
 

 

 

 

 

Faculty 09 - Agricultural Sciences, Nutritional Sciences, and Environmental Management 

 

NATURAL PRODUCT DISCOVERY AT THE 

INTERSECTION OF GENOMICS AND SYNTHETIC 

BIOLOGY: INSIGHTS FROM BACTEROIDOTA AND 

ACIDOBACTERIOTA 

 

Dissertation  

(Dr. rer. nat.) 

 

 

 

 

Celine Mara Zumkeller 

November 2025 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1st Reviewer: Prof. Dr. Till Schäberle 

 Department of Natural Product Research 

  Institute for Insect Biotechnology 

  Justus-Liebig-University Giessen 

 

2nd Reviewer: Prof. Dr. Sylvia Schnell 

 Department of General and Soil Microbiology 

 Institute for Applied Microbiology 

 Justus-Liebig-University Giessen 



 

ii 

 

 

 

Für mein kleines Kunterbunt 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

     iii 

Erklärung gemäß der Promotionsordnung des Fachbereichs 09 vom 07. Juli 2004 § 17 (2), 

geändert am 29. Mai 2019 

 

Ich erkläre: Ich habe die vorgelegte Dissertation selbständig und ohne unerlaubte fremde Hilfe und nur mit den 

Hilfen angefertigt, die ich in der Dissertation angegeben habe. Alle Textstellen, die wörtlich oder sinngemäß 

aus veröffentlichten Schriften entnommen sind, und alle Angaben, die auf mündlichen Auskünften beruhen, 

sind als solche kenntlich gemacht. Bei den von mir durchgeführten und in der Dissertation erwähnten 

Untersuchungen habe ich die Grundsätze guter wissenschaftlicher Praxis, wie sie in der „Satzung der Justus-

Liebig-Universität Gießen zur Sicherung guter wissenschaftlicher Praxis“ niedergelegt sind, eingehalten. 

 

 

_____________________________  Gießen, den 06.10.2025 

        Celine Zumkeller 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

iv 

CONTENTS 

 

ABSTRACT ............................................................................................................................................................. 11 

1 INTRODUCTION .............................................................................................................................................. 13 

1.1 A Brief History of Natural Product Research ............................................................................................................................ 13 

1.2 Microbial Groups of Interest for Novel Chemical Structures ............................................................................................. 14 

1.3 Biosynthetic Gene Clusters encoding NPs .................................................................................................................................. 15 

1.4 The Need for Novel Natural Products .......................................................................................................................................... 16 

1.5 Motivating Gaps ..................................................................................................................................................................................... 21 

1.6 Thesis Aim and Research Questions ............................................................................................................................................. 21 

2 METHODS AND RESULTS ............................................................................................................................ 22 

Genome Mining of Bacteroidota ............................................................................................................................................................. 22 

2.1 Implementation of command line tools for computational genomics analysis ......................................................... 23 

2.2 Draft Genome Sequence of Sinomicrobium sp. PAP.21, Isolated from a Coast Sample of Papua,              

Indonesia .......................................................................................................................................................................................................... 36 

2.3 Draft Genome Sequences of Algoriphagus sp. PAP.12 and Roseivirga sp. PAP.19 Isolated from Marine 

Samples of Papua, Indonesia ................................................................................................................................................................... 39 

2.4 Genome Sequence of Galbibacter sp. PAP.153, Isolated from a Marine Sponge of Papua, Indonesia .............. 42 

2.5 Genome Sequences of 21 Pedobacter strains isolated from amphibian specimens ................................................ 45 

2.6 A genetically tractable branch of environmental Pedobacter from the phylum Bacteroidota             

represents a hotspot for natural product discovery ..................................................................................................................... 50 

Profiling of Novel Acidobacteriota ........................................................................................................................................................ 60 

2.7 High-throughput cultivation for the selective isolation of Acidobacteria from termite nests                             

as a potential new source of natural products ................................................................................................................................ 61 

2.8 Tryptophan-Driven Metabolomic Shift in Acidobacteriaceae Reveals Phytohormones and Antifungal 

Metabolites ...................................................................................................................................................................................................... 64 

2.9 HEL, A Multi-Host Synthetic Biology Platform for BGC Activation ................................................................................. 87 

 

 

 

 



 

     v 

3 DISCUSSION ................................................................................................................................................... 105 

3.1 Summary ................................................................................................................................................................................................ 105 

3.2 Literature Context and Ecological Functions ......................................................................................................................... 106 

3.3 Limitations and Challenges ............................................................................................................................................................ 113 

4 CONCLUSION & OUTLOOK ....................................................................................................................... 116 

5 REFERENCES ................................................................................................................................................. 118 

6 SUPPLEMENTARY INFORMATION ....................................................................................................... 147 

6.1 Genome Mining of Bacteroidota .................................................................................................................................................. 147 

6.2 Profiling of Novel Acidobacteriota ............................................................................................................................................. 158 

6.3 HEL, A Multi-Host Synthetic Biology Platform for BGC Activation .............................................................................. 176 

7 OVERVIEW OF MANUSCRIPTS AND CONTRIBUTIONS ................................................................ 181 

8 ACKNOWLEDGEMENTS ............................................................................................................................ 183 



LIST OF FIGURES 

FIGURE 1: OVERVIEW OF THE BIOINFORMATIC WORKFLOW USED IN THIS STUDY.  ............................................... 25 

FIGURE 2: SCREENSHOT OF AN OUTPUT DIRECTORY GENERATED BY CHECKM2...................................................... 26 

FIGURE 3: SCREENSHOT OF OUTPUT DIRECTORIES GENERATED BY QUAST. ............................................................... 28 

FIGURE 4: SCREENSHOT OF OUTPUT DIRECTORIES GENERATED BY GTDB-TK.  ......................................................... 29 

FIGURE 5: SCREENSHOT OF OUTPUT DIRECTORIES GENERATED BY ANTISMASH. ................................................... 32 

FIGURE 6: SCREENSHOT OF THE BIG-SCAPE-GENERATED OUTPUT DIRECTORY. ....................................................... 34 

FIGURE 7: SCREENSHOT OF THE OUTPUT DIRECTORY GENERATED BY CORASON ................................................... 35 

FIGURE 8: BIG-SCAPE NETWORK AND COMPARATIVE ANALYSIS OF BGCS IN SINOMICROBIUM …  ................... 38 

FIGURE 9: BIG-SCAPE NETWORK AND COMPARATIVE ANALYSIS OF BGCS IN ROSEIVIRGA …  ............................. 41 

FIGURE 10: BIG-SCAPE NETWORK AND VALIDATION OF FLEXIRUBIN BGC IN GALBIBACTER … . ....................... 44 FIGURE 11: DISTRIBUTION OF Β-LACTAMASE ENZYMES ACROSS REPRESENTATIVES OF THE …  ..................... 49 

FIGURE 12: BIOINFORMATICS ANALYSIS OF 143 PEDOBACTER GENOMES INDICATES A BGC HOT… . ............. 55 

FIGURE 13: BGC SIMILARITY OF MULTIMODULAR NRPS FROM THE GENUS PEDOBACTER REVEA… ............... 57 FIGURE 14: PHYLOGENETIC PLACEMENT OF ACIDOBACTERIOTA ISOLATES FHG110202 …  ............................... 63 FIGURE 15: OSMAC METABOLOME VARIATION BY MEDIUM, STRAIN, AND CULTIVATION SCALE …  ............... 71 

FIGURE 16: BGC COMPOSITION OF THE ACIDOBACTERIOTA PHYLUM AND BIG-SCAPE … . ................................... 74 FIGURE 17: RELATIVE QUANTIFICATION OF IAA AND IP IN FHG ACIDOBACTERIACEAE …  .................................. 76 FIGURE 18: DRY BIOMASS OF BARLEY SHOOTS (A) AND ROOTS (B) TREATED WITH EXTRACTS … ................. 78 

FIGURE 19: PGPT COVERAGE ACROSS ACIDOBACTERIOTA FAMILIES.  ............................................................................ 79 FIGURE 20: OVERALL METABOLIC RESPONSE OF CULTIVATION WITH TRP IN STRAINS … . ................................ 85 

FIGURE 21: GENERAL PRINCIPLE OF THE HEL-CLONING APPROACH.  ............................................................................. 94 

FIGURE 22: HEL VECTOR SET AND CLONING PROCEDURE.  ................................................................................................... 95 FIGURE 23: HEL CLONING ASSESSED WITH A CONSTITUTIVE PROMOTER LIBRARY AND GFP … ...................... 96 FIGURE 24: GFP FLUORESCENCE IN CLONES BUILT USING CONSTITUTIVE PROMOTERS AND …  ...................... 97 

FIGURE 25: EVALUATION OF THE VECTOR-ENCODED, HIGH-COPY CASSETTE IN STRAIN … . .............................. 99 

FIGURE 26: EXPRESSION OF DAROBACTIN USING THE HEL-CLONING SYSTEM ....................................................... 101 

FIGURE 27: TRANSFER OF HEL-FOSMIDS INTO HETEROLOGOUS HOSTS B. SUBTILIS SCK 6 … . ........................ 103 

 

  



 

     vii 

 LIST OF TABLES 

TABLE 1 CURATED NATURAL-PRODUCT PIPELINES AND REPOSITORIES FOR EXPERIMENTS. ........................... 19 

TABLE 2: EXEMPLARY OUTPUT TABLE AS GENERATED BY CHECKM2. ............................................................................ 26 

TABLE 3: EXEMPLARY OUTPUT FROM GTDB-TK.  ....................................................................................................................... 29 

TABLE 4: EXEMPLARY OPTIONS COMMONLY USED FOR ANTISMASH.  ............................................................................ 31 

TABLE 5: EXEMPLARY OUTPUT FROM INDIVIDUALCLUSTERCOUNTER.PY.  ................................................................. 33 

TABLE 6: EXEMPLARY OPTIONS FOR BIG-SCAPE. ........................................................................................................................ 34 

TABLE 7: OVERVIEW OF ISOLATED PEDOBACTER STRAINS AND DETECTED Β-LACTAMASE NUMBERS … .. 47 

TABLE 8 BACTERIAL STRAINS AND SOURCES.  .......................................................................................................................... 162 

TABLE 9 OSMAC MEDIA COMBINATIONS.  .................................................................................................................................... 162 

TABLE 10:STRAINS USED IN THIS STUDY.  ................................................................................................................................... 176 

TABLE 11: VECTORS USED IN THIS STUDY. ................................................................................................................................. 176 

TABLE 12:HEL PARTS USED IN THIS STUDY.  .............................................................................................................................. 178 LIST OF SUPPLEMENTARY FIGURES  
SI 1:INDIVIDUALCLUSTERCOUNTER-CMZ.PY. ............................................................................................................................ 147 

SI 2: RENAMEFILESWITHDIRECTORY.PY.  .................................................................................................................................... 151 

 

