthermore, deoxynybomycin 

revealed selective growth inhibiting characteristics on cancer cell lines Saos-2 (human 

osteoblastic sarcoma), TMK-1 (gastric cancer) and THP-1 (monocytic leukemia), while survival 

of TIG-3 (normal human fibroblasts) was not affected (Egawa et al., 2000). Recent discovery 

of nybomycin analogues nybomycin D and deoxynyboquinone from Streptomyces sp. AD-3-6 

reveal moderate and potent cytotoxicity against cancer cell lines A549 (human lung) and PC3 

(human prostate), respectively (Wang et al., 2019b).  

Deoxynybomycin selectively inhibits human topoisomerase I in vitro, whereas human 

topoisomerase II was not affected (Egawa et al., 2000). Moreover, human topoisomerase II 

was shown to be not significantly affected by a deoxynybomycin derivative in vitro 

(Hergenrother and Riley, 2022; Parkinson et al., 2015). In contrast, Shiriaev and colleagues 

propose the cytotoxic effect of nybomycin and derivatives caused by inhibition of human 

topoisomerase II, arguing with the protein sequence homology to bacterial GyrA at relevant 

positions (Shiriaev et al., 2021). 

In preliminary toxicity tests, nybomycin was well tolerated by mice (Strelitz et al., 1955). Red 

blood cells did not show haemolysis, once treated with deoxynybomycin and derivatives 

(Parkinson et al., 2015) as observed for human fibroblasts (Egawa et al., 2000), suggesting 

that these compounds may be well-tolerated. Pharmakokinetic studies showed improved 

bioavailability of chemically modified deoxynybomycin derivatives whose 10-day oral 
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administration to mice revealed no serious symptoms. Furthermore, mice infected with 

quinolone resistant MRSA that were treated with the deoxynybomycin derivative, showed 

significantly increased survival rates (Parkinson et al., 2015). 

2.4.1 Biosynthetic gene cluster and nybomycin biosynthesis 

The nybomycin biosynthetic gene cluster was discovered in the marine strain Streptomyces 

albus subsp. chlorinus NRRL B-24108. A 36 kb DNA fragment containing the required set of 

genes for nybomycin biosynthesis represents 33 open reading frames (Figure 6AB) 

(Rodriguez Estevez et al., 2018). Structurally, the nybomycin core body shows similarity to 

streptonigrin, an antitumor antibiotic. Furthermore, nine open reading frames (nybA to nybF 

and nybN to nybP) reveal similarities on protein level.  

In parallel to this work, the minimal nybomycin gene cluster required for full synthesis has been 

recently identified to include the reading frames orf-02 to nybT. Interestingly, deletion of orf-

02, possibly encoding a putative transposase and an endonuclease domain, abolished 

nybomycin production (personal communication, Marta Rodriguez Estevez, Andriy 

Luzhetskyy, Pharmaceutical Biotechnology, Saarland University). Further downstream, nybT 

turned out to be essential (Figure 5A), resulting in a minimal set of genes required for 

nybomycin biosynthesis from orf-02 to nybT (Figure 5B). 
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Figure 4: Genetic organization of the nybomycin biosynthetic gene cluster in BAC 4N24. Genomic DNA 
fragment of S. albus subsp. chlorinus (A). Predicted genes and proposed function of the correlating gene products 

(B) 



Theoretical Background 

23 

 

 

Figure 5: Characterization of the nybomycin BGC for identification of the minimal set of genes required. 
LC-MS analysis of cultivation extracts from S. albus 4N24 (WT) and the single gene deletion mutants Δorf-02, 
ΔnybA, ΔnybB, ΔnybC, ΔnybW, ΔnybT, and ΔnybU. Extracted chromatogram of m/z 299.10 ±0.1 Da (nybomycin) 

and m/z 285.1 ±0.1 Da (intermediate)(A). Minimal nybomycin gene cluster. The genes from orf-02 to nybT are 

essential for nybomycin biosynthesis, while the neighbored genes do not participate in the biosynthetic pathway 
(B). 
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Biochemically, erythrose 4-phosphate and phosphoenolpyruvate, supplied from the pentose 

phosphate (PP) and the Embden–Meyerhof–Parnas (EMP) pathways, respectively, are fused 

to 3-deoxy-D-arabino-hept-2-ulosonate 7-phosphate (DAHP). The reaction is catalyzed by 3-

deoxy-D-arabinoheptulosonate 7-phosphate (DAHP) synthase encoded by nybF, XNR_0595, 

and XNR_4763. Subsequently, shikimic acid and chorismic acid are generated by mainly 

endogenous aromatic amino acid biosynthesis enzymes (AroABCEKQ) (Euverink, 1995; 

Parthasarathy et al., 2018). Similarly, chorismic acid serves as intermediate metabolite in 

biosynthesis of biologically active natural product, e.g. chloramphenicol (Vitayakritsirikul et al., 

2016), anticapsin (Euverink, 1995), thermorubin (McCord et al., 2022), FK506 (Huang et al., 

2013a), FK520 (Andexer et al., 2011), rapamycin (Andexer et al., 2011), unantimycins (Shen 

et al., 2020) and stravidins (Montaser and Kelleher, 2020). Further conversion of chorismic 

acid into the nybomycin core structure 4-aminoanthranilic acid (Gould and Erickson, 1988), is 

catalyzed by the gene products of nybC, nybD, nybE, nybL (Rodriguez Estevez et al., 2018). 

Hydroxylation, catalyzed by NybP and decarboxylation yields 2,6-diaminophenol. Catalyzed 

by the gene product of nybK, the aromatic ring is extended by the attachment of two 

acetoacetyl-CoA molecules to the amino groups, supplied by fusion of acetyl-CoA and 

malonyl-CoA catalyzed by NybM, from the ethylmalonyl-CoA pathway, following closure of the 

pyridine rings, yields intermediate 1, and methylation of the two nitrogen atoms, yielding 

intermediate 2, also known as Nybomycin D (Wang et al., 2019b). Subsequent formation of an 

oxazoline ring catalyzed by NybT or NybU provides deoxynybomycin following by final 

hydroxylation by NybB to yield nybomycin that is exported into the extracellular space by NybV 

(Rodriguez Estevez et al., 2018). 
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Figure 6: Pathway for biosynthesis of nybomycin in S. albus 4N24. Erythrose 4-phosphate and 

phosphoenolpyruvate are supplied from the PP and the EMP pathway to yield shikimic acid and chorismic acid, 
mainly via endogenous aromatic amino acid biosynthesis (AroABCEKQ) (Euverink, 1995; Parthasarathy et al., 

2018). Further conversion into 4-aminoanthranilic acid is encoded by the genes nybC, nybD, nybE, and nybL 

following formation of 2,6-diaminophenol catalyzed by NybP. Next, the aromatic ring is extended by the attachment 
of two acetoacetyl-CoA molecules, supplied from the ethylmalonyl-CoA pathway, followed by closure of the pyridine 

rings, yielding intermediate 1, and methylation of the two nitrogen atoms, yielding intermediate 2. Subsequent 

formation of an oxazoline ring provides deoxynybomycin which is followed by final hydroxylation to yield nybomycin 
that is exported by NybV (Adapted from Rodriguez Estevez et al., 2018)  
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3 Materials and Methods 

3.1 Bacterial strains and plasmids 

S. albus Del14 and S. albus 4N24 were obtained from previous work (Rodriguez Estevez et 

al., 2018). Streptomyces sp. GBA 94-10 (Ian et al., 2014) and the heterologous nybomycin 

producers Streptomyces sp. GBA 94-10_4N24 and Streptomyces sp. Lv1-4_4N24 were kindly 

donated by Andriy Luzhetskyy (Pharmaceutical Biotechnology, Saarland University). E. coli 

DH10B was used for general cloning purposes (Thermo Fisher Scientific, Karlsruhe, 

Germany). E. coli ET12567/pUZ8002 served as donor for intergenic conjugation (Kieser et al., 

2000). All strains and plasmids used in this study are listed in Table 2 and were kept as glycerol 

stocks at -80 °C. 

 

Table 2: Bacterial strains and plasmids used in this work 

Strains/Plasmids Description Reference 

Strains 
  

E. coli     

DH10B F– mcrA Δ(mrr-hsdRMS-mcrBC) φ80lacZΔM15 ΔlacX74 
recA1 endA1 araD139 Δ (ara-leu)7697 galU galK λ– 
rpsL(StrR) nupG 

Thermo Fisher 
Scientific 

ET12567/pUZ8002 Non-methylating ET12567 containing non-transmissible 
RP4 derivative plasmid pUZ8002, CmR, KanR 

(Kieser et al., 
2000) 

Streptomyces albus   

Del14 4N24 Del14 expressing BAC 4N24 for heterologous 
nybomycin production 

(Rodriguez 
Estevez et al., 
2018) 

NYB-1A Del14 4N24 expressing tkt (B591 RS24355) from S. 
albus sp. GBA 94-10 under control of PermE* 

This work 

NYB-1B Del14 4N24 expressing zwf2 (B591 RS24345) from S. 
albus sp. GBA 94-10 under control of PermE* 

This work 

NYB-1C Del14 4N24 expressing aro I (NCgl0950) with the amino 
acid exchange S187C from C. glutamicum  

ATCC 13032 under control of PermE* 

This work 

NYB-2A Del14 4N24 expressing tkt (B591_RS24355) from S. 
albus sp. GBA 94-10 under control of PkasOP* 

This work 

NYB-2B Del14 4N24 expressing zwf2 (B591_RS24345) from S. 
albus sp. GBA 94-10 under control of PkasOP* 

This work 



Materials and Methods 

27 

 

NYB-2C Del14 4N24 with in-frame deletion of ppc (XNR 2069) This work 

NYB-2D Del14 4N24 expressing aroG (P0AB91) with the amino 
acid exchange D146N from E. coli K12 under control of 
PkasOP* 

This work 

NYB-2E Del14 4N24 expressing aro I (NCgl0950) with the amino 
acid exchange S187C from C. glutamicum ATCC 13032 
under control of PkasOP* 

This work 

NYB-2F Del14 4N24 expressing nybF (FM076 RS29120) from S. 
albus subsp. chlorinus NRRL B-24108 under control of 
PkasOP* 

This work 

NYB-3A Del14 4N24 expressing nybM (FM076 RS29150) from S. 
albus subsp. chlorinus NRRL B-24108 under control of 
PkasOP* 

This work 

NYB-3B Del14 4N24 expressing nybV (FM076 RS2919) from S. 
albus subsp. chlorinus NRRL B-24108 under control of 
PkasOP* 

This work 

NYB-4A Del14 4N24 expressing tkt (B591 RS24355) and zwf2 
(B591 RS24345) from S. albus sp. GBA 94-10 under 
control of PkasOP* 

This work 

NYB-4B Del14 4N24 expressing nybF (FM076 RS29120) from S. 
albus subsp. chlorinus NRRL B-24108 and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10) under control of 
PkasOP* 

This work 

NYB-4C Del14 4N24 expressing nybF (FM076 RS29120) from S. 
albus subsp. chlorinus NRRL B-24108 and tkt (B591 
RS24355) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

NYB-4D Del14 4N24 expressing nybF (FM076 RS29120) from S. 
albus subsp. chlorinus NRRL B-24108, tkt (B591 
RS24355), and zwf2 (B591 RS24345) from S. albus sp. 
GBA 94-10 under control of PkasOP* 

This work 

NYB-5  Del14 4N24 with in-frame deletion of nybW  This work 

NYB-6A NYB-5 expressing tkt (B591 RS24355) and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

NYB-6B 

 

NYB-5 expressing nybF (FM076 RS29120) from S. albus 
subsp. chlorinus NRRL B-24108 and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

NYB-6C 

 

NYB-5 expressing nybF (FM076 RS29120) from S. albus 
subsp. chlorinus NRRL B-24108 and tkt (B591 
RS24355) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

NYB-7 

 

 

NYB-5 expressing nybF (FM076_RS29120) from S. 
albus subsp. chlorinus strain NRRL B-24108, and tkt 
(B591_RS24355) and zwf2 (B591_RS24345) from S. 
albus sp. GBA 94-10 under control of PkasOP* 

This work 
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NYB-8 Del14 4N24 with in-frame deletion of nybWX replaced by 
kanamycin resistance gene 

This work 

NYB-9 Del14 4N24 with in-frame deletion of nybWXYZ replaced 
by kanamycin resistance gene 

This work 

NYB-10 NYB-8 expressing nybF (FM076 RS29120) from S. albus 
subsp. chlorinus NRRL B-24108 and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

NYB-11 NYB-9 expressing nybF (FM076 RS29120) from S. albus 
subsp. chlorinus NRRL B-24108 and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

Streptomyces sp. Lv1-4  

Lv1-4_4N24 Lv1-4 expressing BAC 4N24 for heterologous 
nybomycin production 

Andriy 
Luzhetskyy, 
(Saarland 
University) 

NYB-12A Lv1-4_4N24 with in-frame deletion of nybW This work 

NYB-12B NYB-12A expressing nybF (FM076 RS29120) from S. 
albus subsp. chlorinus NRRL B-24108 and zwf2 (B591 
RS24345) from S. albus sp. GBA 94-10 under control of 
PkasOP* 

This work 

Streptomyces albus sp. GBA 94-10  

GBA 94-10  (Ian et al., 2014) 

GBA 94-10_4N24 GBA 94-10 expressing BAC 4N24 for heterologous 
nybomycin production 

Andriy 
Luzhetskyy, 
(Saarland 
University) 

Streptomyces albus reporter strains  

RFP-1 Del14 4N24 expressing mCherry under control of PermE* This work 

RFP-2 Del14 4N24 expressing mCherry under control of PtipA This work 

RFP-3 Del14 4N24 expressing mCherry under control of PSF14 This work 

RFP-4 Del14 4N24 expressing mCherry under control of P21 This work 

RFP-5 Del14 4N24 expressing mCherry under control of PSP43 This work 

RFP-6 Del14 4N24 expressing mCherry under control of PSP44 This work 

RFP-7 Del14 4N24 expressing mCherry under control of PkasOP* This work 

RFP-8 Del14 4N24 expressing mCherry under control of PSP41 This work 
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Plasmids/BACs 

4N24 BAC containing the full nybomycin biosynthetic gene 
cluster 

(Rodriguez 
Estevez et al., 
2018) 

4N24 ∆nybW 4N24 with in-frame deletion of nybW (FM076 RS29200) Andriy 
Luzhetskyy, 
(Saarland 
University) 

4N24 
∆nybWX_Kan 

4N24with in-frame deletion of nybW (FM076 RS29200), 
nybX (FM076_RS29205) replaced by kanamycin 
resistance gene 

This work 

4N24 
∆nybWXYZ_Kan 

4N24with in-frame deletion of nybW (FM076 RS29200), 
nybX (FM076_RS29205), nybY (FM076_RS29210), 
nybZ (FM076_RS29215) replaced by kanamycin 
resistance gene 

This work 

pRT801 Integrative plasmid containing oriT, attP, int phiBT1, and 
aac3(IV) gene 

This work 

pKG1132 Suicide vector for genome-based modification of 
actinobacteria, comprising ori for E. coli, and AmR and 
gusA gene as selection marker 