FIGURE S1-1. PLOT SHOWING THE NUMBER OF ANTISMASH DETECTED BGCS PLOTTED AGAINST … ........ 152 

FIGURE S1 2-. PLOT SHOWING THE N50 VALUES PLOTTED AGAINST THE BGC AMOUNT. LOW N50 …  ....... 153 

FIGURE S1-3. PLOT SHOWING THE RELATIONSHIP BETWEEN THE NUMBER OF DETECTED BGCS … .......... 153 

FIGURE S1-4. CORASON ALIGNMENT OF BIG-SCAPE IDENTIFIED GCF NRPS - 4 CRYOPEPTIN … . .................... 154 

FIGURE S1-5. NAPDOS ANALYSIS OF ALL C-DOMAINS PREDICTED FOR THE CRP BGC. COLORED … .............. 155 

FIGURE S1-6. CORASON ALIGNMENTS OF MULTIMODULAR NRPS BGCS PRESENT IN MULTIPLE … .............. 156 

FIGURE S1-7. A BIG-SCAPE ANALYSIS OF ANTI-SMASH DETECTED BGCS IN THE 8 STRAINS …  ....................... 157 

 

FIGURE S2-1: UHPLC–QTOF–HR–MS PROFILES FROM 244 EXTRACTS OF STRAINS FHG110202 … . ............... 164 

FIGURE S2-2: EXEMPLARY PRODUCTION PROFILE OF IAA (RAW PEAK AREA) IN STRAIN FHG110202. … . 165 

FIGURE S2-3: CHECKM2 QUALITY CONTROL DATA OF NCBI-RETRIEVED GENOMES LABELLED AS … ......... 166 

FIGURE S2-4: GENOME ASSEMBLY SIZE OF METAGENOME-ASSEMBLED GENOMES (BLACK) AND …  .......... 166 

FIGURE S2-5: DISTRIBUTION OF GC CONTENT (LEFT) AND CORRELATION OF GC CONTENT …  ..................... 167 

FIGURE S2-6: CORRELATION OF GC CONTENT AND BGC NUMBER IN ACIDOBACTERIAL CLASSES …  ........... 167 

FIGURE S2-7: BGC NUMBER PLOTTED AGAINST THE CONTIG NUMBER OF ACIDOBACTERIOTA … . .............. 168 

FIGURE S2-8: BIG-SCAPE SIMILARITY NETWORK OF ANTISMASH-DETECTED BGCS IN THE …  ....................... 169 

FIGURE S2-9: UMAP PROJECTION OF BIOSYNTHETIC GENE CLUSTER (BGC) PROFILES ACROSS …  ............... 170 

FIGURE S2-10: GENE CLUSTER FAMILIES PRESENT IN DIFFERENT ACIDOBACTERIAL CLASSES.  .................. 171 

FIGURE S2-11: BIG-SCAPE SIMILARITY NETWORK OF ANTISMASH-DETECTED BGCS OF THE FHG … .......... 171 



 

viii 

FIGURE S2-12: IAA (LEFT) AND IP (RIGHT) PRODUCTION IN INVESTIGATED STRAINS OVER TIME ... .......... 172 

FIGURE S2-13: EXPERIMENTAL SETUP FOR PLANT-GROWTH ASSAYS OF BARLEY SEEDLINGS. ..................... 173 

FIGURE S2-14: PRINCIPAL COMPONENT ANALYSIS OF FEATURES ANNOTATED FROM CRUDE … . ................ 174 

FIGURE S2-15: CHEMOTYPE-BARCODING UPON TRP INDUCTION IN STRAIN FHG110214 AND … . ................ 175 

 

FIGURE S3 1: CLONING DESIGN FOR HELFOS-GFP RETROFITTED WITH INDUCIBLE PROMOTER …  ............. 180 

FIGURE S3 2: B. SUBTILIS SCK6 OVERNIGHT CULTURES GROWN IN SPIZIZEN MEDIUM … . ............................... 180 

 

 

 

  



 

     ix 

LIST OF ABBREVIATIONS AND ACRONYMS 

Abbreviation Full term Notes 

ABS Access and Benefit-Sharing Regulatory framework 

ACP Acyl carrier protein PKS domains carrying units 

AI Artificial intelligence - 

ANI Average nucleotide identity Genome similarity metric 

antiSMASH antibiotics & Secondary Metabolite Analysis 

Shell 

BGC annotation tool 

BGC Biosynthetic gene cluster encoding NPs 

BiG-SCAPE Biosynthetic Gene Similarity Clustering and 

Prospecting Engine 

BGC networking 

dDDH digital DNA:DNA hybridisation Genome similarity metric 

DH Dehydratase PKS reductive domain 

ER Enoylreductase PKS reductive domain 

FHG Fraunhofer-Gesellschaft Strain collection context 

GNPS Global Natural Products Social molecular 

networking 

MS/MS networking – 

similarity 

GTDB-Tk Genome Taxonomy Database Toolkit Taxonomy assignment 

HEL Heterologous Expression Library This thesis platform 

HGT Horizontal gene transfer - 

IAA Indole-3-acetic acid Auxin 

iChip Isolation Chip In situ diffusion chamber 

iP N6-(Δ2-isopentenyl)adenine  Cytokinin 

KR Ketoreductase PKS reductive domain 

LC-MS/MS Liquid chromatography/tandem mass 

spectrometry 

- 

MAG Metagenome-assembled genome - 

MiBIG Minimum Information about a Biosynthetic 

Gene Cluster 

BGC reference database 

MoClo Modular Cloning Golden Gate-like assembly 



 

x 

NRPS Non-ribosomal peptide synthetase - 

NP Natural product - 

OSMAC One Strain-Many Compounds - 

PCP Peptidyl carrier protein NRPS domain 

PGPT Plant growth-promoting trait - 

PKS Polyketide synthase - 

PPTase (Sfp) Phosphopantetheinyl transferase Modifying ACP/PCP domains 

QC Quality control Reads/assemblies 

QUAST QUality ASsessment Tool Assembly metrics 

RiPP Ribosomally synthesised and post-

translationally modified peptide 

- 

RBS Ribosome binding site - 

TAR Transformation-associated recombination Yeast-based BGC assembly 

TE Thioesterase Chain release/cyclisation 

Trp Tryptophan - 

VM Virtual machine - 

 

 



ABSTRACT  
Microbial natural products remain a valuable source of bioactive compounds; however, discovery pipelines 

often encounter issues such as rediscovery, culture bias, and natural product (NP)-encoding but silent 

biosynthetic gene clusters (BGCs). This dissertation connects and applies an omics-guided, cultivation-

dependent workflow for underexplored Bacteroidota and Acidobacteriota. It also establishes a heterologous 

expression toolkit for optimising the expression of silent biosynthetic gene clusters by applying synthetic 

biology principles.  The sections “Genome Mining of Bacteroidota” employ genome mining tools, including quality control, 

taxonomy, BGC prediction, and similarity networking, to profile and describe newly isolated marine 

Bacteroidota. This process expands genomic reference sequences and maps chemotaxonomic markers, such as 

flexirubin/flexixanthin BGCs, guiding strain prioritisation for natural product discovery and shaping study 

designs for functional investigations. Thus, the work establishes a foundation for systematic genomics 

documentation and reporting, enabling portfolio-style reporting of novel strains that are being included in the ‘Fraunhofer Gesellschaft’ (FHG) strain collection. A genus-wide analysis of the Pedobacter (phylum 

Bacteroidota) identified a branch genetically enriched in multimodular NRPS BGCs. Genetic validation 

connected one NRP cluster of interest to the novel cryopeptin lipopeptide family, positioning this clade as a 

genetically tractable hotspot for novel scaffolds.  The section “Profiling of Novel Acidobacteriota” investigates the biosynthetic potential of the Acidobacteriota. 

High-throughput selective cultivation yields novel Acidobacteriaceae representatives, which are profiled for 

their BGC composition in a comparative study of curated, public Acidobacteriota genomes. Metabolomics 

reveals the production of the phytohormones indole-3-acetic acid (IAA) and the cytokinin  

N6-(Δ2-isopentenyl)adenine (iP). Tryptophan supplementation drives a global metabolic shift, also increasing 

IAA production while generally decreasing iP. Absolute quantification of phytohormones places the amount in 

functionally relevant ranges, but crude extract testing does not increase barley seedling biomass under the 

tested conditions. These results refine the ecological and functional potential of Acidobacteriota and map the 

distributions of plant growth-promoting traits (PGPTs) across families. 
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The last section presents HEL, a modular, heterologous expression and library-style cloning platform that 

retrofits clones of BGCs with reusable and exchangeable expression cassettes (such as promoter libraries) and 

optional host-specific compatibility cassettes for broad chassis transfer. By doing so, HEL enables the tuning of 

expression by linking a prioritised BGC to standard, library-style phenotypes using modular cloning (MoClo), a 

Golden Gate-like cloning method. 

Collectively, this dissertation provides a reproducible genomic workflow for underexplored phyla and the FHG 

strain collection (i); new genomic resources, genetic prioritisation, and tractability in Pedobacter (ii); 

integrated genomic–metabolomic insights into tryptophan-induced metabolic dynamics, phytohormone 

biology, and PGPT architecture in Acidobacteriaceae, and (iii) a flexible genetic toolkit (HEL) to induce 

activation or accelerate the expression of prioritised BGCs across different heterologous hosts. 
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1 INTRODUCTION 

1.1 A Brief History of Natural Product Research  
Microbial Natural Products (NPs) are specialised metabolites with diverse bioactivities (Seca and 

Pinto, 2019) produced by microorganisms (confined to bacteria and fungi in this thesis). The terms "secondary 

or specialised metabolite" and "natural product" are frequently used interchangeably to refer to specialised 

molecules synthesised beyond primary metabolism. In this thesis, the term "natural product" specifically 

denotes secondary metabolites. NPs have been shown to mediate a variety of functions, including morphogenic 

(Willey et al., 2006), antimicrobial (Hibbing et al., 2010), cytotoxic (Ueoka et al., 2010), signalling, and other 

processes that shape the intricate interactome among bacteria (Traxler et al., 2013) and with other organisms 

(Coolahan and Whalen, 2025; Sen et al., 2009). The execution of these bioactivities relies on specific 

interactions between the NPs and their target, which has been shaped by evolution to act with high potency 

and specificity (Firn and Jones, 2003). For this reason, NPs are usually structurally complex (Feher and Schmidt, 

2003) and not easy to mimic by synthetic chemistry approaches (Hong, 2014; Shenvi, 2024). Consequently, 

microbial NPs have a long-standing tradition and remain to this day an important source for discovering novel 

chemical scaffolds for human use (Newman and Cragg, 2020).   

In the 20th century, the discovery of antimicrobially active NPs (commonly called antibiotics) was a 

cornerstone in the history of public health (Hutchings et al., 2019), revolutionising the treatment of infectious 

diseases. Thus, mortality by infectious diseases dropped significantly, and life expectancy increased due to the 

advent of effective antimicrobials, alongside sanitation and vaccination programs (CDC, 2025). This period, often called the “golden era” of antibiotics, relied heavily on a cultivation-first approach focused on a few 

productive microbial groups (Baltz, 2008)—primarily the Actinomycetota (Wohlleben et al., 2016)(commonly 

known as Actinobacteria), as well as the Proteobacteria (Buijs et al., 2019; Gross and Loper, 2009), and 

Myxococcota (Herrmann et al., 2017) (commonly called Myxobacteria). It was also shaped by extensive 

bioprospecting campaigns (Schatz et al., 1944; Schatz and Waksman, 1944; Waksman et al., 1946, Lewis, 2020), 

often led by industry, to isolate previously uncultured microorganisms, characterise them, and incorporate 

them into established screening pipelines. These strategies generated many first-in-class NP scaffolds but 

ultimately laid the groundwork for future rediscovery of NP scaffolds, as discovery programs continued to 

explore the same lineages and reuse established screening protocols (Genilloud, 2019).  