(Barton et al., 
2018) 

pKG1132hyg Suicide vector for genome-based modification of 
actinobacteria, comprising ori for E. coli, and AmR and 
gusA gene as selection marker 

(Gläser et al., 
2021) 

pDppc4 Suicide vector derivative of pKG1132hyg for in-frame 
deletion of gene XNR 2069 in 4N24 

This work 

pBT1H Integrative plasmid containing oriT, attP, int phiBT1, hph, This work 

pBT1HP Integrative plasmid containing oriT, attP, int phiBT1, hph, 
PermE*, tfd 

This work 

pBT1H-tkt1 integrative plasmid containing PermE*, tkt, HygR This work 

pBT1H-zwf2 integrative plasmid containing PermE*, zwf2, HygR This work 

pBT1HP-aroIfbr integrative plasmid containing PermE*, aroIfbr, HygR This work 

pBT1HP-
ermCherry 

integrative plasmid containing PermE*, mCherry, HygR This work 

pBT1H-kasOP*-
mCherry 

integrative plasmid containing PkasOP*, mCherry, HygR This work 

pBT1H-P21-
mCherry 

integrative plasmid containing P21, mCherry, HygR This work 

pBT1H-PtipA-
mCherry 

integrative plasmid containing PtipA, mCherry, HygR This work 

pBT1H-SF14P-
mCherry 

integrative plasmid containing PSF14, mCherry, HygR This work 

pBT1H-SP41-
mCherry 

integrative plasmid containing PSP41, mCherry, HygR This work 
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pBT1H-SP43-
mCherry 

integrative plasmid containing PSP43, mCherry, HygR This work 

pBT1H-SP44-
mCherry 

integrative plasmid containing PSP44, mCherry, HygR This work 

pBT1H-kasOP*-tkt integrative plasmid containing PkasOP*, tkt, HygR This work 

pBT1H-kasOP*-
zwf2 

integrative plasmid containing PkasOP*, zwf2, HygR This work 

pBT1H-kasOP*-
nybV 

integrative plasmid containing PkasOP*, nybV, HygR This work 

pBT1H-kasOP*-
nybM 

integrative plasmid containing PkasOP*, nybM, HygR This work 

pBT1H-pkasOP*-
nybF 

integrative plasmid containing PkasOP*, nybF, HygR This work 

pBT1H-kasOP*-
aroGfbr 

integrative plasmid containing PkasOP*, aroGfbr, HygR This work 

pBT1H-kasOP*-
aroIfbr 

integrative plasmid containing PkasOP*, aroIfbr, HygR This work 

pBT1H-kasOP*-
nybF-zwf2 

integrative plasmid containing PkasOP*, nybF, zwf2, HygR This work 

pBT1H-kasOP*-
nybF-tkt 

integrative plasmid containing PkasOP*, nybF, tkt, HygR This work 

pBT1H-kasOP*-
tkt-zwf2 

integrative plasmid containing PkasOP*, tkt, zwf, HygR This work 

pBT1H-kasOP*-
nybF-tkt-zwf2 

integrative plasmid containing PkasOP*, nybF, tkt, zwf2, 
HygR 

This work 
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3.2 Molecular biology and genetic engineering 

The software SnapGene (GSL Biotech LLC, San Diego, USA) was used for strain, plasmid, 

and primer design, respectively. DNA fragments of interest were amplified by PCR (2× Phusion 

High-Fidelity PCR Master Mix with GC Buffer, Thermo Scientific, Waltham, MA, USA) using 

sequence specific primers (Appendix, Table 7). Prior to assembly, the amplified fragments 

were extended with 20bp overhangs at their 5´-end. Afterwards, they were purified (Wizard SV 

Gel, PCR Clean-Up System, Promega, Mannheim, Germany) following in vitro assembly with 

the linearized vector, obtained by treatment with endonucleases leaving blunt ends (EcoRV, 

SnaBI, PvuII) and alkaline phosphatase. The Gibson assembly reaction mix contained 157.5 

mM Tris·HCl (pH 7.5), 15.75 mM of MgCl2, 15.75 mM of DTT, 42 mg μL−1 of PEG-800, 0.6 mg 

μL−1 of NAD, 25 mU μL−1 of Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific), 

7.5 mU μL−1 T5 exonuclease (Epicentre, Madison, USA), 4 U μL−1 Taq Ligase (Thermo Fisher 

Scientific), and 0.3 mM dNTPs. The assembled plasmids were transferred into E. coli DH10B 

cells by heat shock (Sambrook and Russell, 2001), followed by selection. Subsequently, the 

plasmids were multiplied in the cloning host, isolated (QIAprep Spin MiniPrep Kit, Qiagen, 

Hilden, Germany), and verified for correctness by PCR, restriction digestion, and sequencing 

(Genewiz Germany GmbH, Leipzig, Germany). Afterwards, they were transferred into the 

methylation-deficient donor E. coli ET12567/pUZ8002 and subsequently transferred into 

Streptomyces by intergenic conjugation (Kieser et al., 2000). In short, Streptomyces spores, 

obtained from four-day old mannitol soy (MS) agar plates, were washed off using sterile water, 

mixed with E. coli ET12567/pUZ8002 (containing the recombinant plasmid of interest) and 

plated on fresh MS agar. After incubation for 16h at 30°C, the plates were overlayed with 

phosphomycin (200 μg mL−1) and hygromycin (50 μg mL−1). Exconjugants were passaged to 

fresh MS plates, again containing phosphomycin and hygromycin. The desired genomic 

integration of the DNA was verified by PCR and sequencing. Integrase-mediated site-specific 

recombination using phiBT1 integrase and its associated attP attachment site was used to 

integrate the expression plasmids into gene XNR_3921 (integral membrane protein) within the 

genome of S. albus (Gregory et al., 2003). When using suicide plasmids for in-frame gene 

deletion, 3 µL X-Gluc (100 mg mL-1) was sprinkled onto spores, followed incubation for 20-30 
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min at 30°C, to evaluate for blue coloration. Blue-stained exconjugants, that had undergone a 

single crossover were passaged on MS agar without selection pressure, washed off, diluted 

serially, and plated on MS agar supplemented with X-Gluc (40 µg mL-1) to screen for white 

colonies that had undergone the second crossover. White colonies were analyzed by PCR to 

differentiate between the desired mutant and the reverted wild type. For gene deletions within 

the nybomycin cluster, the gene of interest was individually substituted via Red/ET 

recombineering for a resistance marker which was later removed, and the resulting knock-out 

BAC variants were introduced in S. albus Del14 via conjugation (Myronovskyi et al., 2018).  

  



Materials and Methods 

33 

 

3.3 Growth media 

E. coli strains were cultured in liquid LB medium. Solid LB medium was obtained by adding 20 

g L-1 of agar (Becton Dickinson, Heidelberg, Germany). For sporulation, Streptomyces strains 

were grown on MS agar, containing per liter: 20 g of D-mannitol (Sigma Aldrich, Taufkirchen, 

Germany), 20 g of soy flour (Schoenenberger Hensel, Magstadt, Germany), and 20 g of agar 

(Becton Dickinson). Where required, kanamycin (50 µg mL-1), hygromycin B (50 µg mL-1 for 

Streptomyces, 100 µg mL-1 for E. coli), and apramycin (50 µg mL-1) were supplemented for 

selection. When using suicide vectors for gene deletions, 5-bromo-4-chloro-1H-indol-3-yl β-D-

glucopyranosiduronic acid (X-Gluc, 40 µg mL-1) was added to the LB plate medium for blue-

white screening. 

For nybomycin production, strains were pre-cultured in liquid ISP medium (pH 7.2) containing 

per liter: 3 g of yeast extract (Beckton Dickinson) and 5 g of tryptone (Beckton Dickinson). For 

secondary metabolite expression and nyb cluster characterization, Streptomyces strains were 

grown in liquid DNPM medium (40 g L-1 dextrin, 7.5 g L-1 soytone, 5 g L-1 baking yeast, and 21 

g L-1 MOPS, pH 6.8). Main cultures to overproduce nybomycin were grown in chemically 

defined minimal medium (MMM) containing per liter: 10 g of D-mannitol, 15 g of (NH4)2SO4, 

20.9 g of MOPS, 0.5 g of K2HPO4, 1 g of NaCl, 0.55 g of  CaCl2, 0.2 g of MgSO4·7H2O, 0.02 g 

of FeSO4·7H2O, 2 mg of FeCl3·6H2O, 2 mg of MnSO4·H2O, 0.5 mg of ZnSO4·H2O, 0.5 mg of 

CuCl2·2H2O, 0.2 mg of Na2B4O7·10H2O, 0.1 mg of (NH4)6Mo7O24·4H2O, 1 mg of nicotinamide, 

1 mg of riboflavin, 0.5 mg of thiamine hydrochloride, 0.5 mg of pyridoxine hydrochloride, 0.2 

mg of biotin and 0.1 mg of p-aminobenzoic acid. An adapted defined minimal medium (MM#2) 

was used for nybomycin production in strain Lv1-4 background containing per liter: 10 g of D-

mannitol, 7 g of (NH4)2SO4, 20.9 g of MOPS, 0.5 g of K2HPO4, 1 g of NaCl, 0.55 g of  CaCl2, 

0.2 g of MgSO4·7H2O, 4 mg of thiamine hydrochloride, 4 mg of pyridoxine hydrochloride, 10 

mg of biotin, 40 mg of Inositol and 8 mg of pantothenic acid. Additionally, for nybomycin 

production, DNPM with 40g L-1 and DNPM with 75 g L-1 Dextrin was used, respectively. 
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3.4 Cultivation 

3.4.1 Nybomycin production in shake flasks 

Liquid cultures were incubated in 500 mL baffled shake flasks (10% filing volume) on an orbital 

shaker at 230 rpm, 75% relative humidity, and 28 °C (5 cm shaking diameter, Multitron, Infors 

AG, Bottmingen, Switzerland). The medium was supplemented with 30 g glass beads (soda-

lime glass, 5 mm, Sigma-Aldrich). Spores from a single colony grown for 3-5 days on MS agar 

plates were harvested and inoculated to the first pre-culture on ISP medium which was 

incubated overnight. Then, cells were collected (5,000 x g, 25 °C, 6 min) and resuspended in 

minimal or complex medium for the second pre-culture, following again incubation overnight. 

Again, cells were collected (5,000 x g, 25 °C, 6 min) and used to inoculate the main culture, 

again in minimal or complex medium, as described below. All growth and production 

experiments were conducted as biological triplicate. 

3.4.2 Strain screening at miniaturized scale 

For screening experiments, the first and the second pre-culture were conducted in shake 

flasks, as described in chapter 3.4.1. For the screening, a microplate-based microbioreactor 

was used (Biolector I, Beckman Coulter GmbH, Baesweiler, Germany). The main cultivation 

was conducted in 48-well flower plates with photometric on-line monitoring of the cell 

concentration (OD620) (1,300 rpm, 28°C, 80% relative humidity). Each well was filled with 1 mL 

minimal mannitol medium. All experiments were conducted as triplicate.  
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3.5 Analytical methods 

3.5.1 Quantification of cell concentration 

Measuring optical density (OD) at a certain wavelength is a quick and commonly used method 

to follow growth during cultivation. However, OD measurements show some drawbacks such 

as morphological changes of the cells, saturation at high cell concentrations or the influence 

by ambient light (Boss et al., 2018). Additionally, many analyses are normalized to cell dry 

weight (CDW). Indeed, it is possible to measure CDW whenever required during a culture 

process. However, it is much easier to determine a correlation factor between OD600 and CDW 

once, to apply it in future cases. It is noteworthy, that such correlation factors only apply for the 

used optical device, organism and medium. The correlation factor in minimal medium using 

mannitol as carbon source is shown in Table 3 and Figure 7. 

In this regard, cells were collected from broth by centrifugation (5,000 x g, 4 °C, 6 min) and 

washed twice with 0.9% NaCl. Subsequently, the pellets were freeze-dried, and the cell dry 

weight (CDW) was gravimetrically measured (HB43-S, Mettler-Toledo, Columbus, OH, USA) 

(Kuhl et al., 2020). In addition, the cell concentration was analysed as optical density (OD600) 

at a wavelength of 600 nm. Systematic analysis of strains S. albus 4N24, Lv1-4_4N24 and 

GBA 94-10_4N24 cultures yielded linear correlations between CDW and OD600 (Kuhl et al., 

2020). Measurements were conducted in triplicate. 

Table 3: OD – CDW correlation factors for heterologous nybomycin producer strains and applicability 

Strain 
OD – CDW 

correlation factor 
Applicability 

S. albus 4N24 CDW [g L-1] = 0.438 × OD600 growth and stationary phase 

Lv1-4_4N24 CDW [g L-1] = 0.658 × OD600 growth phase 

94-10_4N24 CDW [g L-1] = 0.453 × OD600 growth and stationary phase 

Interestingly, this factor is applicable for growth and stationary phase for strains S. albus 4N24 

and 94-10_4N24, even though the culture and cells apparently change their viscosity, density, 

and morphology. Hence, these correlations are usually applicable in growth phase only (Gläser 

et al., 2021; Kuhl et al., 2020), as it was observed for strain Lv1-4_4N24. 



Materials and Methods 

36 

 

 

Figure 7: OD – CDW correlations of heterologous nybomycin producer strains in minimal mannitol medium. 
(A) S. albus 4N24 growth and stationary phase, (B) Lv1-4_4N24 growth phase only, (C) GBA94-10_4N24 growth 

and stationary phase.  
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3.5.2 Quantification of sugars 

Quantification of mannitol was conducted by isocratic HPLC (Agilent Series 1260 Infinity, 

Agilent), using an Aminex HPX-87H column (300x7.8 mm 9 μm, Bio-Rad, Hercules, CA, USA) 

at 65 °C as stationary phase and 3 mM H2SO4 as mobile phase at a flow rate of 0.5 mL min-1. 

Detection and quantification of the separated analytes was accomplished by refractive index 

measurement, using external standards. External standards were used for quantification.  

3.5.3 Quantification of inorganic ions 

Phosphate was quantified by HPIC (Dionex Integrion; Thermo Fisher Scientific) as previously 

described (Kuhl et al., 2020). Ammonium was analysed by HPIC (Dionex Integrion; Thermo 

Fisher Scientific) using a Dionex IonPac CS16-4µm (2 x 250 mm, Thermo Fisher Scientific) 

and 30 mM methanesulfonic acid as mobile phase (40°C, 0.16 ml min-1). For detection, 

conductivity measurement was applied. External standards were used for quantification.  

3.5.4 Quantification of nybomycin 

Nybomycin was extracted from the culture broth using n-butanol. In short, 200 µL broth was 

mixed with 600 µL butanol and incubated for 15 min (1,400 rpm, 23°C, Thermomixer F1.5 

Eppendorf, Wesseling, Germany). The organic phase was collected (20,000 x g, 5 min, 4°C). 

Subsequently, 400 µL butanol was mixed with the aqueous phase for a second extraction step. 

Afterwards, the two organic fractions were collected, and the solvent was removed by freeze 

drying. The obtained solid was dissolved in a mixture of methanol and DMSO (1:1) and clarified 

from debris (20,000 x g, 10 min, 4°C). Quantification of nybomycin was conducted using LC-

ESI-MS/MS comprising a HPLC system (Agilent Infinity, 1290 System, Santa Clara, CA, USA), 

coupled to a triple quadrupole mass spectrometer (QTRAP 6500+, AB Sciex, Darmstadt, 

Germany). Separation was conducted on a C18 column (Vision HT C18 HighLoad, 100 mm × 

2 mm, 1.5 µm, Dr. Maisch, Ammerbuch-Entringen, Germany) at 45 °C, applying a linear 

gradient (0-7 min, 10% B to 90% B) of eluent B (0.1% formic acid in acetonitrile) against eluent 

A (0.1 % formic acid in water) at a flow rate of 500 µL min-1. Nybomycin was detected in the 

positive mode using selected ion monitoring of the [M + H]+ adduct (m/z 299.1) (Rodriguez 
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Estevez et al., 2018). Quantification was based on external standards (Cayman Chemical, Ann 

Arbor, USA).  
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3.6 Transcriptomics 

Sample preparation and RNA sequencing was done as biological triplicate as previously 

described (Gläser et al., 2021; Kuhl et al., 2020; Kuhl et al., 2021). In short, cells (1 mL broth) 

were collected by centrifugation (20,000 x g, 4 °C, 1 min) and immediately frozen in liquid 

nitrogen. RNA was extracted with the Qiagen RNA Mini kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions. Residual DNA was removed by digestion with 10 

U RNase-free DNase I (Thermo Scientific) for 1 h in the presence of RiboLock RNase inhibitor 

(Thermo Scientific). After DNA digestion, the RNA was again purified with the same kit. RNA 

quality was checked by Trinean Xpose (Gentbrugge, Belgium) and the Agilent RNA 6000 Nano 

Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies, Böblingen, Germany). Ribosomal 

RNA (rRNA) molecules were removed from the total RNA with the Ribo-Zero rRNA Removal 

Kit (Illumina, San Diego, USA). The removal of rRNA was checked with the Agilent RNA 6000 

Pico Kit on an Agilent 2100 Bioanalyzer (Agilent Technologies). Libraries of cDNA were 

prepared with the TruSeq Stranded mRNA Library Prep Kit (Illumina, San Diego, USA), and 

the resulting cDNA was sequenced paired end on an Illumina HiSeq 1500 system using 2x 75 

bp read length. Reads were mapped to the S. albus J1074/R2 genome sequence 

(CP059254.1) with Bowtie2 using standard settings (Langmead and Salzberg, 2012) except 

for increasing the maximal allowed distance for paired reads to 600 bases. For visualization of 

read alignments and raw read count calculation, ReadXplorer 2.2.3 was used (Hilker et al., 

2014). Using the resulting data, DESeq2 (Love et al., 2014) was used to QC the data sets via, 

among others, calculation of the sample to sample distances (Figure 62) and PCA (Figure 

63). In addition, DESeq2 was used to calculate DGE data sets. Raw data sets (sequenced 

reads) as well as processed data sets (input matrix & normalized read counts from DESeq2) 

are available from GEO (GSE240471).  For statistical analysis, a student’s t-test was carried 

out and the data were filtered for genes with a log2-fold change ≥ 1 (p-value ≤ 0.05). 

Hierarchical clustering was conducted, using the software package gplots (R core team 2014; 

Warnes et al., 2016). RNA extraction, sequencing, and data processing was conducted by 

Christian Rückert (Cebitec Bielefeld). 
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4 Results and Discussion 

4.1 Streamlining of workflows for genomic modification of Streptomyces 

strains 

Towards the desired nybomycin producing cell factories as central goal of this work, efficient 

and precise workflows for genetic engineering of the microbes of interest appeared crucial. 

Admittedly, Streptomyces are far more difficult to manipulate than most other industrial 

microbes. Therefore, the initial steps of the work focused on the adaptation and optimization 

of genetic engineering workflows.  

4.1.1 Adaption of replication-deficient suicide vectors for homologous recombination 

Suicide vectors, replicative in E. coli but replication-deficient in Streptomyces, respectively, are 

commonly used for genomic modification of Streptomyces, including in-frame deletions, 

insertions, and replacements. Hereby, antibiotic selection forces the integration of the vector 

during a first homologous recombination event. Subsequently, the vector backbone is excised 

by a second homologous recombination event upon omitting the selection pressure. For the 

planned work, the recently generated suicide vector pKG1132, containing the gusA gene for 

blue-white screening in actinobacteria and the apramycin resistance gene, respectively, was 

available (Barton et al., 2018). The basic heterologous nybomycin producer S. albus 4N24 to 

be used, however, was resistant to apramycin upon insertion of the BAC 4N24 (Rodriguez 

Estevez et al., 2018), making pKG1132 inapplicable. Therefore, the apramycin resistance 

gene aac(3)-IV was replaced by the hygromycin resistance gene hph to enable the use of the 

vector for genetic engineering purposes in this work.  

In short, the vector backbone pKG1132, lacking the apramycin resistance gene, was amplified 

by PCR and assembled with the PCR amplified hygromycin resistance gene by Gibson 

assembly which yielded the new plasmid pKG1132hyg (Figure 8). Subsequently, restriction 

digestion using restriction enzymes (MluI / EcoRI) and Sanger sequencing verified the 

correctness of the vector. 
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Figure 8: Plasmid map of the constructed suicide vector pKG1132hyg. The gene hph (hygromycin B 

phosphotransferase) enabled hygromycin resistance. The ori E. coli mediated plasmid replication in E. coli. The 

gene gusA (β-glucuronidase) enabled blue-white screening and the locus oriT (origin of transfer) enabled 
conjugative DNA transfer from E. coli into Streptomyces. 

 

4.1.2 Refactoring of plasmids for integrase-coupled cloning purposes 

In Streptomyces, site-specific recombinases are commonly used for the integration of plasmids 

and the excision of selection markers (Myronovskyi and Luzhetskyy, 2013). They display an 

easy, fast, and efficient tool for the genetic engineering of Streptomyces (Baltz, 2012; Bierman 

et al., 1992). Recombinases, such as Int-phiC31, Int-phiBT1, Int-VWB, Int-pSAM2, Cre, Dre, 

and Flp, recognise specific attachment sites in the genome to promote recombination of two 

specific DNA sequences called attP and attB (Myronovskyi and Luzhetskyy, 2013). The BAC 
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4N24, comprising the nybomycin BGC, had been previously integrated into the host using Int-

phiC31 (Rodriguez Estevez et al., 2018). Due to this change, the genomic attB attachment site 

was already used up. Hence, another recombinase system was required which tackled an 

alternative attachment site. In addition, a switch to the hygromycin resistance gene (hph) was 

needed (see 4.1.1). Here, the integrative vectors pRT801 (Gregory et al., 2003) and pTOS 

(Herrmann et al., 2012) were selected. They express recombinases Int-phiBT1 and Int-VWB, 

respectively.  

For the desired re-construction, the vector backbones pRT801 and pTOS were linearized by 

PCR amplification lacking the apramycin resistance gene (aac(3)-IV) and assembled with the 

hygromycin resistance gene (hph), yielding pBT1H (Figure 12) and pTOShyg (Figure 10), 

respectively. Colony PCR, using sequence specific primers which bound in the vector 

backbone and in the inserted hph gene, were used to check the assembled vectors. Further 

verification by restriction digestion using the restriction enzymes i) SalI / EcoRI (2646, 983, 

802, 648, 557bp) (Figure 9), ii) HincII (3294, 817, 802, 557, 166bp) for pTOShyg, and iii) SalI 

(2226, 1546, 802, 557, 257bp) for pBT1H (Figure 11) and Sanger sequencing, respectively, 

further confirmed the correctness of the vector sequences.  

 

 

Figure 9: 1% Agarose gel electrophoresis of the vector pTOShyg digested with SalI / EcoRI 
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Figure 10: Plasmid map of the constructed integrative vector pTOShyg. The Gene hph (hygromycin B 

phosphotransferase) enabled hygromycin resistance. The ori mediated plasmid replication in E. coli. The gene 
intVWB (recombinase) enabled integration into attP site (attachment site for recombinase) and the locus oriT (origin 

of transfer) enabled conjugative DNA transfer E. coli into Streptomyces. 

 

 

Figure 11: 1% Agarose gel electrophoresis of the vector pBT1H digested with SalI 
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Figure 12: Plasmid map of the constructed integrative vector pBT1H. The Gene hph (hygromycin B 
phosphotransferase) enabled hygromycin resistance. The ori E. coli mediated plasmid replication in E. coli. The 

gene intBT1 (recombinase) enabled integration into attP site (attachment site for recombinase) and the locus oriT 

(origin of transfer) enabled conjugative DNA transfer E. coli into Streptomyces. 

 

To simplify cloning efforts when using pBT1H, a refined version of the expression vector was 

created. For later expression of genes of interest, the constitutive promoter PermE* (Myronovskyi 

and Luzhetskyy, 2016), a ribosome binding site (RBS, underlined) 

AATGAACCGTTGGAGGCAAACACAT (Horbal et al., 2018), the blunt-end SnaBI restriction 

site (TAC*GTA) and the fd terminator (Wu et al., 2018) were selected. 

The different elements (PermE* with RBS, SnaBI and 20bp overhangs as well as the fd 

terminator sequence with overhangs) were amplified by PCR and assembled with PvuII 

linearized pBT1H to obtain pBT1HP (Figure 13). Colony PCR, restriction digestion using the 
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restriction enzymes i) HincII and ii) SacI / EcoRI and Sanger sequencing verified the 

correctness of the vector sequence. 

 

Figure 13: Plasmid map of the constructed integrative vector pBT1HP. The Gene hph (hygromycin B 

phosphotransferase) enabled hygromycin resistance. The ori E. coli mediated plasmid replication in E. coli. The 
gene intBT1 (recombinase) enabled integration into attP site (attachment site for recombinase) and the locus oriT 

(origin of transfer) enabled conjugative DNA transfer E. coli into Streptomyces. The restriction site SnaBI (blunt-

end) enabled linearization for Gibson assembly allowing gene expression under control of the constitutive promoter 
ermE* (PermE*). The terminator sequence ‘fd ter enables transcription termination. 

 

4.1.3 Improved cell lysis for colony PCR  

Colony PCR, using viable cells containing genomic or plasmid DNA of interest as template for 

PCR screening, is a commonly applied method for fast and reliable screening of Gram-



Results and Discussion 

46 

 

negative and Gram-positive microbes, including E. coli (Pereira et al., 2023) and C. glutamicum 

(Becker et al., 2018a; Liu et al., 2017). Thereby, cells are lysed at 98 °C during the initial 

denaturation step of the PCR, causing the release of DNA and other cell components. 

However, the cell wall structure and thus, the thermal stability of microbial cells differs between 

genera, making this technique not applicable in Streptomyces. The extraction of gDNA and 

plasmid DNA, required as PCR template, is commonly conducted using expensive extraction 

kits applying binding matrices or time-consuming performing cell lysis and ethanol precipitation 

of the DNA (Gupta, 2019). 

Hence, a quick and scalable method to extract DNA from Streptomyces aerial hyphae or 

spores as template for PCR screenings was established, based on literature (Sun et al., 2014). 

In general, three solutions were required to run the protocol. The resuspension solution (1) (10 

mM TRIS, 1 mM EDTA, pH 7.6), was used to resuspend the cells. Next, an alkaline lysis 

solution (2) (0.4 M KOH, 10 mM EDTA) was added, and the mixture was incubated for 5 

minutes at 70°C, followed by neutralization solution (3) (0.4M TRIS-HCl, pH 4.0) (Table 4).  

 

Table 4: Titration experiment to achieve proper cell lysis applicable as template in PCR 

Solution Volume [mL] pH Function 

(1) 27 7.6 Resuspension 

(2) 3 12.2 Lysis 

(3) 3 8.8 
Neutralization 

(3) 2 8.2 

 

Finally, protocol was transferred to small scale for colony PCR, using only 27 µL of solution 

(1), 3 µL of solution (2) and 5 µL of solution (3). Afterwards, 1 µL of the lysis mixture was used 

in a 20 µL PCR reaction. As example, the use of this protocol yielded clear bands for all tested 

clones (Figure 14). This procedure was applied throughout this work.  
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Figure 14: Colony PCR. Spores were treated as described and used as PCR template. The expected fragment 
size was 625bp. It was amplified from gDNA of S. albus after the integration of plasmid pBT1H using the primers 

IntBT1_Lv1-4_ch2_F and IntBT1_Salb_ch2_R. 
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4.2 Nybomycin extraction and quantification 

For reproducible and reliable nybomycin analysis, the extraction, and the subsequent 

quantification of the nybomycin displayed crucial steps. The extraction of natural products from 

culture broth, supernatant, and biomass is commonly conducted by extraction, using organic 

solvents (Rodriguez Estevez et al., 2018). Different to previous work, ethyl acetate was 

replaced by n-butanol as the solvent because of higher efficiency (personal communication 

Marta Rodriguez-Estevez, Andriy Luzhetskyy, Pharmaceutical Biotechnology, Saarland 

University). Additionally, the volumetric ratio of n-butanol to culture broth was increased from 

1:1 to 3:1. First efforts yielded, however, unreproducible results with deviations between 

technical replicates. To overcome this problem, multiple extraction steps (up to three) were 

conducted and separately evaluated. In the first extraction step, the culture broth was mixed 

with n-butanol. After incubation and centrifugation, the organic phase was collected. In the 

second extraction step, n-butanol was mixed with the remaining aqueous phase, following 

collection of the organic phase. This was repeated in the third extraction step. Subsequent 

measurement revealed that 82 % of the nybomycin was extracted during the first extraction 

step. In the second and third extraction step, 15 % and 3% of nybomycin were found, 

respectively (Figure 15). Obviously, single extraction resulted in incomplete recovery of the 

product, making a second extraction inevitable. However, the cost-benefit relation for a third 

extraction seemed not reasonable. Finally, the use of n-butanol, the increases of volumetric 

ratio of n-butanol to broth to 3:1, and two extraction steps were found useful and reliable and 

used further on.  
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Figure 15: Nybomycin distribution among multistep solvent extraction process. The data represent mean 

values and corresponding standard deviations from three biological replicates. 

 

For nybomycin quantification, liquid chromatography coupled to mass spectrometry (LC-MS) 

was used, including an 18-minute-long chromatographic separation (Rodriguez Estevez et al., 

2018). As described in the previous protocol, the injection volume (1 µL) and the eluents (A, 

0.1 % formic acid in MQ water; B, 0.1 % formic acid in acetonitrile) were maintained but small 

changes in the flow rate, gradient and runtime were introduced to optimize the analysis. The 

flow rate was reduced from 0.6 mL min-1 to 0.5 mL min-1 to reduce the column pressure to 

maximal 620 bar and thus, the danger to exceed the pressure limit of the column (1000 bar). 