Beyond their use as anti-infectives they have a long-standing tradition of aiding human needs, in various 

areas of human activity, most famously as anti-infectives, as therapeutics in general (Newman and Cragg, 

2020), in agriculture as pesticides (Kirst, 2010; Mertz and Yao, 1990), in the animal health sector (McKELLAR 

and Benchaoui, 1996), and even for industrial (Mortensen et al., 2017) and consumer (Nasser et al., 2024) use. 

Their diverse applications are undergoing a renaissance as global pressures, including the antimicrobial-

resistance (AMR) crisis (World Health Organization, 2025), neglected diseases (World Health Organization, 

2020) (e.g., ivermectin for onchocerciasis (Lawrence et al., 2015; World Health Organization, 2023); 
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amphotericin B for leishmaniasis (Sundar et al., 2010)), and climate-driven environmental disruption 

(Intergovernmental Panel on Climate Change, 2023; Romanello et al., 2024), demand sustainable solutions. 

However, discovery pipelines cannot keep up with this demand, as rediscovery of known chemotypes (Harvey 

et al., 2015; Katz and Baltz, 2016) is common due to over-mined producer lineages and conventional screening 

setups. This is further amplified by a culture bias and the widespread presence of cryptic biosynthetic gene 

clusters (BGCs) (Medema and Fischbach, 2015a; Rutledge and Challis, 2015), encoding such natural products.  

1.2 Microbial Groups of Interest for Novel Chemical Structures  
The phylum Bacteroidota is an emerging NP producer (Brinkmann et al., 2022a) that makes an excellent 

subject for a genome-guided, cultivation-dependent discovery project because of its generally straightforward 

growth in laboratory conditions (Beckmann et al., 2017; Sack et al., 2011). The chemical diversity within this 

phylum is considered promising and distinct from traditional NP-producing groups 

(Brinkmann et al., 2022c, 2022a). However, only a relatively small number of compounds have been isolated 

and characterised so far (Brinkmann et al., 2022d). Among these are complex compounds with known activities 

or ecological roles: for example, the elansolids (Steinmetz et al., 2011) from Chitinophaga strains that are 

encoded by trans-acyltransferase polyketide synthase BGCs and show cytotoxic and antibacterial activity in 

experimental screenings. Another NP with an ecological function is the terpenoid thallusin 

(Matsuo et al., 2005), produced by a Flavobacterium, which functions as an algal morphogen. The genus 

Pedobacter has been identified as a BGC hotspot within the Bacteroidota. And representatives are widely 

distributed across diverse environments. Though studied for industrially relevant enzymes (Zhu et al., 2018a) 

and AMR genes (Ullmann et al., 2020a; Viana et al., 2018a) Pedobacter remains underexplored as a source of 

NPs. Aside from the cyclic lipodepsipeptides (iso)pedopeptins (Hirota-Takahata et al., 2014; Kozuma et al., 

2014; Nord et al., 2020a) — potent against MDR Gram-negatives — little is known despite genomic indications 

of a broader biosynthetic capacity. 

The phylum Acidobacteriota is widespread across many environments (Huber et al., 2022), including extreme 

habitats (Kishimoto et al., 1991). First described in 1997 (Ludwig et al., 1997) based on 16S rRNA sequences, 

its taxonomic classification is still evolving, currently divided into 15 class-level units (Dedysh and Yilmaz, 

2018). However, these divisions are not fully aligned with the Genome Taxonomy database (Parks et al., 2022), 

which will be used throughout this thesis for taxonomic classification. Early work relied on 16S surveys to map 

distribution and ecology (Jones et al., 2009; Quaiser et al., 2003) and later, metagenomic approaches provided 

initial insights into the potential functions (Crits-Christoph et al., 2022; Gonçalves et al., 2024; Reji and Zhang, 

2022; Wong et al., 2024). In addition to roles in sulphur (Hausmann et al., 2018) and nitrogen cycling (Reji and 

Zhang, 2022), and H2 consumption (Giguere et al., 2021), members of this phylum possess a large number of 

carbohydrate-active enzymes (e.g. cellulases, chitinases, xylanases) (Eichorst et al., 2018; Gonçalves et al., 

2024). At the time of the initial description, only three isolates  (Coates et al., 1999; Kishimoto et al., 1991; 

Liesack et al., 1994) were available, prompting efforts to cultivate and characterise new representatives. To 

date, there are 81 entries in LPSN (Leibniz Institute DSMZ) covering approximately 30 genera, which are 

matched by over 3175 genomes listed in the Genome Taxonomy Database (Parks et al., 2022). As a result, 
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research — especially on hard-to-cultivate subdivisions — often depends on analysing metagenome-

assembled genomes (Ruhl et al., 2022).  

After Parsley et al. (2011). first described structurally novel NRPS/PKS in soil metagenomes and traced them 

to Acidobacteriota lineages, NP research largely overlooked this phylum. Damsté et al. (2017) linked the first 

new metabolites to cultured Acidobacteria, specifically iso-diabolic acid (13,16-dimethyl octacosanedioic acid), 

a membrane-spanning lipid (Sinninghe Damsté et al., 2011) and hopanoids, a bacterial sterol analogue (Damsté 

et al., 2017; Sáenz et al., 2015). The first, more complex NPs were then described 12 years later by (Leopold-

Messer et al., 2023), including Acidobactamides A-C, calyculin derivative 21-methoxy-calyculinamide, and six 

phorboxazole-like polyketides called phorbactazoles A–F, isolated from Acanthopleuribacter pedis KCTC 

12899. These NPs were isolated and guided by predictions from trans-AT PKS gene clusters initially identified 

in sponge microbiomes. Reported activities were mainly cytotoxic; to our knowledge, no Acidobacteriota-

derived natural product has shown antimicrobial activity. 

Strain collections serve as strategic hubs for microbial biodiversity and biosynthetic potential (Boundy‐Mills 
et al., 2020). In the quest for new NPs, major industrial companies collected and stored numerous microbial 

isolates (Clardy et al., 2006) from various habitats for cultivation and bioactivity testing. As rediscovery became 

common and synthetic chemistry libraries gained importance, industrial efforts towards the discovery of novel 

NP scaffolds gradually declined (Payne et al., 2007). Today, most of these strain collections have transitioned 

to public institutions, foundations or service-oriented companies. This shift reduced corporate risk and opened 

new opportunities for these entities to revisit and utilise these resources using modern omics techniques 

(Steele et al., 2019). Many organisations aim to transform their culture collections into genome-sequenced 

repositories to uncover the genetic blueprint of each strain and identify previously silent, undiscovered 

potential (Kalkreuter et al., 2024). Achieving full omic integration requires infrastructure that links databases 

containing strain metadata (Parks et al., 2022; Schober et al., 2024) (taxonomy, origin, ABS) with computational 

workflows that connect omics (Nothias et al., 2020; van Santen et al., 2022; Zdouc et al., 2025) and bioactivity 

data.  

1.3 Biosynthetic Gene Clusters encoding NPs 
NPs are encoded by BGCs, co-localised enzymes, regulators, and tailoring functions that together orchestrate 

the production and export of small-molecule NPs. While NPs originate from various biosynthetic routes, this 

chapter and most of the thesis focus on ribosomally produced and post-translationally modified peptides 

(RiPPs) and ribosome-independent, multimodular assembly line megaenzymes, because their hierarchical 

structure predetermines and shapes underlying methods, such as pattern-based detection of clusters and 

cloning challenges inherent in repetitive DNA fragments. One type of megaenzymes is the Non-ribosomal 

peptide synthetases (NRPS), producing peptide NPs (Miller and Gulick, 2016). Multimodular NRPSs consist 

of repetitive modules, with each one responsible for the assembly and integration of an amino acid. To do so, 

each module is commonly composed of an adenylation (A) domain, which selects and activates the amino acid, 

a peptidyl carrier (PCP) domain, moving the amino acid or the growing peptide chain from one condensation 

domain to the other, and a condensation (C) domain, which catalyses the peptide bond formation (reviewed in 

Bloudoff and Schmeing, 2017). This assembly line logic often extends peptides in a colinear order, frequently 
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terminating with thioesterase (TE) domains that also often catalyse cyclisation of the peptide (Little and 

Hertweck, 2022). Other domains, such as epimerisation or oxidation domains and adjacent tailoring enzymes 

(e.g., methyltransferases, halogenases and glycosyltransferases), further modify amino acids or peptides, 

thereby diversifying chemical scaffolds (T. Walsh, 2023).  

The other type, Polyketide synthase (PKS) systems mirror this logic: type I modular PKSs carry repeated 

ketoacyl synthase (KS) (chain extension via Claisen condensation), acyltransferase (AT) (selection and loading 

of extender units), and acyl carrier protein (ACP) (carrier of extender units/growing chain) domains with 

optional reductive ketoreductase (KR), dehydratase (DH) and enolreductase (ER) domains (Khosla et al., 

2009). The absence, presence and functionality of these reductive domains determine the oxidation status of 

the final polyketide product (Keatinge-Clay, 2016). Hybrid PKS–NRPS clusters are commonly found and 

mediate chain transfer through the transfer of the growing NP by their carrier domains (ACP to PCP), enabling 

the seamless assembly of polyketide-peptide products (Bonhomme et al., 2023). Beyond the core scaffold 

genes, BGCs typically include local regulation, precursor supply, and export/resistance genes; boundaries may 

be flanked by repeats or mobility elements, consistent with horizontal gene transfer (HGT) (Ziemert et al., 

2014). The modular and repetitive structure of NRPS and PKS systems allows detection of clusters within the 

genomes, while co-linearity also aids prediction of potential scaffold structure (Medema and Fischbach, 

2015a); however, exceptions (skipping of modules, iterative use of modules) are common (Challis and 

Naismith, 2004), highlighting the need for experimental validation. 

1.4 The Need for Novel Natural Products  
This development is problematic because the antimicrobial resistance (AMR) crisis (World Health 

Organisation, 2025), the spread of infectious diseases due to globalisation (Frenk et al., 2011), and climate-

related pressures for agricultural systems (Mora et al., 2022) continue to increase demand for new scaffolds. 

However, approvals in recent decades have primarily involved derivatives of known scaffolds, with only a few 

truly new classes featuring novel modes of action (Butler et al., 2024, 2023; World Health Organization, 2024). 

The challenge for modern natural product research is to help close this innovation gap (Miethke et al., 2021). 