The process time was reduced to 7 minutes by concurrent adaptation of the gradient (Figure 

16). Starting with 10% organic eluent B allowed almost complete binding of the analytes for 

0.5 minutes. An increase of eluent B to 50% within 2.5 minutes, during which nybomycin was 
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eluted after around 2.2 minutes, allowed appropriate separation of the product from other 

extracted compounds, followed by an equilibration step (gradient to 90% eluent B) for 1 minute, 

and a subsequent gradient to 10% eluent B within 1 minute and 2 minutes of equilibration. 

Pure nybomycin (Cayman Chemical) was used to for method establishment (Figure 17A). 

Extracts, obtained from culture broth of S. albus 4N24 were used for validation of the method 

(Figure 17B).  

 

 

Figure 16: Gradient profile of eluent A and eluent B for nybomycin analysis using LC-MS.   
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Figure 17: LC-MS chromatogram of the optimized nybomycin analysis procedure. Extracted chromatograms 

of m/z 299.10 Da (nybomycin) for the pure substance supplied from Cayman chemical (A) and n-butanol extracted 

sample from strain S. albus 4N24 grown in minimal mannitol medium (B). 
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4.3 Nybomycin production in the basic producer S. albus 4N24 

The heterologous production of nybomycin in S. albus 4N24, grown in complex medium was 

described recently (Rodriguez Estevez et al., 2018). In our study, a defined medium using 

mannitol as sole carbon source was chosen, which promised to avoid unresolvable cellular 

responses that would have likely resulted from undefined complex medium ingredients 

(Schwechheimer et al., 2018a; Schwechheimer et al., 2018b) and facilitate the elucidation of 

the planned metabolic engineering efforts (Gläser et al., 2021).  

S. albus 4N24 was grown in shake flasks. Over 275 h, S. albus 4N24 formed 860 µg L-1 of 

nybomycin when grown in minimal medium (Figure 18). Once inoculated, the cells started to 

grow exponentially with a specific growth rate µ of 0.1 h-1, while co-consuming mannitol, 

ammonium, and phosphate. Within 24 h, the supplemented phosphate was depleted. The 

incipient phosphate limitation caused an immediate slowdown of growth. The cell 

concentration increased further until mannitol was exhausted after 32 h which caused a growth 

stop. Interestingly, nybomycin was detectable already during the growth phase, different to 

most secondary metabolites being exclusively producing in the stationary phase (Kuhl et al., 

2020; Ruiz et al., 2010; Seyedsayamdost, 2019). The production start was likely triggered by 

the simultaneously occurring phosphate limitation (Gläser et al., 2021). Taken together, 20% 

of nybomycin was formed during the growth phase. The stationary phase turned out to be the 

major phase of production (80%) (Figure 18). During growth, the pH dropped to around 6, 

which is easily tolerable for the cells, however, stabilized around pH 7 in the stationary phase. 
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Figure 18: Cultivation time profile of the basic producer strain S. albus 4N24. The data comprise the cultivation 

profile of strain S. albus 4N24 grown in minimal mannitol medium including analysis of OD600 (open squares, upper 

panel), nybomycin (yellow circles, upper panel), mannitol (solid triangles, upper panel), phosphate (open squares, 

lower panel), ammonium (open circles, lower panel) and pH (solid squares, lower panel). The data represent mean 
values and corresponding standard deviations from three biological replicates. 

 

To localize the product during the cultivation, biomass and supernatant were analyzed 

separately. Prior to extraction, the cell pellet was resuspended in 1x PBS to mimic identical 

starting conditions. During extraction, both phases, organic and aqueous, were measured 

individually. Nybomycin was found in the supernatant with 68.6 %, while 9.2 % were found in 

the aqueous phase (Figure 19). In total 31.4 % were found in the biomass, split into 24.4 % 

and 7.0 % in organic and aqueous phase, respectively. The export mechanism is not fully 

described yet, however, a cluster-situated exporter, encoded by nybV, might play a crucial role 

in export. Nevertheless, cell lysis during growth, causing an unintended release of nybomycin 

into culture broth, may also contribute. Transporter proteins for certain secondary metabolites, 
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however, are often located within their corresponding BGCs such as for pamamycin (Rebets 

et al., 2015), moenomycin (Ostash et al., 2012) and balhimycin (Menges et al., 2007). 

Naturally, passive diffusion across the cell wall of small molecules is possible, however, has 

not been described for nybomycin, so far. It remains unclear, why, despite the existence of a 

nybomycin exporter, around 30 % of nybomycin are not found in the biomass. One possible 

explanation is an insufficient export capacity. However, titers are still in mg L-1 scale, making 

this assumption questionable. On the other hand, it is possible, that the product is indeed 

exported, but will stick to the cell wall rather than dissolving in the aqueous supernatant. 

Nonetheless, it is worth trying to improve nybomycin export by overexpression of the known 

transporter nybV. 

 

 

Figure 19: Localization of nybomycin in S. albus 4N24 during batch cultivation. The data represent the 
separate inspection of supernatant and biomass regarding to nybomycin analysis as well as nybomycin distribution 

among organic and aqueous phase during solvent extraction process. The data represent mean values and 

corresponding standard deviations from three biological replicates.   
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4.4 Systems metabolic engineering of S. albus 4N24: Precursor supply, flux 

channeling and deregulation 

 

 

Figure 20: Metabolic pathway design to produce nybomycin in Streptomyces albus Del14. The overview 
illustrates the targets of the stepwise metabolic engineering in the primary metabolism including EMP and PP 

pathways (blue), shikimic acid pathway (light blue), supplying precursors for biosynthesis of the secondary 

metabolite nybomycin (yellow).  
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Figure 21: Overview of engineered 1st, 2nd, 3rd, 4th, 5th, 6th, 7th, 8th, 9th, 10th and 11th generation S. albus 4N24 
strains by its genetic characteristics. Genetic changes for each producer implanted into the primary metabolism 

(carbon core metabolism, synthesis of the precursor shikimic acid, supply of CoA thioester precursors) and the 

secondary metabolism (nybomycin biosynthesis, regulation, and export), respectively. All changes were 
implemented stepwise into the chromosome of the basic nybomycin producer S. albus 4N24 that had been 

previously derived upon heterologous expression of the nybomycin gene cluster from S. albus subsp. chlorinus 

(Rodriguez Estevez et al., 2018). Further details on the created strains can be found in chapters 4.4.1 - 4.6.3.  
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4.4.1 Targeted expression of PP and SA pathway genes 

Nybomycin biosynthesis starts from E4P and PEP while the PP pathway and, further 

downstream, the SA pathway, supplied all carbon to form 2,6-diaminophenol, the centrepiece 

of nybomycin (Figure 6). In a first metabolic engineering step, two native PP pathway genes 

were selected for overexpression to explore the potential of an enhanced precursor supply: tkt 

(encoding transketolase A in the reversible branch) and zwf2 (encoding glucose 6-phosphate 

dehydrogenase in the oxidative branch) (Figure 20). The overexpression of each gene had 

previously proven efficient to (i) increase the PP pathway flux in the actinobacterium C. 

glutamicum (Becker et al., 2007; Becker et al., 2011) and (ii) the formation of PP pathway-

based natural products, including violacein and deoxyviolacein in E. coli (Rodrigues et al., 

2013) and FK506 in S. tsukubaensis (Huang et al., 2013a). The genes were separately 

integrated each under control of the strong constitutive promotor PermE* (Garcia-Gutierrez et 

al., 2020) into the chromosome of S. albus 4N24, leading to strains NYB-1A (4N24 PermE* tkt) 

and NYB-1B (4N24 PermE* zwf2) (Figure 21). 

 

 

Figure 22: Time profiles for growth and nybomycin production of engineered 1st generation strains. The 

data represent OD600 (open squares) and nybomycin titer (yellow circles) of tkt (NYB-1A) and zwf2 (NYB-1B) 

expressing strains driven by PermE* grown in minimal mannitol medium. The dashed yellow lines indicate the 
nybomycin titer of the basic producer S. albus 4N24. The data shows mean values and corresponding standard 

deviations from three biological replicates.  
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Both mutant strains exhibited similar growth compared to the reference strain in minimal 

medium containing mannitol as carbon source, but none was found improved in nybomycin 

production. NYB-1A reached a nybomycin titer 760 µg L-1 (Figure 22A), whereas NYB-1B 

produced 860 µg L-1 (Figure 22B).  

Next, flux through the shikimic acid pathway was targeted for improvement. To this end, the 

aro IS187C gene from C. glutamicum was selected for heterologous expression in S. albus 4N24. 

The gene encoded a feedback-resistant DAHP synthase (aro type-I DS) from the SA pathway, 

which had been successfully used to increase aromatic amino acid biosynthesis (Liao et al., 

2001). (Figure 20, Figure 21). The constructed strain NYB-1C (4N24 PermE* aro IS187C), 

however, did not differ in nybomycin production too (data not shown).  

Two possibilities arose to explain the somewhat surprising lack of improvement in the three 

strains NYB-1A, NYB-1B, and NYB-1C: (i) insufficient expression of the target genes and/or 

(ii) independence of nybomycin formation from precursor supply. Regarding the first, PermE* 

represented a well-known promotor which had been successfully used many times to drive 

gene expression in Streptomyces (Chen et al., 2012; Huo et al., 2012; Kallifidas et al., 2018; 

Lu et al., 2016; Ma et al., 2020; Mo et al., 2019; van Wezel et al., 2000). However, as promoters 

can vary in their strength depending on the conditions and appropriate promoter functionality 

was crucial for successful strain engineering, experimental benchmarking of PermE* was 

necessary. 

4.4.2 Evaluation of expression dynamics of PermE* 

For this purpose, the reporter strain S. albus RFP-1 (4N24 PermE* mCherry) was constructed. 

The construct was integrated into the chromosome using the phiBT1 integration site, resulting 

in the expression of mCherry under control of PermE*. (Figure 24A). Most previous studies on 

promotor strength in Streptomyces relied on end-point measurement of expression (Bibb et 

al., 1994; Seghezzi et al., 2011; Siegl et al., 2013). However, S. albus exhibited distinct 

dynamics in nybomycin production (Figure 18) so that it appeared important to measure gene 

expression dynamically as well. The obtained reporter strain was therefore analysed on-line 

for growth and fluorescence (Kohlstedt et al., 2018). Interestingly, mCherry was found to be 
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exclusively expressed during the first 40 h of cultivation, i. e. during the phase of cell growth 

(Figure 23). The fluorescence remained unchanged during the entire stationary phase, 

revealing a previously overlooked dependence of PermE* activity on the growth status of S. albus 

(Myronovskyi and Luzhetskyy, 2016). In terms of nybomycin production, which in S. albus 

predominantly occurred in stationary phase, the dynamic expression pattern of PermE* appeared 

unfavorable, as it resulted in a temporal mismatch of the expression of target genes with the 

major phase of production, in which the precursors would have been needed.  

 

 

Figure 23: Benchmarking PermE* by online monitoring of fluorescence signal. The data show time profiles for 

biomass (open triangles) and fluorescence signal (red squares) of strain S. albus RFP-1 grown in minimal mannitol 
medium using microplate-based microbioreactor. The dashed red line illustrates the background signal of the 

reference strain S. albus 4N24. The data represent mean values and corresponding standard deviations from three 

biological replicates. 
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4.5 Identification of a suitable promoter systems 

4.5.1 Promoter screening for production-associated gene expression 

In a next step, superior promotors to drive production-associated gene expression were 

searched. Seven alternative promotors were selected: the thiostrepton-inducible promotor PtipA 

conferring substantial uninduced activity (Myronovskyi and Luzhetskyy, 2016), the synthetic 

promoter P21 (Siegl et al., 2013), the constitutive phage-derived promotor PSF14 (Labes et al., 

1997) as well as the deregulated promotor variant PkasOP* and its synthetic derivatives PSP41, 

PSP43, and PSP44 (Bai et al., 2015) (Figure 24A). Each promotor was cloned in front of mCherry, 

and the respective plasmids were integrated into the chromosome of S. albus, yielding the 

reporter strains RFP-2 to RFP-8 (Figure 24A, Table 2). They were all characterized for 

dynamic expression strength. The promotors differed strongly in their dynamic expression 

pattern (Figure 24B). PtipA appeared inactive throughout the entire culture, indicating that 

uninduced activity was insignificant, different from previous observations (Myronovskyi and 

Luzhetskyy, 2016). PSF14 was found weaker than PermE*, the opposite of what had been 

observed in S. lividans (Labes et al., 1997) underlining the importance of case specific 

evaluation. P21 was similarly strong as PermE*. The activity of P21 and PSF14 was almost entirely 

restricted to the growth phase (Figure 24C). None of these alternative promotors appeared 

useful to drive precursor supply for nybomycin production.  

This picture completely changed, when analysing the PkasOP* -based promotors. The two 

variants PSP43 and PSP44 were found three-fold more active than PermE* based on final 

fluorescence (Figure 24B). PkasOP* and its synthetic derivative PSP41 were the two best 

promotors, exhibiting the highest overall activity (seven-fold higher than PermE*) and, 

importantly, a constantly high expression throughout the whole culture process, including the 

stationary phase, in which most of the nybomycin was made (Figure 24C).  
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Figure 24: Evaluation of heterologous promotors for expression efficiency in S. albus 4N24 during the 
nybomycin production process. Features of the tested promoters and genetic design of mCherry-based 

fluorescent reporter constructs (A). The data represent dynamics of mCherry expression of reporter strains RFP-1 

to RPF-8 in minimal mannitol medium using microplate-based microbioreactor. The vertical dashed line represents 
the transition from growth to stationary phase (B). Time-resolved expression strength during the growth and the 

stationary phase. The vertical dashed line represents the background fluorescence signal of the reference strain S. 

albus 4N24 (C). The data represent mean values and corresponding standard deviations from three biological 

replicates. 

 

4.5.2 Tailor-made gene overexpression by the synthetic PkasOP* 

The best promotor PkasOP* was used to overexpress tkt and zwf2 for enhanced supply of the 

PP pathway intermediate E4P, again through implementation both genes individually (Figure 

21). Favorably, the two mutants NYB-2A (4N24 PkasOP* tkt) and NYB-2B (4N24 PkasOP* zwf2) 

accumulated 29% and 31% more nybomycin, i. e. 1,071 and 1,093 µg L-1, respectively (Figure 

25AB, Figure 33A). At the same time, the maximum specific nybomycin production rate was 

increased up to 50% (Figure 33B). The significant improvement was important in two aspects. 
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It revealed that the synthesis of nybomycin was limited by the supply of its central carbon 

moiety and, moreover, proved the high value of PkasOP* for tailor-made gene expression of 

production-supporting genes. 

 

 

Figure 25: Time profiles for growth and nybomycin production of engineered 2nd generation strains. The 

data represent OD600 (open squares) and nybomycin titer (yellow circles) of tkt (NYB-2A) (A) and zwf2 (NYB-2B) 
(B) expressing strains driven by PkasOP* grown in minimal mannitol medium. The dashed yellow lines indicate the 

nybomycin titer of the basic producer S. albus 4N24. The data represent mean values and corresponding standard 

deviations from three biological replicates. 

 

Next, DAHP synthase (DS) emerged as relevant point of control (Figure 20) (Sander et al., 

2019), given its impact on the formation of SA pathway-based products, such as salvianic acid 

(Yao et al., 2013), violacein (Rodrigues et al., 2013), caffeic acid (Zhang and Stephanopoulos, 

2013), and avenanthramides (Eudes et al., 2013). To overcome a potential limitation at this 

step, PkasOP* was used to heterologously express genes from two different donors that encoded 

feedback-resistant variants of the enzyme: aroGD146N (NYB-2D) from E. coli (Kikuchi et al., 

1997) and aro IS187C (NCgl0950, NYB-2E) from C. glutamicum (Liao et al., 2001) (Figure 21). 

Beneficially, the mutants achieved a 20% higher nybomycin titer and a 15% increased 

productivity (Figure 26AB, Figure 33). Interestingly, the nyb cluster itself also comprised a 

DS-encoding gene, namely nybF. Overexpressing this gene resulted in a further increased titer 

(1,160 µg L-1) in the new strain NYB-2F (Figure 26C). The volumetric productivity was 

increased even by 40% (Figure 33).  
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Figure 26: Time profiles for growth and nybomycin production of engineered 2nd generation strains. The 

data shows OD600 (open squares) and nybomycin titer (yellow circles) of aroGD146N from E. coli (NYB-2D) (A), aro 

IS187C from C. glutamicum (NYB-2E) (B) and nybF (NYB-2F) (C) expressing strains driven by PkasOP* grown in 
minimal mannitol medium. The dashed yellow lines indicate the nybomycin titer of the basic producer S. albus 4N24. 

The data represent mean values and corresponding standard deviations from three biological replicates. 

 

This extra improvement was eventually caused by better expression of the GC-rich nybF gene 

(75%), probably due to its more suited codon usage (Rohles et al., 2022; Weiland et al., 2023) 

or by superior kinetics of the NybF protein. The aligned amino acid sequences revealed 52 % 

identity between AroG and Aro I (95% coverage), while almost no conserved regions of AroG 

and Aro I were detected with NybF (Figure 27A). Obviously, NybF differed substantially from 

the other enzymes. However, C. glutamicum possesses another DAHP synthase, denoted Aro 

II (NCgl2098) (Ikeda, 2006), a plant-like type II DAHP synthase (Walker et al., 1996). 

Interestingly, NybF revealed 37% similarity to Aro II (91% coverage) (Figure 27A). So far, 

metabolic engineering for the production of aromatic amino acids and related derivatives, 

commonly recruited type I feedback-resistant enzyme variants from E. coli (AroG, AroF, AroH) 

or C. glutamicum (Aro I) (Rodriguez et al., 2014), where it seems that type II enzymes were 
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largely neglected. Based on our findings, however, type II DAHP synthases seem to deserve 

a closer look for future metabolic and enzyme engineering to overproduce aromatic amino 

acids and related derivatives. 

 

 

Figure 27: Protein sequence alignments of DAHP synthases from Streptomyces, C. glutamicum and E. coli. 
Alignment of NybF (S. albus subsp. Chlorinus), AroGD146N (E. coli) and Aro IS187C (C. glutamicum) (A). Alignment of 

NybF (S. albus subsp. Chlorinus), Aro IS187C (C. glutamicum) and Aro II (C. glutamicum) (B). 

 

Next, re-direction of PEP from the EMP pathway towards nybomycin production was aimed 

(Figure 6, Figure 20). To this end, the gene ppc, coding for PEP-consuming 

phosphoenolpyruvate carboxylase was deleted in-frame in the genome of S. albus, resulting 

in strain NYB-2C (4N24 Dppc). The deletion strain, however, needed almost 100 h to reach 

the maximum cell concentration (Figure 28A), while producing almost two-fold less nybomycin 
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(470 µg L-1) (Figure 28A, Figure 33A). When growing NYB-2C in a complex DNPM medium, 

the growth retardation could be partially recovered but nybomycin production remained far 

below that of the parent strain (Figure 28B). Previously, a Dppc mutant of Corynebacterium 

glutamicum was not affected in growth on minimal media (Peters-Wendisch et al., 1993). In 

addition, the deletion of ppc in S. tsukubaensis affected growth on complex medium only 

slightly (Huang et al., 2013a). Genetically, the three strains comprised the same set of 

enzymes around the pyruvate node, namely pyruvate carboxylase, phosphoenolpyruvate 

carboxylase, pyruvate kinase, phosphoenolpyruvate carboxykinase, and malic enzyme, 

offering the same options to redirect fluxes upon genetic perturbation (Becker et al., 2008; 

Huang et al., 2013a; Meza et al., 2012). A possible explanation for the different behaviour 

could be the used carbon sources, i. e. mannitol on one hand (this work) and, on the other 

hand, glucose (Peters-Wendisch et al., 1993). Mannitol-grown actinobacteria exhibit a highly 

different intracellular flux distribution as compared to glucose (Hoffmann et al., 2018; Hoffmann 

et al., 2021), and, therefore, might respond differently to the absence of ppc. What remained 

unclear, however, was the reason for the negative effect of the ppc deletion on nybomycin 

production. Previously, increased production of FK506 (built from chorismic acid as precursor) 

was observed in a ppc deletion mutant of S. tsukubaensis (Huang et al., 2013a). More work 

would be needed to understand the underlying effects better.  

 

 
Figure 28: Time profiles for growth and nybomycin production of engineered NYB-2C strain. The data 

represent OD600 (open squares) and nybomycin titer (yellow circles) of Δppc (NYB-2C) deletion strain grown in 
minimal mannitol medium (A) and complex DNP medium (B). The dashed yellow lines indicate the nybomycin titer 

of the basic producer S. albus 4N24. The data represent mean values and corresponding standard deviations from 

three biological replicates. 
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Next, focus was on the nybomycin biosynthetic pathway. Spurred by the fact that nybomycin 

production could be driven by enhanced precursor supply (Figure 25, Figure 26), 

overexpression of nybM, encoding acetoacetyl-CoA synthase which supplied two acetoacetyl-

CoA residues to assemble the nybomycin core (Figure 6, Figure 20, Figure 21), was targeted. 

The created strain NYB-3A (4N24 PkasOP* nybM), however, formed only 300 µg L-1 of the 

antibiotic, almost three-fold less than the basic producer (Figure 29A, Figure 33). 

Furthermore, the mutant was heavily impaired in vitality, growing much slower, compared to 

the basic strain (Figure 29A). Previously, the overexpression of acetoacetyl-CoA synthase in 

S. cerevisiae resulted in a similar phenotype in the way that it did not increase (acetoacetyl-

CoA-based) sesquiterpene production, and it was concluded that the advanced supply of 

acetoacetyl-CoA could potentially stimulate its thiolysis and result in a futile cycle (Tippmann 

et al., 2017). In this regard, acetoacetyl-CoA synthase overexpression in NYB-3A might have 

affected the availability of malonyl-CoA, a key precursor of native fatty acid biosynthesis that 

requires fine-tuned balancing to avoid limiting and even toxic effects (Pizer et al., 2000).  

Furthermore, the nybomycin cluster contained nybV, encoding for a putative transporter. As 

shown in parallel studies, the deletion of this gene reduced nybomycin formation in S. albus 

4N24 (personal communication Marta Rodriguez-Estevez, Andriy Luzhetskyy, Pharmaceutical 

Biotechnology, Saarland University). Therefore, enhanced product export was aimed for. To 

this end, the nybV overexpressing strain NYB-3B was generated (4N24 PkasOP* nybV). 

However, the transporter mutant showed weak growth and low nybomycin production (Figure 

29B, Figure 33A). This finding differed from previous examples that reported increased 

production of tetracycline (Yin et al., 2017), pristinamycin (Jin et al., 2010), and avermectin 

(Qiu et al., 2011) in strains with increased export capacity. On the other hand, increased 

abundance of native and heterologous transporters has been shown to potentially reduce the 

integrity of the cell membrane and thus cell viability (Wagner et al., 2007), particularly when 

the protein of interest was overexpressed at high level (Kind et al., 2011; Rohles et al., 2022). 

Taken together, none of the two targets appeared useful for further engineering of S. albus.  
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Figure 29: Time profiles for growth and nybomycin production of engineered 3rd generation strains. The 

data represents OD600 (open squares) and nybomycin titer (yellow circles) of nybM (NYB-3A) (A) and nybV (NYB-

3B) (B) expressing strains driven by PkasOP* grown in minimal mannitol medium. The dashed yellow lines indicate 
the nybomycin titer of the basic producer S. albus 4N24. The data represent mean values and corresponding 

standard deviations from three biological replicates. 
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4.6 Combinatorial effects of genes promoting nybomycin production 

4.6.1 Synergistic impact of tkt, zwf and nybF expression  

As shown, individual overexpression of the native genes tkt, and zwf2, and the heterologous 

genes aroGD146N (E. coli), aro IS187C (C. glutamicum), and nybF (S. albus, subsp. chlorinus), 

allowed to enhance nybomycin production, while other targets failed. Based on these findings, 

a combination of beneficial targets could enable further improvement. Hereby, focus was 

placed on complementary combinations of tkt, zwf2, and nybF, and double combinations and 

the triple combination were created, yielding strains NYB-4A (PkasOP* tkt zwf2), NYB-4B (PkasOP* 

nybF zwf2), NYB-4C (PkasOP* nybF tkt), and NYB-4D (PkasOP* nybF tkt zwf2) (Figure 21). The 

double combination mutants enabled substantial improvement in terms of titer and productivity. 

The co-expression of nybF with a PP pathway gene was most successful. It resulted in almost 

two-fold more nybomycin in strains NYB-4B (1,644 µg L-1) and NYB-4C (1,638 µg L-1) as 

compared to the basic producer (Figure 30BC, Figure 33A). The corresponding increase in 

maximum productivity was even three-fold (NYB-4B) and four-fold (NYB-4C) (Figure 33B). 

Notably, the combinatorial effects for the two strains were more than additive. As example, the 

titer increase for the NYB-4B strain was more than 50% higher (+779 µg L-1) than the sum of 

the increase observed for the single overexpression strains (+511 µg L-1). The co-expression 

of two PP pathway genes tkt and zwf2 in strain NYB-4A, yielded 1,3347 µg L-1 (Figure 30A). 

Surprisingly, the triple mutant (NYB-4D) that overexpressed nybF, tkt and zwf2, revealed weak 

performance (Figure 30D), and was even less efficient than the basic producer, although its 

growth was unchanged. Eventually, the combined effects were too strong and caused an 

imbalance in metabolism, as observed before. Similarly, previous metabolic engineering efforts 

caused unforeseen effects on antibiotic formation and sporulation in S. lividans due to high 

intracellular NADPH levels (Jin et al., 2017).  
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Figure 30: Time profiles for growth and nybomycin production of engineered combinatorial 4th generation 
strains. The data show OD600 (open squares) and nybomycin titer (yellow circles) of tkt zwf2 (NYB-4A) (A), nybF 

zwf (NYB-4B) (B), nybF tkt (NYB-4C) (C) and nybF tkt zwf2 (NYB-4D) (D) expressing strains driven by PkasOP* grown 
in minimal mannitol medium. The dashed yellow lines indicate the nybomycin titer of the basic producer S. albus 

4N24. The data represent mean values and corresponding standard deviations from three biological replicates. 

 

4.6.2 Influence of regulator nybW on nybomycin titer and productivity 

As shown, metabolic engineering efforts that were directed to individual steps of the terminal 

assembly of nybomycin, failed to provide the product at higher level (Figure 20, Figure 33). It 

was hypothesized that the nybomycin pathway might require a balanced expression of its 

different genes to achieve increased flux, as previously observed during metabolic engineering 

of other microbial biosynthetic routes (Giesselmann et al., 2019; Jones et al., 2015). For 

coordinated activation, biosynthetic gene clusters for natural products typically contain specific 

regulator genes (Bednarz et al., 2019; Liu et al., 2013; Schwentner et al., 2019) and the 

removal of such regulatory elements had been found helpful to overproduce the antibiotics 

daptomycin (Mao et al., 2017) and chromomycin (Sun et al., 2018), respectively. 
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Previously, nybW had been suggested as a potential regulatory element of the nybomycin 

pathway, based on sequence homology (Rodriguez Estevez et al., 2018). Interestingly, the 

deletion of nybW had enabled slightly improved nybomycin production during qualitative 

inspection for functional characterization of the cluster (Figure 5A). Therefore, the regulator 

deficient mutant S. albus NYB-5 (4N24 ∆nybW) was constructed (Figure 21). When grown on 

the minimal mannitol medium, strain NYB-5 achieved a nybomycin titer of 1,418 µg L-1, 70% 

more than the basic strain (Figure 31). Hereby, the strain grew well, indicating that the genetic 

modification did not interfere with vitality. The biggest change in the mutant, however, was a 

drastically accelerated production. Nybomycin formation started much earlier, while cells were 

still growing, resulting in a production rate that was higher than that of all other strains (Figure 

31, Figure 33). While the basic strain produced nybomycin mainly in the stationary phase, the 

regulatory mutant accumulated the product in both phases, regardless of the growth state. The 

maximum titer could therefore be reached already after 125 h, offering to strongly shorten the 

overall process. This acceleration appeared useful, as secondary metabolites are produced 

mainly in the late growth or stationary phase (Ferraiuolo et al., 2021) so that the industrial 

processes using Streptomyces are usually very long and result in low productivities (Pereira 

et al., 2008).  
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Figure 31: Time profile for growth and nybomycin production of engineered 5th generation strain NYB-5. 
The data represent OD600 (open squares) and nybomycin titer (yellow circles) of 4N24 ΔnybW (NYB-5) grown in 

minimal mannitol medium. The solid and dashed yellow lines indicate the nybomycin production profile and the final 
nybomycin titer of the basic producer S. albus 4N24, respectively. The data represent mean values and 

corresponding standard deviations from three biological replicates. 

 

4.6.3 Benefits of combining primary metabolism engineering and cluster deregulation  

Subsequently, the ∆nybW mutation was combined with all other high-performance targets. A 

set of sixth generation producers was constructed, comprising three-target combinations, i. e. 

NYB-6A (4N24 ∆nybW PkasOP* tkt zwf2), NYB-6B (4N24 ∆nybW PkasOP* nybF zwf2), and NYB-

6C (∆nybW PkasOP* nybF tkt). The ∆nybW modification massively increased the productivity in 

all strains, revealing beneficial synergetic effects of the targets (Figure 33B). Hereby, strains 

NYB-6B and NYB-6C achieved the highest titer (Figure 32BC, Figure 33A). All three mutants 

showed the favourable growth state-decoupled production phenotype. A quadruple mutant, 

namely NYB-7 (4N24 ∆nybW PkasOP* nybF tkt zwf2) was constructed as well. Nybomycin 

production in this strain, however, was almost abandoned (70 µg L-1) (Figure 32D, Figure 

33A). Obviously, the growth-deficiency of the parent strain NYB-4D could not be rescued by 

deletion of the regulator. In comparison to the basic strain, the two best producers NYB-6B 
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and NYB-6C formed the reverse antibiotic at almost two-fold higher titer and up to seven-fold 

higher productivity. Taken together, systems metabolic engineering of S. albus 4N24 through 

several cycles of optimization, substantially upgraded nybomycin production.  