Fortunately, the vast potential for chemical novelty exists (Cimermancic et al., 2014; Kautsar et al., 2021) within 

what is known as microbial dark matter, which remains largely undiscovered (Hug et al., 2016; Lloyd et al., 

2018). However, accessing this microbial dark matter is difficult due to challenges in cultivating these 

organisms (Rinke et al., 2013) or transferring BGCs of interest to suitable chassis (Zhang et al., 2019). For this 

reason, current research focuses on underexplored taxa and bioresources (1.2) and on developing new tools 

to exploit them in a cultivation-dependent (1.4.1) and cultivation-independent (1.4.2) manner. Furthermore, 

sophisticated analytical and computational tools exist to connect and analyse complex data retrieved from both 

ends of the workflow (1.4.3). 
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1.4.1 Cultivation-dependent NP Discovery approaches 
Since the great plate count anomaly revealed how few microbes form colonies compared to microscopic observations, microbiologists have tried to access this “microbial dark matter” (Rinke et al., 2013). These 

efforts mainly focus on mimicking original isolation conditions that satisfy the environmental and nutritional 

needs of the microorganisms (Aoi et al., 2009; Bollmann et al., 2007; Kaeberlein et al., 2002). Because nearby 

organisms can help (D’Onofrio et al., 2010) but also hinder (Zengler et al., 2002) growth, different methods try 

to separate single cells. The most well-known tool is the iChip (Nichols et al., 2010): a small plate with wells 

designed to capture individual cells from the environment within an agarose matrix. The plate is then sealed 

with semi-permeable membranes and incubated in its natural environment, allowing cell growth by providing 

nutrients that diffuse through the membranes. After growth, the microcolonies are transferred to lab media for 

domestication and optional antimicrobial screening (Berdy et al., 2017). Cultivation approaches using iChip 

recovered about 26–40% of cells and led to the discovery of teixobactin (Ling et al., 2015) (Nauwynck et al., 

2025; Zengler et al., 2002), an antibiotic active against Gram-positive bacteria.  

More recently, droplet microfluidics technology has been used to create even smaller compartments (from 

microliters to femtoliters), encapsulating individual cells. The small size of these droplets offers the advantage 

of retrieving thousands of single cells for subsequent parallel cultivation under various conditions (Oberpaul 

et al., 2022). This high-throughput technique has increased the diversity of microorganisms isolated, such as 

new representatives of Acidobacteriota (Dai et al., 2025; Mahler et al., 2021; Oberpaul et al., 2022). After 

successful isolation, different cultivation strategies utilise inducer systems (Okada and Seyedsayamdost, 2017; 

Seyedsayamdost, 2014), co-cultivation (Onaka et al., 2001; Schaenzer et al., 2024; Traxler et al., 2013), or media 

variations to maximise metabolic diversity output from isolate strains. One such approach is the One-strain-

many-compounds (OSMAC) method (Bode et al., 2002), which is cost-effective and widely used in NP research 

because it broadens chemical space and reduces rediscovery of known NPs. 

1.4.2 Cultivation-independent NP Discovery approaches 
When cultivation-dependent conditions do not activate a silent BGC, genetic activation strategies in the native 

host (homologous expression) and, if that is not feasible or unsuccessful, in a non-native host (heterologous 

expression) are the next step in the NP discovery process (Ochi, 2017; Rutledge and Challis, 2015). 

Homologous expression comes with the inherent advantage of the native physiological background of the 

host. Common measures include promoter replacement (M. M. Zhang et al., 2017) and overexpression of BGC-

associated regulators using CRISPR-Cas (Ameruoso et al., 2022; Xie et al., 2024) or transposon mutagenesis 

(Ahmed et al., 2017; Xu et al., 2017). These approaches, however, still depend on the genetic accessibility of the 

host, which might be limited, especially in underexplored groups.  

Heterologous expression involves two main steps: first, capturing or cloning the BGC and transferring it into the heterologous host; second, optimising the BGC or host environments for successful expression, as the host’s 
physiology may not be suited to the non-native BGC. Both steps present significant practical challenges. (i) 

Cloning or capturing large multimodular BGCs, with the average NRPS/PKS cluster size in bacteria of 38.7 kb 

(Wang et al., 2014), but often up to 100kb (Schwecke et al., 1995) and GC-rich, remains difficult. Thus, cloning 

usually involves multiple steps, either by assembling smaller fragments sequentially (e.g., using Gibson 
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assembly) or through more complex methods such as yeast homologous recombination (TAR) for assembly 

(Kim et al., 2010; Yamanaka et al., 2014) or CRISPR-Cas to capture the BGC from the producer's genome (CATCH 

for BGCs <50kb (Jiang et al., 2015); CAPTURE for BGC >100 kb (Enghiad et al., 2021) or ACTIMOT (Xie et al., 

2024)). (ii) Transferring a BGC involves carefully choosing a suitable chassis; For actinomycete BGCs, 

Streptomyces hosts (e.g., S. coelicolor M1146 (Gomez-Escribano and Bibb, 2011), S. albus J1074 (Wendt-

Pienkowski et al., 2005; Zaburannyi et al., 2014), and more) are commonly selected. Escherichia coli BAP1 

(Pfeifer et al., 2001; Zhang et al., 2008) is specifically engineered for NRPS/PKS expression by integrating the 

sfp gene (broad specificity PPTase, activating PCP domains). Other hosts, such as B. subtilis (Doekel et al., 2002; 

Kumpfmüller et al., 2016), Pseudomonas putida (Loeschcke and Thies, 2015), and Myxococcus xanthus (Julien 

and Shah, 2002; Stevens et al., 2010; Wenzel et al., 2005) can also be utilised. (iii) Often, selecting the right 

chassis alone is not sufficient for BGC activation (Smanski et al., 2016). Researchers commonly modify the BGC 

by codon optimisation (Schmidt et al., 2023), promoter or ribosomal binding site (RBS) exchange (Chiang et 

al., 2009), or even substitute missing functional enzyme machinery such as the Sfp PPTase (see above) 

(Lambalot et al., 1996; Pfeifer et al., 2001), MbtH-like proteins (Herbst et al., 2013; Mori et al., 2018), P450 

redox partners (Liu et al., 2022; Rudolf et al., 2017), tRNA pools (Gustafsson et al., 2004; Kane, 1995), or efflux 

and self-resistance cassettes (Stein et al., 2003; Xu et al., 2020; Zhang et al., 2010). If the BGCs originate from 

metagenomic DNA, the physiology of the original producer may be unknown, making design choices more 

challenging. In practice, successful activation typically requires iterative refactoring and, often, testing the 

construct across multiple hosts. 

1.4.3 Analytical and Computational tools 
Independent of their origin, recovered strain isolates/expression strains and their DNA, transcriptome, and 

metabolome require sophisticated analysis to prioritise discovery targets, avoid rediscovery, and verify 

expression outcomes. Across different molecule types (DNA → RNA → Metabolite), omics has followed similar 

developments in the data generation and analysis aspects. It evolved from low-throughput, expert-only assays 

(Sanger sequencing → early microarrays → GC-MS/NMR) to high-throughput (HT) platforms that trained 

technicians or specialised contract research organisations can perform. Analysis has developed in parallel: 

Specialised, command-line tools requiring advanced IT skills are now implemented as workbench pipelines 

(KBase (Arkin et al., 2018), Galaxy (Goecks et al., 2010)), also usable for interested individual researchers. 

Furthermore, large, public databases enable the comparison of datasets between research groups (when 

designs/formats align) or the dereplication of samples against curated reference databases. Table 1 presents 

selected workflows and databases (NP-focused) to guide wet-lab discovery and validation. 
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Table 1 Curated Natural-Product Pipelines and Repositories for Experiments 

Molecule Type Tools  Reference Databases  

(Meta)Genomes Data Acquisition: Illumina, Long Read 

Sequencing technologies: Oxford 

Nanopore, PacBIO 

Detect BGCs: antiSMASH,  

Cluster based on similarity: BiG-SCAPE 

(Navarro-Muñoz et al., 2020a), BiG-

SLICE (Kautsar et al., 2021) 

Genomes: NCBI, JGI 

BGCs: MIBiG, antiSMASH-

Db  

Aim: Prioritise novelty-rich strains and unknown clusters/clusters of interest 

(Meta)Transcriptomes Data Acquisition: RNA-seq 

Analysis: BiG-MAP (Andreu et al., 

2021) 

 

Aim: Identify conditions for optimal BGC expression to guide cultivation efforts. 

Metabolomes Data Acquisition: LC-MS/MS 

Analysis: GNPS  

MassIVE (Choi et al., 2020), 

GNPS (van Santen et al., 

2022), NP-Atlas 

(van Santen et al., 2022) 

Aim: Dereplication of known compounds, prevention of re-isolation 

To understand how these analytical pipelines emerged, it is useful to recall the evolution of computational 

genomics itself; With the availability of commercial Sanger sequencing services, researchers gained a first 

glimpse of how powerful such sequencing data could be. The biological blueprint of microorganisms does not 

only help to understand but also to predict fundamental biological processes (Sanger et al., 1977). The 

increasing volume of sequencing data, along with its requirements and possibilities for analysis, sparked 

initiatives to standardise sequencing information and establish large, publicly available databases. This led to 

the foundation of large repositories such as NCBI (Smith, 2013), which soon became a central platform for 

sequence storage, analysis tools like BLAST (Altschul et al., 1990) and curated genome reference standards 

such as RefSeq (Li et al., 2021). Other initiatives followed (European Nucleotide Archive (O’Cathail et al., 2025), 

Data bank of Japan (Ara et al., 2024)) and complemented the database efforts, forming the International 

Nucleotide Sequence Database Collaboration (INSDC, (Karsch-Mizrachi et al., 2025). Today, databases from JGI 

(Nordberg et al., 2014) and the metagenome database MGnify (Mitchell et al., 2020) further expand the 

availability of microbial genome datasets, while services such as Genome Workbench (Staff, 2020), Galaxy 

(Goecks et al., 2010) and KBase (Arkin et al., 2018) have made bioinformatic workflows more accessible to 

non-specialist users. 

Due to their clustered nature and rule-based features, BGCs encoding NPs represent ideal targets for rule-based 

bioinformatic prediction tools. The antiSMASH tool (Medema et al., 2011, antibiotics & Secondary Metabolite 
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Analysis Shell) was the first and remains the most widely used tool for BGC prediction. These earlier versions 

of antiSMASH, but also other applications such as CLUSEAN (Weber et al., 2009), ClustScan (Starcevic et al., 

2008), np.searcher (Li et al., 2009) and SMURF (Khaldi et al., 2010) were limited in scope and most reliable 

with BGCs following the already derived rules, primarily within genomes of well-studied NP producers such as 

Actinomycetes (Medema and Fischbach, 2015b). Consequently, such algorithms failed to detect important but 

less canonical classes of SMs, such as the RiPPS (ribosomally-produced and post-translationally modified 

peptides). Today, antiSMASH detects over 101 different BGC types (Blin et al., 2025), including RiPPS, using 

more advanced Hidden Markov Model–based algorithms.  