 

 

Figure 32: Time profiles for growth and nybomycin production of engineered 6th and 7th generation strains. 
The data represent OD600 (open squares) and nybomycin titer (yellow circles) of tkt zwf2 (NYB-6A) (A), nybF zwf 

(NYB-6B) (B), nybF tkt (NYB-6C) (C) and nybF tkt zwf2 (NYB-7) (D) expressing ΔnybW strains driven by PkasOP* 
grown in minimal mannitol medium. The dashed yellow lines indicate the nybomycin titer of the basic producer S. 

albus 4N24. The data represent mean values and corresponding standard deviations from three biological 

replicates. 
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Figure 33: Overview of nybomycin titer and maximal volumetric productivity of generated strains. The data 

display nybomycin titer split in production during growth (light yellow) and stationary phase (yellow) (A) and maximal 

volumetric productivity (B) of all engineered S. albus strains grown in minimal mannitol medium with 10 g L-1 
mannitol. Black dashed line indicates the respective reference values for the basic producer strain S. albus 4N24 

in the same culture conditions. The data represent mean values and corresponding standard deviations from three 

biological replicates. 
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4.7 Optimization of the production process 

S. albus NYB-6B was chosen to benchmark the achieved performance. First, a dextrin-based 

DNP medium, a complex mixture that is commonly chosen for natural product formation in 

Streptomyces (Ahmed et al., 2020; Paulus et al., 2022; Rodríguez Estévez et al., 2020), 

including the previous production of nybomycin in S. albus 4N24 (Rodriguez Estevez et al., 

2018) was used. When grown on a formulation with 40 g L-1 of dextrin (DNP40), the NYB-6B 

overproducer formed 4.1 mg L-1 of nybomycin, almost 60% more than the basic strain (Figure 

34B). Interestingly, the production mainly occurred during the initial growth phase. The use of 

an increased dextrin level (75 g L-1, DNP75) resulted in a prolongation of production and a final 

nybomycin titer of 5.5 mg L.1 (Figure 34C).  

 

 
Figure 34: Time profiles for growth and nybomycin production of S. albus 4N24 and engineered NYB-6B 
strains in complex medium. The data outline OD600 (open squares) and nybomycin titer (yellow circles) of the 

basic producer strain (S. albus 4N24, DNP40) (A) and the nybF zwf (NYB-6B) expressing strain with deletion of 
nybW in DNP40 (B) and DNP75 (C) medium, respectively. The dashed yellow lines indicate the nybomycin titer of 

the basic producer S. albus 4N24. The data represent mean values and corresponding standard deviations from 

three biological replicates. 



Results and Discussion 

75 

 

Next, the strain was studied on the minimal medium formulation at increased initial mannitol 

(25 g L-1, 50 g L-1, 75 g L-1) and phosphate levels (1.0 g L-1, 2.0 g L-1, 3.0 g L-1) (Figure 35). 

The recombinant strain performed well in all set-ups and reached a final nybomycin titer of 7.2 

mg L-1 (7,185 µg L-1) for the highest substrate level tested, reflecting an overall 8.3-fold 

improvement of production. The higher the initial concentration of mannitol, the longer the 

nybomycin production was sustained and the higher was the final titer. Admittedly, growth of 

the cells was slightly delayed when using 75 g L-1 mannitol, so that the production required 

about 200 h. At 25 and 50 g L-1 mannitol, growth was not affected, and biomass was built up 

quickly, until mannitol was completely consumed. Accordingly, the maximum titer was reached 

earlier, resulting in a substantially higher maximum productivity (Figure 33). Notably in all 

cases, the product was already formed in the presence of phosphate; the deregulated cluster 

expression enabled this superior production phenotype.  
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Figure 35: Cultivation time profiles of the engineered top producer strain NYB-6B in optimized minimal mannitol medium. The data represent strain NYB-6B grown in 
minimal mannitol medium with adapted mannitol (25 g L-1, 50 g L-1 and 75 g L-1) and phosphate (1 g L-1, 2 g L-1 and 3 g L-1) concentrations including analysis of OD600 (open 

squares, upper panel), nybomycin (yellow circles, upper panel), mannitol (solid triangles, upper panel), phosphate (open squares, lower panel) and pH (solid squares, lower 

panel). The dashed yellow lines indicate the nybomycin titer of the basic producer S. albus 4N24 grown in minimal mannitol medium with common mannitol (10 g L-1) and 
phosphate (0.5 g L-1) concentrations. The data represent mean values and corresponding standard deviations from three biological replicates. 
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4.8 Transcriptomic insights 

4.8.1 Gene expression of S. albus 4N24 in the growth and the stationary phase 

Next, RNA sequencing of S. albus Del14 4N24 was conducted to shed light on the changes 

related to the shift from growth (13 h) to nybomycin production (70 h) (Figure 18), given the 

highly informative value of transcriptomic data to evaluate metabolically engineered strains 

(Kohlstedt et al., 2014; Kohlstedt et al., 2022; Schilling et al., 2007). The expression of 2044 

out of totally 5790 encoded genes (35.3 %) significantly differed between the growth and the 

production phase (log2-fold change ≥ 1, p ≤ 0.05), whereby 868 genes were found 

downregulated, and 1176 genes were found upregulated.  

Regarding the high-flux pathways of carbon core metabolism, precursor supply, and 

nybomycin biosynthesis, the analysis provided important insights (Figure 36). Expectable from 

the depletion of mannitol and the stop of growth, the cells downregulated genes encoding 

mannitol import and metabolization (up to log2-fold 5.7), the EMP pathway, and most TCA 

cycle enzymes during the stationary phase. This picture matched with related strains (Hwang 

et al., 2019; Lee et al., 2022). An interesting exception was the upregulation of genes encoding 

the succinate dehydrogenase complex II (5662, 5663, and 5664) and the upstream conversion 

of L-glutamate to succinate. The succinate dehydrogenase complex has a unique dual 

function, in that it converts succinate to fumarate in the TCA cycle and channels electrons to 

the respiratory chain (Huang and Millar, 2013; Park et al., 1995) thereby preventing the 

production of superoxide anion (O2−), an oxygen reactive species (Dalla Pozza et al., 2020; 

Hwang et al., 2014). Eventually, its upregulation was linked to protection. Furthermore, the 

cells activated catabolic routes for the degradation of branched-chain amino acids (L-valine, L-

leucine, L-isoleucine) and lipids, respectively (log2-fold up to 5.7), eventually to mobilize 

internal carbon (Gläser et al., 2021) (Figure 36). Notably, these pathways yielded acetyl-CoA 

as central intermediate (Fujita et al., 2007; Kaiser and Heinrichs, 2018; Massey et al., 1976; 

Pavoncello et al., 2022). In addition, the cells upregulated routes to synthetize acetoacetyl-

CoA from acetyl-CoA. Nybomycin biosynthesis required CoA-based carbon so that, overall, 

the activated acetyl-CoA supply appeared favorable. Eventually, it was even sufficient. This 
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would at least explain the fact, that the overexpression of nybM did not provide any 

improvement in production. In terms of precursor supply, however, genes encoding enzymes 

of the PP pathway and the shikimate and chorismate routes were found reduced in expression 

during the production phase (Figure 36), presumably limiting the supply of 4-aminoanthranilate 

for nybomycin biosynthesis (Figure 6). In this regard, the overexpression of zwf and tkt, as 

well as the DAHP-encoding variants aroGD146N, aro IS187C, and nybF, respectively, appeared as 

good choice to overcome the naturally occurring downregulation.  

The expression pattern of the nybomycin cluster, inspected next, was very surprising. The 

cluster was highly expressed during the non-producing growth phase and largely 

downregulated during the major nybomycin production phase. During the major production 

phase, almost all cluster genes were reduced in expression (log2-fold changes up to -3.4). 

except for nybV, encoding the nybomycin exporter, and the presumable regulators nybX, nybZ, 

and nybY. This diametral behavior appeared extremely unfavorable in terms of production 

performance. Typically, BGCs are activated when cells enter the stationary phase and start 

forming natural products, and this is regarded a major feature for high-level production (Bobek 

et al., 2021; Gramajo et al., 1993; Holt et al., 1992; Kormanec et al., 2014; Novakova et al., 

2022; Zhu et al., 2022). Regarding global regulation, genes encoding sigma factors and 

presumed regulators revealed complex changes over time, which mirrored the picture, 

observed for other S. albus Del14 derivatives (Gläser et al., 2021), when shifting from growth 

to the stationary phase (Table 8).  
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Figure 36: Dynamic gene expression changes of the basic nybomycin producer S. albus 4N24. The data 

reflect expression differences between the growth phase (13 h, used as reference) and the major nybomycin 

production phase (70 h) and include genes encoding enzymes of major catabolic and anabolic pathways, 
nybomycin biosynthesis, and precursor supply. Enzymes were assigned to certain reactions based on KEGG 

pathway maps and gene annotations, obtained during RNA sequencing. For all samples, the biological replicates 

clustered closely indicating an excellent data quality (Figure 62, Figure 63). The data represent mean values and 
corresponding standard deviations from three biological replicates. 

 

4.8.2 Transcriptomic changes of advanced nybomycin producers 

Next, the transcriptome in different producers was compared to trace effects that resulted from 

the successive rounds of strain engineering (Figure 37). To this end, a genealogy of three 

differently performing zwf-based mutants was performed: NYB-2B (zwf), NYB-4B (nybF zwf), 

and NYB-6B (ΔnybW nybF zwf). In addition, the tkt-based derivative NYB-6C (ΔnybW nybF 

tkt) was included, but to cut a long story short, it was almost identical to NYB-6B, except for 

the two differently engineered genes. Generally, targeted genes (nybF, zwf and tkt) were found 
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strongly overexpressed during the growth as well the production phase, unravelling that (i) the 

PkasOP* promotor reliably enabled increased expression and (ii) the genetic modifications indeed 

boosted increase nybomycin production. Based on these findings, its recommended to use the 

synthetic PkasOP* promotor and its derivatives (Figure 24) for metabolic engineering efforts in 

S. albus and related strains (Ahmed et al., 2020), which require growth-independent 

constitutive overexpression of target genes.  

Notably, the deletion of nybW increased the expression of several upstream cluster genes, 

namely nybQRSTUV, whereby the increase for nybUV was much higher than that of the other 

genes (Figure 37B). Within the cluster, the genes nybQRSTUV were transcribed in the same 

direction (Figure 4A), allowing the conclusion that their expression was under control of the 

NybW repressor.  

The expression data of the other 18 cluster genes during the major production phase were, 

however, surprising. Compared to the basic producer, the strains NYB-4B, NYB-6B, and NYB-

6C exhibited a strong down-regulation of these genes. This change indicated a serious 

bottleneck, limiting production. All advanced strains, for unknown reason, exhibited a slightly 

elevated expression of nybXYZ, encoding for two regulators (nybX, nybZ) and a small protein 

(87 AA) of unknown function (Figure 4A). Considering that the regulators were presumably 

repressors, their upregulation could have indeed caused the observed downregulation of most 

of the cluster genes, i. e. all genes that were not controlled by nybW. Interestingly, the single 

gene deletion strains nybX, nybY, and nybZ exhibited massively reduced nybomycin titers 

which, at first glance, seemed to rule out the elimination of the regulatory genes as a target for 

optimization (personal communication, Marta Rodriguez Estevez, Andriy Luzhetskyy, 

Pharmaceutical Biotechnology, Saarland University). The unraveled expression dynamics, 

however, indicated that the regulators acted together or depended on each other, so that the 

remaining repressor genes in single gene deletion mutants could have been still able to repress 

the cluster.  

On the other hand, the genetic modifications of the primary metabolism affected the expression 

of the correspondingly chosen target gene rather locally but did not cause broader effects, e. 

g. within the EMP and PP pathways, the TCA cycle, and related routes (Figure 37CDEF). This 
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observation implied that genes encoding enzymes, upstream or downstream of the modified 

step in the corresponding pathway, were sufficiently expressed to enable increased flux but 

still display promising targets for additional enhancement in the future (Becker et al., 2005; 

Buschke et al., 2013; Kind et al., 2010a; Rohles et al., 2016). 
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Figure 37: Global gene expression in different mutants of S. albus 4N24, metabolically engineered for nybomycin overproduction. The data reflect differences between the 

strains 4N24, NYB-2B, NYB-4B, NYM-6B, and NYB-6C during the growth phase (13 h) and the major nybomycin production phase (70 h). The data for the basic producer 4N24, 

analyzed after 13 h, are used as reference. The displayed genes include nybomycin biosynthesis (A, B), the Emden-Meyerhof-Parnas (EMP), the pentose phosphate (PP), and the 
shikimic acid (SA) pathways (C, D), as well as the TCA cycle and the reactions linked to the metabolism of CoA thioesters (E, F). Enzymes were assigned to certain reactions based 

on KEGG pathway maps and gene annotations, obtained during RNA sequencing. One should notice that (in the corresponding strains NYB-6B and NYB-6C) nybW was only partially 

deleted without affecting its promotor region to exclude neighboring effects. The detected nybW expression in NYB-6B and NYB-6C therefore proved the sustained activity of the 
promotor but did not reflect the expression of a functional NybW protein. The data represent mean values and corresponding standard deviations from three biological replicates. 
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4.9 Combinatorial engineering of primary and secondary metabolism 

To elucidate the control of the cluster, engineering its regulatory part in strain 4N24 was 

targeted. Therefore, the genes nybWX and nybWXYZ, respectively, were replaced by a 

kanamycin resistance gene. The new strains NYB-8 (4N24 ∆nybWX) and NYB-9 (4N24 

∆nybWXYZ) were grown in mannitol minimal medium, after verifying the correctness of the 

introduced mutations by PCR and sequencing. NYB-8 accumulated 1,990 µg L-1 of nybomycin, 

while NYB-9 formed even 2,533 µg L-1, up to three-fold more than the basic strain 4N24 (Figure 

38EF). Importantly, the data revealed that several regulators synergistically cooperated to 

control the expression of the cluster. The regulator NybW controlled the expression of 

nybQRSTUV, while the regulators encoded nybXYZ modulated the transcription of cluster 

genes further upstream. Therefore, the combined elimination of nybW plus nybX or nybW plus 

nybXYZ, respectively, was required to override the natural control and release the cluster from 

repression, whereas the single deletion of either nybW, nybX, nybY, or nybZ was not sufficient. 

Often, bacterial gene clusters contain several cluster-situated regulatory elements (Novakova 

et al., 2022; Sun et al., 2018; Zhu et al., 2017). The encoded multifunctional regulators can 

form a complex intricate regulatory network (Tsypik et al., 2021), as also observed here.  