Additional tools now implement structure predictions for produced SMs (PRISM)(Skinnider et al., 2020), 

prediction of target interactions (Walker and Clardy, 2021). Similarity networking tools, such as BiG-SCAPE, selectively coupled with the public database MIBIG, estimate the novelty of a strain’s biosynthetic potential 
(Navarro-Muñoz et al., 2020a; Zdouc et al., 2025). However, running these tools often requires specific 

computing environments, sufficient memory and labour-intensive steps to reformat generated output data for 

compatibility with other tools within the overall workflow. Nevertheless, establishing local workflow is critical 

when working with confidential genome data that does not allow uploading to web servers. This is particularly 

relevant for the Fraunhofer strain collection, where genome mining aims to discover and protect intellectual 

property from promising strains, making data security and reproducibility critical aspects in the work process. 

Recent AI/ML tools now integrate these genomic outputs with metabolomic and transcriptomic data, creating 

a unified omics landscape. In metabologenomics, untargeted LC-MS/MS metabolomics is paired with genome 

data from the same strains to spot correlations between mass spectrometry (MS) features and BGCs 

occurrence/diversity. Rule-based genome mining tools map what a strain can potentially make, while the 

comparison with metabolomics data shows what is actually produced. Integration tools such as NP-Linker 

(Eldjárn et al., 2021), Seq2PKS (Yan et al., 2024) and NPOmix (Leão et al., 2022) connect these layers to predict 

(i) which BGC makes which metabolite, (ii) identify encoded but silent chemistry, and (iii) guide targeted 

activation or design follow-up functional studies. Data can be stored in the “Paired Omics Data” platform 
(Schorn et al., 2021). 

Additionally, machine learning now fuels both sides: DeepBGC (Hannigan et al., 2019), GECCO (Carroll et al., 

2021), or deepRiPP (Merwin et al., 2020) are applied to find atypical or novel BGCs; Spec2Vec (Huber et al., 

2021a), MS2DeepScore (Huber et al., 2021b), and MSNovelist (Stravs et al., 2022) are used to improve MS/MS 

annotation. Together, these advances help exploit less-explored taxa, for which existing tools were not 

optimised. 
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1.5 Motivating Gaps 
Despite rapid advances in omics techniques and increased data availability, several hurdles still hinder the 

efficient transformation of biosynthetic potential into molecules or functions in the Acidobacteriota as well as 

the Bacteroidota. (1) Challenges in cultivating Acidobacteriota: Although they are abundant in many habitats 

and play key roles in biogeochemical processes, there are few cultured representatives. When they are 

culturable, many strains exhibit slow growth or inconsistent growth patterns, characterised by low cell mass, 

which complicates the discovery of NPs through screening. This limits our understanding of metabolite 

production, including the potential of novel BGCs. (2) Compared to Acidobacteriota, the phylum Bacteroidota 

is better studied and already recognised as an emerging source of NPs. However, for some groups, BGC 

distribution and their links to specific molecules remain patchy, with only isolated examples described.  

(3) Access to NPs remains limited due to the inaccessibility of microbial dark matter and cryptic BGCs. Creating 

metagenomic libraries or transferring BGCs of interest into heterologous hosts is currently restricted to 

established vector-host systems, which offer only rough control over expression adjustments. When BGCs stay 

silent, a cycle of trial-and-error modifications often begins, making the process tedious and lengthy, and 

frequently failing to produce an NP.  

1.6 Thesis Aim and Research Questions 
To develop and validate a genome-guided discovery workflow that describes biosynthetic potential for the 

prioritisation of (A) strains, ultimately leading to molecules and phenotypes across two underexplored 

bacterial phyla, Bacteroidota and Acidobacteriota, and to establish and evaluate a synthetic biology toolkit for 

heterologous expression of prioritised BGCs (B), allowing expression modification and simple chassis transfer 

by retrofitting of BGC-encoding vectors.  

1.6.1 Research Questions 
 From Genomes to Targets: How can standardised genome mining workflows prioritise BGCs and other 

traits of interest and trace them back to strains for experimental follow-up? 

 From Culture Isolates to NPs: How does Tryptophan supplementation change the global metabolome 

of Acidobacteriota and how does this translate to antimicrobially-associated traits? 

 From -omic traits to ecological function: Do the genomically and metabolically described PGPT support 

plant growth in plants? 

 From DNA of interest to NP: Can we use synthetic biology tools to simultaneously modulate expression 

of BGCs of interest while equipping them for broad chassis transfer? And what does this tell us about 

the functional requirements of the BGC? 
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2 METHODS AND RESULTS 

Genome Mining of Bacteroidota  
 BACKGROUND 

To this day, the massive and continuously growing volume of sequencing data, combined with increasingly 

advanced artificial intelligence (AI) tools, continues to fuel genome mining technologies, such as the discovery 

of NPs. These genome mining approaches remain highly relevant for unlocking the biosynthetic potential of 

microorganisms, as demonstrated throughout the thesis. Here we will focus on the phylum Bacteroidota, 

highlighting several results describing genomes from newly isolated marine Bacteroidota genera: 

Sinomicrobium (2.2), Algoriphagus/Roseivirga (2.3), Galbibacter (2.4) but also 21 Pedobacter strains of 

amphibian origin (2.5). These studies showcase the untapped biosynthetic potential of this phylum, especially 

in the genus Pedobacter. It also showcases how genome-guided approaches can be used to prioritise strains for 

natural product discovery. Building on these findings, the chapter 2.6 links BGCs to their respective NP. To run 

this analysis, a Linux-based computational infrastructure was established (Chapter 2.1). Here, bioinformatic 

tools were implemented to filter and select high-quality genome assemblies from large datasets, assign 

taxonomic affiliation automatically, detect BGCs, and perform a comparative analysis of the generated data. 

The overall workflow was also applied to establish a genome sequence handling workflow for strains from the 

Fraunhofer Biobank, to guide industrial small molecule discovery projects and promote the attractiveness of 

the strain collection for industrial partners. 
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2.1 Implementation of command line tools for computational genomics analysis 

2.1.1 Aims 
To apply the above-mentioned tools in a reproducible manner, I established a modular workflow assessing 

genome assemblies' quality and biosynthetic potential. The local bioinformatic workflow includes the following 

intermediate steps:  

Environment setup: A Linux virtual machine (VM) was set up, and essential dependencies, including Biopython, 

Docker and Conda, were installed to ensure the functionality of downstream genome-processing tools: 

1. CheckM2 - Used to evaluate genome completeness and contamination. Output: Percentage estimates 

for completeness and contamination of a given genome sequence. 

2. QUAST – Applied to calculate classical assembly metrics such as N50, L50, GC content. Output: Table 

listing calculated metric of a given genome sequence 

3. GTDB - Used for taxonomic affiliation based on whole genome marker genes. Output: Hierarchical 

taxonomic affiliations of a genome assembly. 

4. OrthoANI – Performed pairwise genome alignments to identify redundant genome assemblies. Output: 

Average Nucleotide Identity (ANI) between to genome assemblies in percent. 

5. antiSMASH - Predicted BGCs. Output: Predicted BGCs and an interactive HTML report. 

6. BiG-SCAPE - Calculated similarities between given and publicly available BGCs to cluster them in Gene 

Cluster Families (GCFs). Output: Network files and HTML visualisations.  

7. Corason – Used for comparative analysis of orthologous genes across related BGCs. Output: Gene 

cluster alignments (SVG) and evolutionary trees. 

2.1.2 Results & Protocols  

VM Access 

The Linux VM can be accessed from a Windows system: 

Windows→ Command Prompt 

ssh celine@10.149.20.143 

You will be asked to enter the password. 

System Setup 

The Linux VM runs on Ubuntu 22.04 and includes an external mount point for data storage. To mount the 

external storage: 

sudo mount /dev/sdb ~/mount_point  

Caution: The VM is not automatically backed up. Please ensure you manually snapshots. 

mailto:celine@10.149.20.143
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File renaming 

File names, including spaces, can break command line tools. To automatically remove spaces from a large set 

of genome files, use the following in Windows command prompt. 

Open the Windows command prompt and navigate to your folder of interest by: 

 

cd I:\Giessen\Projekte\Fraunhofer_NP\Sequencing 

use 

get-childitem *.gbk | foreach {rename-item $_ $_.name.replace(" ","_")} 

→ *.gbk defines the format type that is selected 

→ The first character within the quotation marks defines the character to be replaced (here space) 

→ The second character within quotation marks defines the replacement character (here underscore) 

Data Transfer 

The current firewall and server settings allow a data transfer from the I:\ and Y:\ drivers only indirectly using 

scp. Example command: 

scp -r DataSource DesiredLocation 

#Example 

scp -r I:\Giessen\Projekte\Fraunhofer_PhD\CheckM2Input celine@10.149.20.143:/home/celine/bin 

Once transferred, large datasets should be moved to the mount point: 

sudo mv CheckM2Input ~/mount_point 

Conda Environments 

Some genome analysis tools are preinstalled as Conda environments. To view available environments: 

conda info –envs 

Docker Tools 

Some tools are run as docker containers; to list them and identify the installed version: 

docker images 

The following sections will introduce each bioinformatic tool, summarising the background context, required 

inputs, example commands and expected outputs. Error! Reference source not found. shows an overview of t

he complete workflow - from quality control to optional visualisation tools (not discussed in this thesis). 



Chapter 2: Methods and Results 

25 

 

Figure 1: Overview of the bioinformatic workflow used in this study, illustrating the different analytical steps from 

top to bottom: Quality Control (pink), Taxonomic Assignment (orange), BGC prediction (blue), BGC analysis (green) and 

visualisation (purple). Key tools associated to each function are highlighted in the corresponding colours along with 

required input formats and generated output types. 

2.1.2.1 CheckM2 

CheckM2 (Chklovski et al., 2023a) is the successor to the original CheckM tool (Parks et al., 2015a) and was 

developed to improve genome quality estimation for lesser-known taxa and metagenome-assembled genomes 

(MAGs). While CheckM used the absence and presence of lineage-specific genetic markers to estimate 

completeness and contamination of genome assemblies, CheckM2 implements a machine-learning approach 

that also considers the number of coding sequences, the codon usage, the GC content, the k-mer frequencies 

and taxonomic estimates. By doing so, CheckM2 allows genome quality assessment across a wider taxonomic 

range. 
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→ Input: Assembled FASTA sequences (.fasta, .fa, .fna) 

→ Usage: CheckM2 runs as a Conda environment. For activation: 

cd ~/mount-point/software/checkm2 # directory of environment 

conda activate checkm2 

cd ~/mount-point 

bin/checkm2 predict --threads No.ofThreads --input InputDir --output-directory OutputDir 

#Example 

bin/checkm2 predict --threads 30 --input ~/mount_point/CheckM2Input --output-directory 

/home/celine/bin/CheckM2Output 

 

→ Output: CheckM2 generates the following directories: 

 

Figure 2: Screenshot of an output directory generated by CheckM2.  

 

• Diamond_output: Summarises sequence similarities to reference sequences. 

• Protein_files: Translated amino acid sequences (.faa files). 

• Quality_report.tsv: Final summary presenting contamination and completeness values. 

 

The quality_report is built up like this: 

Table 2: Exemplary Output Table as generated by CheckM2 

Name Completeness Contamination Modell used Translation_Table Additional_ 

Notes 

FH1421 100.0 0.25 Neural Network 

(Specific Model) 

11 None 

HAG010016 100.0 0.64 Neural Network 

(Specific Model) 

11 None 
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→ Interpretation 

CheckM2-evaluated genomes can be assigned according to standardised MIMAG (Bowers et al., 2017), 

Minimum Information about a Metagenome-Assembled Genome) quality groups: 

• High-quality genomes are defined by completeness of over 90% and contamination below 5%. 

• Medium-quality genomes have a considerably lower completeness that is supposed to be over 50%, 

with a contamination value of less than 10%. 

• Everything that falls below this standard is considered to be a low-quality draft. For our analyses, we 

only selected high-quality genomes to have a comprehensive and high likelihood of covering most of 

the genetic potential. 

For further processing of genomes, we only selected high-quality genomes to ensure robust analysis of 

biosynthetic potential. 

2.1.2.2 QUAST 

QUAST (Quality Assessment Tool for Genome Assemblies) is a Python-based script used to compute quality 

metrics such as N50, genome size, number of contigs and GC content for user-submitted genomes. It also 

generates reports and graphs to easily compare genome assemblies across a dataset. 

→ Input: Assembled genome sequences in FASTA format (.fasta, .fa, .fna), or FASTQ files for read mapping 

evaluations. 

→ Usage: The tool and its dependencies are located at: 

~/bin/quast-5.2.0 

To run QUAST on a folder of genome sequences: 

./quast.py ~/mount_point/genomes/QUASTInput/*.fasta -o ~/mount_point/QUAST_output 

Help and available options/parameters are shown with: 

./quast.py --help 
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→ Output: Quast generates the following output directory: 

 

Figure 3: Screenshot of output directories generated by QUAST. 

 

• Report files provide sequencing metrics in different formats for further processing. 

• Basic_stats contains visualisation plots as PDF files. 

• HTML files show interactive visualisations of contig structure and quality metrics. 

Generated outputs can identify genome assemblies of poor quality. Such assemblies will be removed from 

further automated analysis. 

2.1.2.3 GTDB-Tk 

Once assemblies passed the quality checks with CheckM2 and QUAST, taxonomic classification was performed 

using GTDB-Tk (Genome Taxonomy Database Toolkit). GTDB-Tk allows consistent and accurate taxonomic 

classifications for user-submitted bacterial and archaeal genomes based on genome-wide comparisons rather 

than specific marker-based approaches. This enables robust classification for novel and under-characterised 

taxa. 

The tool is particularly suited for large genome datasets because the generated outputs are compatible with 

downstream bioinformatic tools. In our setup, it allowed the issue of publicly available but misannotated 

genomes, which can skew comparative analyses if not properly curated. For this reason, not only internal, new 

assemblies but also reference genomes were reclassified and evaluated using GTDB-Tk. 

→ Input: Assembled FASTA sequences (.fna). 

All genomes must be placed collectively in: 

 ~/mount_point/GTDB_IO/GTDB-InputDirectory 

→ Usage: GTDB-Tk runs as a docker container. 
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The tool runs with: 

docker run -v ~/mount_point/GTDB_IO:/data -v ~/mount_point/GTDB/release207_v2:/refdata 

ecogenomic/gtdbtk classify_wf --skip_ani_screen --genome_dir data/GTDB_Input --out_dir /data/GTDB_out --

cpus 30 

→ Output: GTDB-Tk generates the following output: 

 

 

Figure 4: Screenshot of output directories generated by GTDB-Tk. 

• Align directory: contains multiple sequence alignment with included reference genomes 

(gtdbtk.bac120.msa.fasta.gz) and without them (gtdbtk.bac120.user_msa.fasta.gz). These files can be 

used to calculate phylogenetic trees for visualisation in iTOL. 

• Classify /Identify: contain intermediate results that were not used in our workflow. 

• The tab-separated file gtdbtk.bac120.summary.tsv contains the final taxonomic assignments used for 

further processing. 

→ Interpretation: The main classification result for further processing appears in the second column of the TSV 

file: 

Table 3: Exemplary Output from GTDB-Tk 

user_gen

ome 
classification 

FH1421 
d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Streptomycetales;f__Streptomycetaceae;

g__Streptomyces;s__ 

HAG0100

16 

d__Bacteria;p__Actinobacteriota;c__Actinomycetia;o__Streptomycetales;f__Streptomycetaceae;

g__Streptomyces;s__Streptomyces rimosus 

Here, the determined taxonomic rank is summarised and separated by different prefixes: 

• d__= domain. 

• p__= phylum. 

• c__ = class until s__ = species (empty if not assigned). 
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There are further 17 columns including detailed metadata like: 

• Closest reference genome. 

• Relative Evolutionary Divergence (RED) value indicating relative evolutionary distance to the nearest 

reference. 

2.1.2.4 OrthoANI 

During automatic processing, several public genomes appeared to be duplicates. To mitigate redundancy, we 

used OrthoANI to compare pairwise nucleotide similarity in our taxonomically classified genomes. Besides 

removing redundant genomes, this metric defines species boundaries, an information usually required to 

publish newly assembled genomes. OrthoANI (Lee et al., 2016a) is a command-line tool implemented in a Java 

Runtime Environment to calculate the Average Nucleotide identity (ANI) between two genomes. The ANI is 

calculated by computationally splitting the genome into smaller fragments that are subsequently aligned. 

Alignments above a certain threshold are summarised, and the mean of these values represents the final ANI 

result. ANI values ≥95% commonly indicate same-species affiliation (Eichorst et al., 2018). 

→ Input: Assembled FASTA sequences (.fasta, .fa, .fna) 

→ Usage: Desired input needs to be stored in celine@10.149.20.143:/home/celine/bin 

It runs with: 

java -jar OAU.jar -u /usr/bin/usearch11.0.667_i86linux32 -fd /home/celine/bin/InputOrthoANI -o 

/home/celine/bin/OrthoANI/tempOut/OrthoANI_Out 

→ Output: It generates a single TXT file assigning numbers to the user-submitted genomes and provides 

OrthoANI values as matrix comparing all genomes against each other. 

2.1.2.5 antiSMASH 

After quality control and taxonomic filtering, antiSMASH was used to predict the biosynthetic potential present 

in the curated genome dataset. AntiSMASH is widely considered the gold standard for predicting, annotating 

and analysing bacterial and fungal BGCs from annotated user-provided genomes. It supports the identification 

of diverse cluster types and integrates other databases, such as MIBiG (Zdouc et al., 2025), enabling 

comparative analysis of clusters, domain architecture and structural features. The generated output can serve 

as an input for tools like BiG-SCAPE, CORASON (Navarro-Muñoz et al., 2020a) and NaPDOS (Ziemert et al., 

2012). 

→ Input: 

• Genome Assemblies as GenBank (.gbk, .gbff) 

or 

• As FASTA (.fna. fasta .fa) with a corresponding annotation file (.gff) or if a gene prediction tool is 

specified by --genefinding-tool prodigal. 

→ Usage: 

antiSMASH runs as a docker container. Input genomes should be stored in ~/mount_point/genomes 
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If FASTA files are provided, it runs with: 

run_antismash /home/celine/mount_point/genomes/Input.fna 

/home/celine/mount_point/AntiSmashOutput_tmp_windows --genefinding-tool prodigal 

Note: antiSMASH only accepts single genome files as input. To analyse multiple genomes, the commands should 

be chained using semicolons (;). 

To view available options and help: 

run_antismash . . –-help 

Common analyses that are included in the web-based tool have to be specifically asked for and include: 

Table 4: Exemplary options commonly used for antiSMASH 

Flag Analysis 

--cassis      Motif-based prediction of NP gene cluster regions. 

 

--cc-mibig           Comparison with the MIBiG dataset 

 

--cb-

general   

Comparison of identified clusters with a database of antiSMASH-predicted clusters. 

--cb-

subclusters       

Comparison of identified clusters with known subclusters responsible for synthesising 

precursors. 
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→ Output: antiSMASH generates the following output: 

 

 

Figure 5: Screenshot of output directories generated by antiSMASH.  

Key components to highlight include: 

• Index.html: An interactive, graphical representation of the predicted BGCs and requested analyses. 

• GenBank (.gbk): Extracted BGCs that can be used for further bioinformatic analyses. 

• JSON files: Encoded cluster information for visualisation and downstream processing. 

→ Python Script for a summary of BGC numbers and types. 

To summarise and compare the predicted number and types of BGCs in the different Input genomes, a Python 

script was written (individualClusterCounter-CMZ.py) to automatically extract this information from user-

defined antiSMASH output folders (SI 1:individualClusterCounter-CMZ.py). 

To run it, use 

sudo python3 individualClusterCounter-CMZ.py ~/DirectoryToantiSMASHOutputFolder OutputFileName 

within the directory of the Python script. It generates an output table (space separated) listing each folder 

(strain) name and the number of clusters per BGC types RiPPs, NRPS, terpene, PKS, hybrid, and others. 
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Table 5: Exemplary Output from individualClusterCounter.py 

Folder RiPP NRPS terpene PKS hybrid other 

Input Folder A 5 1 3 1 1 0 

Input Folder B 3 2 3 1 1 1 

Input Folder C 2 1 1 1 0 0 

If the script runs successfully, it also prints the number of folders analysed and those that contained the required input “index.html” SI 1:individualClusterCounter-CMZ.pySI 1:individualClusterCounter-CMZ.py). 

2.1.2.6 BiG-SCAPE 

For comparative analysis of clusters and for identification of already known BGCs, the annotated BGC outputs 

from antiSMASH were passed to BiG-SCAPE (Biosynthetic Gene Similarity Clustering and Prospecting Engine). 

BiG-SCAPE calculates and visualises the similarity of BGCs and groups them into gene cluster families (GCFs). 

The similarity is calculated based on domain similarity and organisation, gene content similarity (Jaccard 

Index) and sequence similarity between homologous genes. Upon request, it incorporates the MiBIG database 

to highlight similarity to known BGCs and potentially produced NPs. 

→ Input: 

• antiSMASH-detected BGCS in GenBank format (.gbk). 

Note: Pre-processing and renaming required for internal genomes. 

GenBank file preprocessing is usually required when analysing internal genomes, because they often lack clear 

strain identifiers in their antiSMASH output file name. By default, antiSMASH assigns numbered contig names 

to-predicted BGCs (e.g. contig_001.region001.gbk). This leads to identical filenames in different strains. BiG-

SCAPE only processes the first occurrence of this file name and skips the rest of the predicted BGCs. This is not 

clearly reported, resulting in a running, but incomplete analysis. To assign unique filenames to the input file, 

the strain identifier has to be added as prefix. The Python script RenameFilesWithDirectory.py (SI 2: 

RenameFilesWithDirectory.py) can process .gbk files automatically: 

sudo python3 RenameFileswithDirectory.py ~/mount_point/AntiSmashOutput_tmp_windows 

This adds the directory name (usually the strain ID or GenBank number) to each .gbk file present. When run 

successfully, it lists the .gbk files that have been renamed. 