Merging all the obtained knowledge, final combinations applying the optimized primary 

metabolic pathway layout with the optimized layout of the nybomycin biosynthetic pathway 

were created. To this end, the de-regulated cluster mutants NYB-8 and NYB-9 were equipped 

with the best targets from the primary metabolism. Transformation of NYB-8 and NYB-9 with 

the integrative plasmid pBT1H-kasOP*-nybF-zwf2 resulted in the new strains NYB-10 (4N24 

∆nybWX PkasOP* nybF zwf2) and NYB-11 (4N24 ∆nybWXYZ PkasOP* nybF zwf2), respectively. 

Favourably, both cell factories produced more nybomycin than any other strain created before 

(Figure 38GH). When tested in batch cultures, NYB-10 accumulated 2,557 µg L-1 of 

nybomycin, while NYB-11 even formed 3,567 µg L-1, more than four-fold more than 4N24 

(Figure 33A). It was interesting to note that the major improvement in production occurred 

during the later culture stage, well matching with the newly in-built de-repression of the 

nybomycin cluster.  
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Figure 38: Time profiles for growth and nybomycin production in the advanced nybomycin cell factories 
Streptomyces albus NYB-5 (A), NYB-6B (B), NYB-6C (C), NYB-7 (D), NYB-8 (E), NYB-9 (F), NYB-10 (G), and 
NYB-11 (H). All strains were grown in shake flasks on minimal mannitol medium with 10 g L-1 mannitol. The 
corresponding genetic layouts are given in Figure 21 and Table 2, respectively. The data outline OD600 (open 

squares) and nybomycin titer (yellow circles). Yellow dashed lines indicate the titer of the basic producer S. albus 

4N24. The data represent mean values and corresponding standard deviations from three biological replicates. 
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Finally, the strains NYB-8, NYB-9, NYB-10, and NYB-11 were benchmarked on 50 g L-1 

mannitol medium (Figure 39, Figure 40). All mutants exhibited excellent production 

performance, whereby strain NYB-11 performed best during both culture phases and achieved 

the highest final nybomycin titer of 12 mg L-1. Overall, systems metabolic engineering and a 

superior bioprocess at high initial substrate levels enabled an almost fifteen-fold increase in 

production of nybomycin from previous developments.  

 

 

Figure 39: Benchmarking the created Streptomyces albus nybomycin producers in batch processes. The 
data show the growth and production profiles of strains NYB-8 (A), NYB-9 (B), NYB-10 (C), and NYB-11 (D) 

including OD600 (open squares) and nybomycin titer (yellow circles) on minimal medium with 50 g L-1 mannitol. 

Yellow dashed lines indicate the titer of the basic producer S. albus 4N24. The data represent mean values and 
corresponding standard deviations from three biological replicates. 
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Figure 40: Overview of strains in optimized medium. The data represent the final titer (A) and the maximum 
volumetric productivity (B) for different mutants (4N24, NYB-6B, Nyb-8, NYB-9, NYB-10, NYB-11). The strains were 

grown on different media, including DNP40 with 40 g L-1 of dextrin and minimal mannitol medium with 10 (Mtl10), 

25 (Mtl25), and 50 g L-1 (Mtl50) of mannitol, respectively. Black dashed lines indicate the values of the basic 
producer S. albus 4N24. The data represent mean values and corresponding standard deviations from three 

biological replicates. 
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4.10 Towards other heterologous nybomycin producers 

4.10.1 Evaluating other heterologous hosts for nybomycin production 

Beyond S. albus 4N24, other heterologous hosts were finally evaluated for their nybomycin 

production performance. For these studies, the previously used defined mannitol-based 

minimal medium was used.  

Streptomyces sp. Lv1-4_4N24 formed 2,320 µg L-1 of nybomycin over 250 h of growth (Figure 

41B). The supplemented phosphate 0.5 g L-1 was depleted after around 56 h, initiating the 

transition to the stationary phase until mannitol was consumed after around 75 h. Again, 

nybomycin was produced during the exponential growth phase. Interestingly, more than half 

(55%) of the total nybomycin was produced during this phase, while only 45% of nybomycin 

was produced during the stationary phase (Figure 41B, Table 5).  

Strain 94-10_4N24 produced 123 µg L-1 of nybomycin within 225 h of cultivation. It exhibited 

the poorest production performance among the three strains. Phosphate was not depleted at 

all, and remained at a very low level after 75 h (Figure 41C, Table 5). However, mannitol was 

consumed after 67 h, resulting in transient fructose accumulation (data not shown). Cells 

stopped growing once the available sugar was depleted. Furthermore, nybomycin was 

detectable after 70h. Production mainly occurred during the stationary phase (90%).  

Among the three producers, huge differences in growth, production and genetic accessibility 

were observed. S. albus 4N24 exhibited the fastest growth with a decent nybomycin 

production. Furthermore, this strain offered an easy handling and exhibited only weak pellet 

formation, simplifying cultivation and product extraction. The parent strain, S. albus Del14 

(derived from J1074) is a well-known heterologous host, and prominent for being easily 

modifiable (Myronovskyi and Luzhetskyy, 2013; Zaburannyi et al., 2014).   

Lv1-4_4N24 exhibited slow growth but the highest product titer. Nevertheless, the strain turned 

out difficult in handling.  Integration by recombinase-based system was found generally 

possible. However, different tests revealed a much lower transformation efficiency as 

compared to S. albus, and modification by homologous recombination using the pKG1132hyg 

suicide vector turned out not successful (data not shown).  
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94-10_4N24 exhibited slow growth and a low product titer. Genetic engineering was found 

challenging but possible (data not shown).  

 

Table 5: Comparison of growth and production characteristics of three heterologous nybomycin producer 
strains 
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Figure 41: Cultivation time profiles of three heterologous nybomycin producer strains. The data represent 
strains S. albus 4N24 (A), Lv1-4_4N24 (B) and GBA94-10_4N24 (C) grown in minimal mannitol medium including 

analysis of OD600 (open squares, upper panel), nybomycin (yellow circles, upper panel), mannitol (solid triangles, 

upper panel), phosphate (open squares, lower panel), ammonium (open circles, lower panel) and pH (solid squares, 
lower panel). Comparison of nybomycin production of all heterologous producer strains (D). Dashed lines indicate 

the transition from growth to stationary phase for the corresponding strains. The data represent mean values and 

corresponding standard deviations from three biological replicates. 
 

4.10.2 Transfer of the metabolic engineering strategy to strain Streptomyces Lv1-4 

Since Lv1-4_4N24 was an efficient nybomycin producer, the metabolic engineering strategy, 

successfully applied to S. albus 4N24, was now tested for strain Lv1-4. For this purpose, BAC 

4N24 ∆nybW was integrated into strain Lv1-4, yielding NYB-12A. Next, both Lv1-4-based 

strains were grown in a modified minimal medium (MM#2) with 10 g L-1 mannitol but some 

minor changes, since this medium offered slightly better growth for strain Lv1-4 (personal 

communication Wei Shu, Systems Biotechnology, Saarland University).  
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Figure 42: Time profiles for growth and nybomycin production of Lv1-4_4N24 basic producer and 
engineered NYB-12A. The data show OD600 (open squares) and nybomycin titer (yellow circles) of strains Lv1-
4_4N24 (A) and Lv1-4_4N24_ΔnybW (NYB-12A) (B) grown in minimal mannitol medium. The data represent mean 

values and corresponding standard deviations from three biological replicates. 

 

Unexpectedly, Lv1-4_4N24 and NYB-12A exhibited massively improved nybomycin 

production in the adapted minimal medium grown for almost 400 h, with titers of 43 mg L-1 and 

53 mg L-1, respectively. As observed for S. albus, possessing similar BAC modification, the 

deletion of nybW increased the final nybomycin titer.  

To further improve the nybomycin titer, the previously best expression plasmid pBT1H-

kasOP*-nybF-zwf2 with target genes nybF and zwf under control of the very strong constitutive 

promoter PkasOP*, was integrated into NYB-12A to yield NYB-12B. Grown for 400 h, strain NYB-

12B, expressing two additional genes, namely nybF and zwf, no difference in the strain’s 

fitness was observed. However, the nybomycin titer in the novel strain reached only 15 mg L-

1. Taking a deeper look into the strain backgrounds of S. albus and Lv1-4 reveals that in S. 

albus 15 native BGC had been deleted to obtain a clean strain (Myronovskyi et al., 2018). In 

contrast, Lv1-4 represented a rather new species with so far unknown native BGCs. In the S. 

albus Del14 clean strain, a positive effect may be observed since no or less secondary 

metabolites biosynthesis routes that may benefit from the shifted flux, are available. In the 

native Lv1-4 background, possessing 28 BGCs (Table 6A) (Blin et al., 2023) for the formation 

of secondary metabolites, compared to remaining predicted 11 BGCs in S. albus Del14 (Table 

6B) (Blin et al., 2023), many different other products may also profit and thus decrease the 
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overall nybomycin production. For example: lydicamycins, polyketides and nonribosomal 

peptides, constituted of eleven malonyl-CoA and six methylmalonyl-CoA molecules derived by 

type I PKS pathway, additionally containing a tetramic acid moiety coupled to the polyketide 

chain (Komaki et al., 2015). Caniferolides, 36-membered polyol macrolides, incorporating 

methylmalonyl-CoA as starter units (Pérez-Victoria et al., 2019). Altogether, in strain Lv1-4 

more competing biosynthesis pathways to nybomycin formation exist, highlighting the benefit 

of a clean strain. 

 

 

Figure 43: Strain comparison of Lv1-4_4N24 and its derivatives NYB-12A and NYB-12B. The data show the 

final nybomycin titer in MM#2 medium with 10 g L-1 mannitol after growth for 400h. The data represent mean 
values and corresponding standard deviations from three biological replicates. 
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Table 6: antiSMASH analysis for secondary metabolite BGCs in Streptomyces sp. Lv1-4 (A) and Streptomyces albus Del14 (B). antiSMASH version 7.0.0 (Blin et al., 2023). 
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Since strain NYB-12A exhibited the highest nybomycin titer in MM#2, the mannitol and 

phosphate concentrations were adapted as for S. albus, to further improve the bioprocess. 

Therefore, the best conditions, obtained from the S. albus process were chosen: Mannitol 50 

g L-1, K2HPO4 2 g L-1 and Mannitol 75 g L-1, K2HPO4 3 g L-1. In 400 h of growth, strain NYB-

12A reached a final titer of around 70 mg L-1 for both conditions, 50 g L-1 and 75 g L-1 mannitol, 

respectively. However, the high initial concentrations of mannitol reduced the growth rate, and 

no complete depletion of mannitol was reached when using 75 g L-1. Nevertheless, an increase 

in nybomycin titer from 53 mg L-1 to around 70 mg L-1 for higher mannitol concentrations were 

reached in strain NYB-12A, representing the highest nybomycin titer ever, so far (Figure 44). 

Due to incomplete usage of mannitol, even higher titers may be possible with elongated 

cultivation time, since previous Lv1-4- production studies revealed that a significant amount of 

nybomycin (45%, Table 5) is produced after mannitol depletion (Figure 41B).  

 

 

Figure 44: Nybomycin production of strain NYB-12A in MM#2 medium with optimized substrate 
concentrations. The data shows the final nybomycin titer after growth for 400h. The data represent mean values 
and corresponding standard deviations from three biological replicates. 



Conclusions 

94 

 

5 Conclusions 

As shown, metabolically engineered S. albus 4N24 (Rodriguez Estevez et al., 2018) was rebuilt 

into a powerful cell factory to overproduce nybomycin, a reverse antibiotic of substantial 

interest. Several rounds of metabolic engineering provided strains with successively improved 

nybomycin titer, an important step to explore the interesting molecule further which requires 

elevated amounts for e. g. activity and stability testing, toxicity screening, and mode-of-action 

studies. Notably, the de-regulation of the expression of the nyb cluster through the elimination 

of the regulator gene nybW enabled efficient production during the growth phase as well as 

the stationary phase, which allowed to substantially shorten the production process. The 

acceleration appeared useful, as secondary metabolites are produced mainly in the late growth 

or stationary phase (Ferraiuolo et al., 2021) so that industrial processes using Streptomyces 

are usually very long and suffer from low productivities (Pereira et al., 2008). The chosen host 

and the established process both supported the selective production of nybomycin, promising 

a facilitated purification in the future. On one hand, all Streptomyces albus producers of the 

NYB family created in this work, were based on the pre-engineered cluster-free chassis S. 

albus Del14, eliminating any potential interference from native natural products of the host 

(Myronovskyi et al., 2018). In addition, the use of a lean, minimal medium, as shown here, 

allowed to avoid the typical impurities that result from the use of complex ingredients.  

Conceptually, a systems-wide strain engineering strategy was aimed for, because this 

approach had proven most successful to overproduce e. g. amino acids and organic acids, 

typically demanding for a set of different cellular precursors, at very high titers and yields 

(Becker et al., 2011; Kind et al., 2013; Kind et al., 2014; Rohles et al., 2016). Likewise, the 

synthesis of the nybomycin molecule required precursors from various routes (Figure 6). The 

best strain NYB-11 produced 12 mg L-1 of nybomycin, fifteen-fold more than the basic 

producer, used as starting point. Hereby, the improvement was enabled by the combination of 

targets from primary and secondary metabolism which synergistically contributed to the 

enhanced production. It appears straightforward to apply similar approaches to other S. albus 

based producers which have been created by heterologous cluster expression without further 
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optimization (Estevez et al., 2020; Myronovskyi et al., 2018). A key step to success in this work 

was the identification and implementation of appropriate promoters to drive gene expression. 

Based on our findings, the synthetic promoter derivatives can be recommended for broader 

use, given their constitutive nature. However, other genetic backgrounds or production media 

might change this picture, suggesting additional case-specific tests with on-line recording of 

promoter dynamics, as done here. Finally, beneficial findings from S. albus strain engineering 

were transferred to the superior nybomycin production host Lv1-4. Combined with the adapted 

medium composition a final nybomycin titer of 70 mg L-1 was achieved. 
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6 Outlook 

Starting from the basic heterologous nybomycin producer strain S. albus 4N24, metabolic 

engineering was applied and enabled and a 4.5-fold improved titer. Additionally promising 

genes, not tested so far in this work, namely aroB and aroK encoding enzymes of the shikimic 

acid pathway (Figure 6) are known as bottlenecks in aromatic amino acid production in other 

microbes (Dell and Frost, 1993). Previously, these genes were overexpressed in 

chloramphenicol-producing S. venezuelae which doubled the titer (Vitayakritsirikul et al., 

2016). The expression data from S. albus 4N24 of this work revealed a downregulation of 

several SA pathway genes during the main production (stationary) phase (Figure 36, Figure 

37), rendering aroB and aroK as promising targets for further strain engineering. 

Furthermore, several nybomycin derivatives (Figure 2) with distinct biological activity and 

solubilities exist in nature (Wang et al., 2019b). The improved nybomycin producer NYB-11 

could serve as starting point for the generation of a nybomycin D or deoxynyboquinone by 

deleting of inserting the required genes.  

Among the species Streptomyces, huge differences in heterologous nybomycin formation were 

observed. The host strain Lv1-4_4N24 exhibited the best production performance (Figure 41). 

Given the findings here, a fully deregulated producer with the deletion of nybWXYZ, as done 

for S. albus, appears promising to create.  