→ Usage: 

BiG-SCAPE was installed as a Docker container. The current version is: 1.1.2. To run it, use: 

~/bin/run_bigscape InputDirectorycontainingantiSMASHoutput BigScapeOutputFolder 

Various parameters can be changed. To view them, use: 

run_bigscape . . –help 
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Commonly used parameters: 

Table 6: Exemplary options for BiG-SCAPE 

--mix  
An additional analysis across all BGC classes is 

calculated 

--cutoffs values 

--cutoffs 0.5 0.6 0.7 

Set similarity thresholds for network generation. 

Thresholds from 0.0-1 can be selected. Usually, cutoffs 

between 0.5 and 0.7 were used. 

--mibig Includes reference clusters from MiBIG in analysis. 

 

→ Output:  

 

Figure 6: Screenshot of the BiG-SCAPE-generated output directory. 

BiG-SCAPE generates five folders and an HTML file. The key components are: 

• Network_files: contains network files and TSV annotation files for visualisation in Cytoscape. 

• Index.html: HTML report visualising the similarity networks and GCFs interactively. 

2.1.2.7 Corason 

For selected clusters of interest, understanding their evolutionary relationship, and the presence and absence 

of tailoring genes can provide insights into the chemical diversity of the natural products and any 

corresponding structural variations. CORASON (CORe Analysis of Syntenic Orthologs to prioritize Natural 

products biosynthetic gene clusters) was co-published with BiGSCAPE to support detailed comparative 

analysis of gene clusters. It identifies core biosynthetic genes, aligns them across different BGCs and infers 

phylogenetic trees based on sequence similarity and gene synteny. The visualisation output colour codes 

homologous genes in the same colour, thereby highlighting more conserved core regions and variable 

accessory genes. This suggests structural diversification of the encoded NP in different strains. 

→ Input: A Directory containing 

• A “gbks” named folder containing antiSMASH-predicted BGCS. 

• A core query gene as an amino acid FASTA file. 

Note: The query gene must stem from one BGC in the gbks folder that will later be used as reference BGC. 
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→ Usage: 

Corason is also run as a Docker container. 

It runs with: 

~/bin/run_corason QueryGene.fasta gbks gbks/ReferenceClusterOfQueryGene.gbk -g 

• “QueryGene.fasta”: defines the reference protein. 

• “gbks”: defines Corason's mode. 

Note: Besides the gbks mode, it also provides a “genome” that first scans genomes or larger contigs for 

BGCs and query genes without the requirement of analysed antiSMASH clusters. To use this, the user 

has to create a folder called “genome” containing sequence files such as GenBank files.  

• “gbks/ReferenceClusterOfQueryGene.gbk”: defines the BGC the query gene belongs to. 

 

→ Output: 

 

Figure 7: Screenshot of the Output directory generated by Corason 

 

Relevant output files of Corason include: 

• “joined.svg”: shows the calculated phylogenetic tree and the distribution of identified genes in the 

different BGCs. 

• “_Report” file: contains a summary of the run, including identified orthologs and parameters. 
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2.2 Draft Genome Sequence of Sinomicrobium sp. PAP.21, Isolated from a Coast Sample of Papua, Indonesia 
Parts of this chapter have been published as an article in Microbiology Resource Announcements. The manuscript 

can be found at: DOI: 10.1128/mra.01268-22 

 

Scan for
full publication
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2.2.1 Background 
The phylum Bacteroidetes is a promising, though underexplored bioresource for natural product discovery 

(Brinkmann et al., 2022e, 2021). Bacteroidetes are among the most abundant bacteria within marine 

ecosystems (Fernández-Gómez et al., 2013) and their known bioactive natural products represent a 

remarkable diversity. This is e.g. exemplified by the lanthipeptide pinensin from Chitinophaga pinensis 

exhibiting antifungal activity (Mohr et al., 2015). Expecting a positive correlation between the Bacteroidetes 

diversity and their produced chemical diversity, we aimed at accessing new strains. 

2.2.2 Methods and Results 

2.2.2.1 Isolation and Sequencing 

In this study, Sinomicrobium sp. PAP.21 was isolated from marine sediment of the upper layer (5-10 cm) 

collected at coast area of Cenderawasih Bay National Park, Papua, Indonesia (2°23'06.8"S 134°57'53.5"E). 

The strain was deposited in the Fraunhofer strain collection (Fox, 2014) under its identifier EXT111902. A sequencing sample was prepared by growing EXT111902 aerobically in marine broth (30°C; 24 h; 
Carl Roth GmbH; Product No.: CP73.1). The cell pellet was resuspended in ATL buffer (Qiagen) containing 

RNAse A. ZR BashingBead Lysis Tubes (Zymo Research) were used for cell disruptions. DNA was isolated using 

QIAmp 96 DNA QIAcube HT kits with addition of proteinase K (Qiagen). Libraries for short-read sequencing 

were prepared using the Illumina DNA Prep Tagmentation kit with 500 ng DNA input and 5 cycles indexing 

PCR. Library quality was evaluated (Agilent 2100 Bioanalyzer) and sequenced at an Illumina NovaSeq using a 

NovaSeq 6000 SP v1 sequencing kit with 2x150 bp read length and a depth of 4.0–5.0 Mio reads. For sequence 

processing and analysis, software tools were run with default settings unless otherwise stated. The sequencing 

was demultiplexed (Illumina bcl2fastq, v2.19.0.316), quality-checked (Fastp (Chen et al., 2018) v0.20.1) and 

visualized (MultiQC (Ewels et al., 2016) v1.7). 11.98M paired-end reads were quality-filtered (Fastp (Chen et 

al., 2018) v0.20.1; additional parameter: "--detect_adapter_for_pe --cut_by_quality5 --cut_by_quality3 --

low_complexity_filter --length_required 21 --correction"), assembled (Unicycler (Wick et al., 2017) v0.4.8) and 

annotated (Bakta (Schwengers et al., 2021.) v1.5.1). 

2.2.2.2 Computational Analysis 

The genome consists of 5,438,544 bp (Coverage 320x; N50 141,686; L50 13) in 151 contigs and has a GC 

content of 44.4%. Using CheckM (v1.0.18) (Parks et al., 2015b) the degree of genome completeness was 

determined at 99.34% with 3.9% contamination. The genome encodes 4,679 protein-coding genes, 47 tRNAs, 

1 tmRNAs, 3 rRNAs and 6 ncRNAs. The taxonomical rank was established using the Type Strain Genome Server 

(Meier-Kolthoff and Göker, 2019a). This revealed Sinomicrobium oceani CGMCC 1.12145 (Xu et al., n.d.) as 

closest related type strain. Digital DNA-DNA hybridization (dDDH) values exceed the species delineation 

threshold of 70% (76.9% (d0), 92.1% (d4) and 82.3% (d6)). An average nucleotide identity (ANI) (Lee et al., 

2016b) value of 98.89% supports affiliation of EXT111902 to the species S. oceani. antiSMASH v6.0 (Blin et al., 

2021a) was employed  to predict the BGCs. BGCs annotation was achieved by their clustering with MIBiG 

(Kautsar et al., 2020) reference clusters into gene cluster families (GCFs) using BiG-SCAPE (Navarro-Muñoz et 

al., 2020b) setting a cutoff value of 0.6. 
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2.2.2.3 Biosynthetic Gene Cluster Prediction 

EXT111902 carries one BGC clustering with BGC0001478, encoding the synthesis of the siderophore 

desferrioxamine E (Barona-Gómez et al., 2004) and another BGC was annotated to BGC0000593, encoding 

microviridin J (Ziemert et al., 2008a). The third database annotation refers to pinensin (BGC0001392) 

(Mohr et al., 2015). Pinensin-like BGCs were previously detected in genomes of certain Chitinophaga, 

Chryseobacterium, Elizabethkingia, Pedobacter, and Sinomicrobium strains (Caetano et al., 2020a). Variations in 

the amino acid sequence of the core peptides indicate a yet undiscovered structural diversity within this 

lantipeptide-type. Such alterations towards the known pinensins are also predicted for EXT111902 (Figure 8). 

Comparative alignment of the pinensin-type cluster in EXT111902 with that of Chitinophaga pinensis DSM2588 

(BGC0001392) demonstrated the presence of homologous core biosynthetic genes (pinA–C and pinT), 

including the characteristic split dehydratase genes (pinB1 and pinB2). Genes corresponding to Cpin5321–

5324, proposed to mediate pinensin perception and import, were also identified, whereas homologs of 

Cpin5330–5332, implicated in compound export, were absent. The predicted core peptide encoded by the 

EXT111902 cluster consists of 24 amino acids, compared to the 22-amino-acid sequence of pinensin A. 

 

 

Figure 8: BiG-SCAPE network and comparative analysis of BGCs in Sinomicrobium sp. EXT111902. 

The genome encodes five RiPP-, two NRPS-, one terpene-, and two additional BGCs. Similarity networking with MIBiG references 

identified clusters related to desferrioxamine (BGC0001478), microviridin (BGC0000593), and pinensin (BGC0001392). Alignment of 

the pinensin-like cluster revealed conserved core genes (pinA–C, pinT) and absence of export-related genes (Cpin5330–5332), 

suggesting a modified pinensin variant. 

 

This genome analysis established a high-quality, reproducibly processed assembly for Sinomicrobium sp. 

PAP.21 and expanded the genomic coverage of the genus within the Fraunhofer strain collection. The 

identification of multiple RiPP and siderophore gene clusters highlights the biosynthetic diversity of the species 

and provides a foundation for targeted metabolomic follow-up. 
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2.3 Draft Genome Sequences of Algoriphagus sp. PAP.12 and 
Roseivirga sp. PAP.19 Isolated from Marine Samples of Papua, Indonesia 
Parts of this chapter have been published as an article in Microbiology Resource Announcements. The manuscript 

can be found at: DOI: 10.1128/mra.01264-22 

 

Scan for
full publication
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2.3.1 Background 
The phylum Bacteroidetes is a proliferating, though underexplored bioresource for natural product discovery 

(Brinkmann et al., 2022b, 2022e). They colonize diverse habitats and are among the most abundant groups of 

bacteria within marine ecosystems (Fernández-Gómez et al., 2013). Aimed at accessing new Bacteroidetes, 

strains PAP.12 and PAP.19 were isolated from Cenderawasih Bay National Park, Papua, Indonesia. The strains 

were deposited in the Fraunhofer strain collection (Fox, 2014) under their identifier EXT111900 and 

EXT111901. 

2.3.2 Methods and Results 

2.3.2.1 Isolation and Sequencing 

Bacterial colonies were isolated and sequencing samples were prepared by growing the strains aerobically in marine broth (30°C; 24 h). Cell pellets were resuspended in ATL buffer (Qiagen) containing RNAse A. ZR 
BashingBead Lysis Tubes (Zymo Research) were used for cell disruption. DNA was isolated using QIAmp 96 

DNA QIAcube HT kits with addition of proteinase K (Qiagen). Libraries for short-read sequencing were 

prepared using the Illumina DNA Prep Tagmentation kit with 500 ng DNA input and 5 cycles indexing PCR. 