Since Streptomyces are capable of consuming different types of sugars combined with 

tolerance to harsh environmental conditions (Sivalingam et al., 2019), the use of sustainable 

seaweed extracts as substrate is obvious. Especially brown algae including Himanthalia 

elongata, Sargassum muticum, Saccharina latissima and Undaria pinnatifida contain a huge 

fraction of mannitol (Poblete-Castro et al., 2020). Several basic chemicals such as L-lysine, 

lactate, ethanol or butanol has been produced by using seaweed hydrolysates (Hoffmann et 

al., 2021; Poblete-Castro et al., 2020). A sustainable production of complex chemicals from 

sustainable resources would make biotechnological production even more interesting. 
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7 Appendix 

7.1 Primers  

Table 7: Primers used in this study 

Primer name Sequence 5`-->3` 
PRpBT1H_1 ACACCGCCCCCGGCGCCTGAGCTCATGAGCGGAGAACGAG 
PRpBT1H_2 AGCAGGGATTCTTGTGTCATGACATTGCACTCCACCGCTG 
PRpBT1H_3 CAGCGGTGGAGTGCAATGTCATGACACAAGAATCCCTGCTCC 
PRpBT1H_4 CTCGTTCTCCGCTCATGAGCTCAGGCGCCGGGGGCGGTGTC 
PRpDppc4_1 GATCCGCGGCCGCGCGCGATTCCGAGTTCGGCAAGGGTGC 
PRpDppc4_2 TGCAAGGAGCCGCACCTGTGTGACGGCGGGACGTACCACG 
PRpDppc4_3 CGTGGTACGTCCCGCCGTCACACAGGTGCGGCTCCTTGCAG 
PRpDppc4_4 GACATGATTACGAATTCGATGGCGGAGGCGTGAGCGGG 
PRpBT1HP_1 GAAACTGTTGAAAGTACGTAATGTGTTTGCCTCCAACGG 
PRpBT1HP_2 TGGCCGATTCATTAATGCAGTCGATCTTGACGGCTGGCG 
PRpBT1HP_3 CGGGAAACCTGTCGTGCCAGCGATGGTTGTTGTCATTGTC 
PRpBT1HP_4 ACCGTTGGAGGCAAACACATTACGTACTTTCAACAGTTTCAGCGG 
PRermE*_1 GGATCCGCGGCCGCGCGCGATTCGATCTTGACGGCTGGCG 
PRermE*_2 GTGGTCGGCTTGGTGCTCACATGTGTTTGCCTCCAACGG 
PRermE*_3 AGCGGGTTCGCTCCGTGCAGATGTGTTTGCCTCCAACGG 
PRtkt_1 ACCGTTGGAGGCAAACACATGTGAGCACCAAGCCGACCAC 
PRtkt_2 TCCGCTGAAACTGTTGAAAGTCCTACAGCTACAGAGTGG 
PRzwf_1 ACCGTTGGAGGCAAACACATCTGCACGGAGCGAACCCGC 
PRzwf_2 TCCGCTGAAACTGTTGAAAGGCTGGAGGTGGTGTCCGTC 
PRtfd_1 ACCACTCTGTAGCTGTAGGACTTTCAACAGTTTCAGCGG 
PRtfd_2 TGACGGACACCACCTCCAGCCTTTCAACAGTTTCAGCGG 
PRtfd_3 GACATGATTACGAATTCGATCGATGGTTGTTGTCATTGTC 
PRpermCherry_1 GTTGGAGGCAAACACATTACATGGTGAGCAAGGGCGAGG 
PRpermCherry_2 GCTGAAACTGTTGAAAGTACTTACTTGTACAGCTCGTCCATG 
PRkasOP* TGGCCGATTCATTAATGCAGTGTTCACATTCGAACGGTCTCTGCTTTGA

CAACATGCTGTGCGGTGTTGTAAAGTCGTGGCCAATGAACCGTTGGAG
GCAAAC 

PRP21 TGGCCGATTCATTAATGCAGTGTGCGGGCTCTAACACGTCCTAGTATG
GTAGGATGAGCAAAATGAACCGTTGGAGGCAAAC 

PRpTipA TGGCCGATTCATTAATGCAGGAACGTCCGGGCTTGCACCTCACGTCAC
GTGAGGAGGCAGCGTGGACGGCGAATGAACCGTTGGAGGCAAAC 

PRSP41 TGGCCGATTCATTAATGCAGTGTTCACATTCGAACCGTCTCTGCTTTGA
CAACATGCTGTGCGGTGTTGTAAAGTCCAGCTGAATGAACCGTTGGAG
GCAAAC 

PRSP43 TGGCCGATTCATTAATGCAGTGTTCACATTCGAACCGTCTCTGCTTTGA
CACGGACAAGCGCTATGGTGTAAAGTCGTGGCCAATGAACCGTTGGAG
GCAAAC 

PRSP44 TGGCCGATTCATTAATGCAGTGTTCACATTCGAACCGTCTCTGCTTTGA
CAACATGCTGTGCGGTGTTGTAAAGTCTGGTGTAATGAACCGTTGGAG
GCAAAC 

PRSF14P TTGGCCGATTCATTAATGCAGCCTATCCAGGAGATATTATGAGTTACGT
AGACCTACGCCTTGACCTTGATGAGGCGGCGTGAGCTACAATCAATAC
TCGATTAATGAACCGTTGGAGGC 

PRkasOP*-nybF-zwf_1 AGCGGGTTCGCTCCGTGCAGATGTGTTTGCCTCCAACGGTTCATTTCA
GCCCCCCGCCGCCTGCC 
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PRkasOP*-nybF-zwf_2 GGCAGGCGGCGGGGGGCTGAAATGAACCGTTGGAGGCAAACACATCT
GCACGGAGCGAACCCGC 

PRkasOP*-nybF-tkt_1 GTGGTCGGCTTGGTGCTCACATGTGTTTGCCTCCAACGGTTCATTTCA
GCCCCCCGCCGCCTGCC 

PRkasOP*-nybF-tkt_2 GGCAGGCGGCGGGGGGCTGAAATGAACCGTTGGAGGCAAACACATGT
GAGCACCAAGCCGACCAC 

PRkasOP*-tkt-zwf_1 AGCGGGTTCGCTCCGTGCAGATGTGTTTGCCTCCAACGGTTCATTTCA
GCGCTGAGCGGCGGCGA 

PRkasOP*-tkt-zwf_2 TCGCCGCCGCTCAGCGCTGAAATGAACCGTTGGAGGCAAACACATCTG
CACGGAGCGAACCCGC 

DnybWXYZ_Kan_F ATTTCGGAGGTGAACGTCATCGCAGACAAAGAGCGCACGAAGAGCCG
TTTGCTAAAGGAAGCGGAACACG 

DnybWX_Kan_R GTCCGCTCGGCGCAGTCCCGCGATGAGGAGAGCGACCAGCCGGCGG
GCGTCGCCTGATGCGGTATTTTC 

DnybWXYZ_Kan_F ATTTCGGAGGTGAACGTCATCGCAGACAAAGAGCGCACGAAGAGCCG
TTTGCTAAAGGAAGCGGAACACG 

DnybWXYZ_Kan_R GTCTCCCCCGGGCGCGGTGTGCCGCAGCAGAGGGCCGGTGTGGCGC
TGGAGGGCGCCTGATGCGGTATTTTC 
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7.2 Vector maps 

 

Figure 45: Vector map expression plasmid pBT1H-tkt1 

 

Figure 46: Vector map expression plasmid pBT1H-zwf2 
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Figure 47: Vector map expression plasmid pBT1HP-aroIfbr 

 

Figure 48: Vector map expression plasmid pBT1H-kasOP*-tkt 
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Figure 49: Vector map expression plasmid pBT1H-kasOP*-zwf2 

 

Figure 50: Vector map expression plasmid pBT1H-kasOP*-aroGfbr 
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Figure 51: Vector map expression plasmid pBT1H-kasOP*-aroIfbr 

 

Figure 52: Vector map expression plasmid pBT1H-kasOP*-nybF 
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Figure 53: Vector map expression plasmid pBT1H-kasOP*-nybM 

 

Figure 54: Vector map expression plasmid pBT1H-kasOP*-nybV 
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7.3 DNA sequences of expressed genes 

 

Figure 55: DNA sequence gene tkt - B591_RS24355 - Streptomyces albus sp. GBA 94-10 
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Figure 56: DNA sequence gene zwf2 - B591_RS24345 - Streptomyces albus sp. GBA 94-10 
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Figure 57: DNA sequence gene aroG_D146N - P0AB91 - E. coli 

 

 

Figure 58: DNA sequence gene aroI_S187C - NCgl0950 - C. glutamicum ATCC13032 
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Figure 59: DNA sequence gene nybF - FM076 RS29120 - Streptomyces albus subsp. chlorinus NRRL B-
24108 
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Figure 60: DNA sequence gene nybM - FM076 RS29150 - Streptomyces albus subsp. chlorinus NRRL B-
24108 
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Figure 61: DNA sequence gene nybV - FM076 RS2919 - Streptomyces albus subsp. chlorinus NRRL B-24108 
 

 

 

 

 

 

 

 

 

 

 



Appendix 

110 

 

Table 8: Dynamic gene expression changes of the basic nybomycin producer S. albus 4N24. The data reflect 

log2-fold expression differences between the growth phase (13 h, set as reference) and the major nybomycin 

production phase (70 h) and include genes encoding sigma factors and potential regulators (Gläser et al., 2021). 
n=3 

Gene Annotation Log2-fold 
change 

SAD14N_0615 RNA polymerase sigma factor ECF subfamily 0.9 

SAD14N_0683 RNA polymerase sigma factor ECF subfamily -1.2 

SAD14N_0749 RNA polymerase sigma factor ECF subfamily 0.0 

SAD14N_0776 ROK-family transcriptional regulator -0.3 

SAD14N_1043 RNA polymerase, sigma 70 subunit, RpoD 0.4 

SAD14N_1044 Sporulation transcription factor 2.4 

SAD14N_1071 PpGpp synthetase/hydrolase 0.4 

SAD14N_1132 BldB protein 0.5 

SAD14N_1222 [Protein-PII] uridylyltransferase -0.3 

SAD14N_1223 Nitrogen regulatory protein P-II -0.6 

SAD14N_1224 Ammonium transporter -0.1 

SAD14N_1225 NsdA 2.9 

SAD14N_1256 Transcriptional regulator, IclR family -1.7 

SAD14N_1391 Neutral zinc metalloprotease -0.8 

SAD14N_1515 RNA polymerase ECF-subfamily sigma factor 0.2 

SAD14N_1539 arginine/ornithine binding protein -0.7 

SAD14N_1554 Nucleotide-binding protein 1.3 

SAD14N_1574 HTH-type transcriptional repressor dasR 1.3 

SAD14N_1584 RNA polymerase sigma factor RpoE, ECF subfamily -0.2 

SAD14N_1656 RNA polymerase sigma factor SigE, ECF subfamily 0.5 

SAD14N_1798 sporulation and cell division protein SsgA 1.3 

SAD14N_1962 Two-component system histidine kinase -0.7 

SAD14N_1963 Two-component system response regulator -0.1 

SAD14N_2142 RNA polymerase principal sigma factor hrdD 0.7 

SAD14N_2151 Small membrane protein 1.9 

SAD14N_2166 RdlB protein 2.1 

SAD14N_2167 RdlA protein 2.5 

SAD14N_2231 Transcriptional regulator AfsR 0.5 

SAD14N_2232 AfsS -2.2 

SAD14N_2250 RNA polymerase ECF-subfamily sigma factor 1.6 

SAD14N_2306 Factor C protein 0.0 

SAD14N_2570 Phosphate regulon transcriptional regulatory protein PhoB (SphR) 1.5 

SAD14N_2571 Phosphate regulon sensor protein PhoR (SphS) 1.7 

SAD14N_2597 Universal stress protein UspA -0.2 

SAD14N_2728 Transcriptional regulator, Crp/Fnr family -0.9 

SAD14N_2735 WblA 1.5 

SAD14N_2757 RNA polymerase ECF-subfamily sigma factor -0.6 

SAD14N_2760 Hypothetical protein -0.3 

SAD14N_2769 serine/threonine protein kinase 0.2 

SAD14N_2903 sulfate transporter 1.2 

SAD14N_2943 Two-component system sensor histidine kinase/response regulator 2.8 
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SAD14N_2992 NUDIX family hydrolase 0.5 

SAD14N_3046 50S ribosomal protein L34 -0.1 

SAD14N_3174 aromatase/cyclase 0.2 

SAD14N_3275 Spermidine synthase 0.2 

SAD14N_3298 Arsenic-transport integral membrane protein arsC 0.5 

SAD14N_3323 TetR-family transcriptional regulator -1.0 

SAD14N_3489 Hypothetical protein -0.4 

SAD14N_3527 3-dehydroquinate dehydratase 1.7 

SAD14N_3720 NADH-ubiquinone oxidoreductase chain G -1.0 

SAD14N_3805 30S ribosomal protein S7 0.8 

SAD14N_3945 ATPase 0.1 

SAD14N_3984 D-aminopeptidase -0.4 

SAD14N_3996 Integral membrane protein -0.6 

SAD14N_3997 Hypothetical protein 0.1 

SAD14N_3998 CsbD family protein 0.3 

SAD14N_4039 6-phosphogluconate dehydrogenase NAD-binding protein 1.0 

SAD14N_4181 Secretory protein -1.4 

SAD14N_4476 1-aminocyclopropane-1-carboxylate deaminase 1.4 

SAD14N_4658 Two-component system response regulator -2.4 

SAD14N_4681 Hypothetical protein 1.2 

SAD14N_5022 Iron-regulated ABC-type transporter 2.6 

SAD14N_5117 Sporulation-control protein 1.5 

SAD14N_5152 glycosyltransferase 2.1 

SAD14N_5153 Hypothetical protein 1.9 

SAD14N_5208 Hypothetical protein -2.1 

SAD14N_5283 RarA 0.6 

SAD14N_5315 50S ribosomal protein L20 1.4 

SAD14N_5340 Acetyltransferase 0.4 

SAD14N_5362 Secreted protein -0.1 

SAD14N_5529 ATP/GTP-binding protein 2.5 

SAD14N_5625 ACT domain-containing protein 2.0 

SAD14N_5652 DUF397 domain containing protein 0.8 
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7.4 Quality control of RNA sequencing data 

 

Figure 62: Statistical evaluation of gene expression profiles of Streptomyces albus 4N24 and different 
derivatives using sample to sample distances. For calculation of normalized read counts, the raw read count 

data were processed by DESeq2. 
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Figure 63: Statistical evaluation of gene expression profiles of Streptomyces albus 4N24 and different 
derivatives using PCA. Global transcription profiling of the cultures was conducted using RNA sequencing during 

the production process growth after 13 h (t1), 48 h (t2), and 70 h (t3). For calculation of normalized read counts, the 

raw read count data were processed by DESeq2 (Love et al., 2014), including regularized log transformation (with 
blind dispersion estimation enabled). Subsequently, PCA was performed and visualized using ggplot2 (Wickham et 

al., 2016). n=3. 
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