Library quality was evaluated (Agilent 2100 Bioanalyzer) and sequenced at an Illumina NovaSeq using a 

NovaSeq 6000 SP v1 sequencing kit with 2x150 bp read length and a depth of 4.0–5.0 Mio reads per sample. 

2.3.2.2 Computational Analysis 

The sequencing was demultiplexed (Illumina bcl2fastq, v2.19.0.316), quality-checked (Fastq, v0.20.1) and 

visualized (MultiQC, v1.7). Paired-end reads were quality-filtered (Fastp (Chen et al., 2018) v0.20.1), assembled 

(Unicycler (Wick et al., 2017) v0.4.8), quality-checked (CheckM (Parks et al., 2015b) v1.0.18) and genomes 

were annotated using Bakta (Schwengers et al., n.d.) (v1.5.1). The genome of strain EXT111900 consists of 

5,032,044 bp in 101 contigs (N50 235,524) with a GC content of 39.4% revealing a completeness of 99.81% and 

contamination of 0.19%. It encodes 4,286 protein-coding genes, 41 tRNAs, 1 tmRNAs, 3 rRNAs and 3 ncRNAs. 

The genome of EXT111901 consists of 4,582,827 bp in six contigs (N50 3,058,286) with a GC content of 42.1% 

revealing a completeness of 99.81% and no contamination. It encodes 3,944 protein-coding genes, 47 tRNAs, 

1 tmRNAs, 6 rRNAs and 3 ncRNAs. 

2.3.2.3 Taxonomic Classification 

Taxonomical ranks were established using the Type Strain Genome Server (Meier-Kolthoff and Göker, 2019a), 

autoMLST (Alanjary et al., 2019) and by determining the average nucleotide identity (ANI) (Lee et al., 2016b). 

Roseivirga pacifica DY53 (Huo et al., 2013) represents the closest related type strain of EXT111901. Digital 

DNA-DNA hybridization (dDDH) values and an ANI of 96.65%, all exceeding the species delineation threshold 

support affiliation of EXT111901 to the species of R. pacifica. EXT111900 closest related type strain is 

Algoriphagus zhangzhouensis DSM 25035 (Yang et al., 2013). The dDDH values are 71.8% (d0), 35.8% (d4) and 

62.9% (d6) and the ANI is 88.84%. Accordingly, EXT111900 possibly represents a candidate new Algoriphagus 

species. 
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2.3.2.4 Biosynthetic Gene Cluster Prediction 

Prediction of BGCs was performed using antiSMASH v6.0 (Blin et al., 2021a). Their grouping into gene cluster 

families (GCFs) together with the MIBiG (Kautsar et al., 2020) reference clusters using BiG-SCAPE (Navarro-

Muñoz et al., 2020b) allowed BGC-similarity determinations. EXT111900 carries one BGC clustering with 

BGC0000650, encoding the carotenoid flexixanthin (Tao et al., 2006). Albeit less similar, the same match is 

detected from EXT111901 (Figure 9). A difference is the presence of a lycopene beta-cyclase in EXT111900 

and its absence in EXT111901. 

 

Figure 9: BiG-SCAPE network and comparative analysis of BGCs in Roseivirga sp. EXT111901 (turquoise) and Algoriphagus sp. 

EXT111900 (dark blue). Both genomes contain terpene, RiPP, and other BGC types. Terpene clusters from each strain group with the 

flexixanthin reference (MIBiG BGC0000650) from Algoriphagus sp. KK10202C, showing similarity indices of 0.207 and 0.604, 

respectively. A fusion-type lycopene β-cyclase gene (pink ORF) is present in EXT111900 but absent in EXT111901. The chemical 

structure of flexixanthin is shown at the bottom. 

 

Both Algoriphagus sp. PAP.12 and Roseivirga sp. PAP.19 yielded high-quality genome assemblies that passed all 

workflow quality thresholds. Comparative genomics highlighted the taxonomic novelty of PAP.12 and 

confirmed the species identity of PAP.19. BGC analysis revealed conserved carotenoid biosynthetic potential, 

with subtle genomic variations suggesting species-specific metabolic traits. Together, these analyses extend 

the genomic framework of marine Bacteroidota within the Fraunhofer strain collection and demonstrate the 

reproducibility of the applied computational pipeline across multiple genera.  
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2.4 Genome Sequence of Galbibacter sp. PAP.153, Isolated from a Marine Sponge of Papua, Indonesia 
Parts of this chapter have been published as an article in Microbiology Resource Announcements. The manuscript 

can be found at: DOI: 10.1128/mra.01297-23 

 

Scan for
full publication
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2.4.1 Background 
The phylum Bacteroidetes is a promising bioresource for discovering novel natural products 

(Brinkmann et al., 2022b, 2022e; Silva et al., 2022) and is abundant in ocean ecosystems (Fernández-Gómez et 

al., 2013). The strain PAP.153 was isolated from Cenderawasih Bay National Park, Papua, Indonesia 

(2°23'6.8"S134°57'53.5" E) and deposited as EXT111903 in the Fraunhofer strain collection (Fox, 2014). 

2.4.2 Methods and Results 

2.4.2.1 Isolation and Sequencing 

Distinct colonies were isolated, and sequencing samples were prepared by cultivating strains aerobically for 24 h at 30°C in marine broth (product number CP73.1; Carl Roth GmbH). EXT111903, distinguished by its 
yellow phenotype, was chosen because it was assigned to the Bacteroidetes phylum. Cells were pelleted and 

resuspended in ATL buffer (Qiagen) containing RNAse A. ZR BashingBead Lysis Tubes (Zymo Research) were 

used for cell disruption. DNA was isolated using QIAmp 96 DNA QIAcube HT kits with the addition of proteinase 

K (Qiagen). Libraries for short-read sequencing were prepared using the Illumina DNA Prep Tagmentation kit 

with 500 ng DNA input and 5 cycles indexing PCR. Library quality was evaluated (Agilent 2100 Bioanalyzer) 

and sequenced at an Illumina NovaSeq using a NovaSeq 6000 SP v1 sequencing kit with 2x150 bp read length 

and a depth of 4.0–5.0 Mio reads per sample. 

2.4.2.2 Computational Analysis 

The sequencing was demultiplexed (Illumina bcl2fastq, v2.19.0.316), quality checked (Fastq, v0.20.1), and 

visualized (MultiQC, v1.7). Paired-end reads were quality-filtered (Fastp (Chen et al., 2018) v0.20.1), assembled 

(Unicycler (Wick et al., 2017) v0.4.8), annotated (PGAP (Li et al., 2021)), and quality-checked (CheckM 

(Parks et al., 2015b) v1.0.18). The genome comprising 4.12 Mbp in 105 contigs (Coverage 351-fold, N50 145,281 

bps) with a GC content of 38.6%, revealed a completeness of 100% and contamination of 0.47%. It encodes 

3664 protein-coding genes, 41 tRNAs, 1 tmRNA, 3rRNAs, and 7 ncRNAs. The Type Strain Genome Server 

(Meier-Kolthoff and Göker, 2019a) identified Galbibacter pacificus  CMA-7T (GCF_029603155.1) as the closest 

related type strain. High Digital DNA-DNA hybridization (dDDH) values of 77.6% (d0), 83.3% (d4), and 81.5% 

(d6) and an ANI (Lee et al., 2016b) of 98.02% surpassing the species delineation threshold confirm PAP153's 

association with the species of G. pacificus. 

2.4.2.3 Biosynthetic Gene Cluster Prediction 

antiSMASH v6.0 (Blin et al., 2021a) was used to predict BGCs. G. pacificus PAP.153 contains 4 BGCs, two 

terpene-type, and two aryl polyene-type clusters. BiG-SCAPE analysis, including MiBIG reference BGCs 

(Kautsar et al., 2020)(Cutoff: 0.6) grouped one BGC with the flexirubin BGC, a chemotaxonomic marker for 

Bacteroidetes (Schöner et al., 2014) (Figure 10). 
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2.4.2.4 Colourimetric assay 

To experimentally validate the genome-based prediction, a colourimetric assay for flexirubin-type pigments 

was performed. Galbibacter sp. PAP.153 was cultivated in nutrient broth (NB; 0.5% peptone, 0.3% malt extract) 

at 28 °C for 48 h under aerobic conditions. Cell pellets were harvested, and crude methanolic extracts were 

prepared by vortexing the biomass in methanol, followed by centrifugation. 

An equal volume of 20% (w/v) KOH solution was added to the extract, resulting in a distinct orange-to-red 

color change characteristic of flexirubin-type pigments. Upon addition of 1 M HCl, the color reverted to pale 

yellow, confirming the reversible pH-dependent chromophore behaviour typical of flexirubin (Fautz and 

Reichenbach, 1980). Control assays using methanol alone or extracts from non-pigmented reference strains 

remained colorless throughout. This experimental validation supported the in silico BGC prediction and 

verified the active expression of the flexirubin pathway in Galbibacter sp. PAP.153. 

 

 

Figure 10: BiG-SCAPE network and validation of flexirubin BGC in Galbibacter sp. PAP.153.* 

(A) BiG-SCAPE network (left) showing one BGC (magenta) clustering with the flexirubin reference from Flavobacterium johnsoniae 

UW101 (similarity index = 0.430). Gene-level alignment with CORASON (right) confirmed a complete flexirubin locus. (B) Experimental 

validation via KOH-induced color change of methanolic extracts demonstrated flexirubin production; the orange coloration reverted to 

pale yellow upon acidification with HCl. 

 

The genome of Galbibacter sp. PAP.153 represents a high-quality assembly with full biosynthetic annotation. 

Computational genome mining, supported by colourimetric validation, confirmed the presence and activity of 

the flexirubin biosynthetic pathway—a key chemotaxonomic marker within the Bacteroidota. These findings 

demonstrate the reliability of the applied analysis workflow and its value for linking genome mining 

predictions to experimentally verifiable phenotypes in underexplored taxa. 
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2.5 Genome Sequences of 21 Pedobacter strains isolated from amphibian specimens 
Parts of this chapter have been published as an article in Microbiology Resource Announcements. The manuscript 

can be found at: DOI: 10.1128/mra.01185-23 
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full publication
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2.5.1 Background 
The bacterial genus Pedobacter is widely distributed in many habitats and associated with macroorganisms, 

including amphibians (G. Huang et al., 2022; Santibáñez et al., 2022). Pedobacter has been identified as part of 

their cutaneous microbiome (3–5) and has been found to inhibit the growth of pathogenic fungi 

(Bletz et al., 2017; Lauer et al., 2007). Certain strains are multidrug-resistant and not susceptible to β-lactams, 

colistin, aminoglycosides, and ciprofloxacin(Ullmann et al., 2020b). This phenotype is supported by a high and 

diverse number of antibiotic-resistance genes detected in the genomes (Viana et al., 2018b). Aimed at 

characterizing new Pedobacter strains, bacteria were isolated from skin swabs of salamanders and frogs from 

Germany and Madagascar. 

2.5.2 Methods and Results 

2.5.2.1 Isolation and Sequencing 

For sampling and cultivation of strains with DE and EXT identifiers, see Bletz et al. (Bletz et al., 2017). For 

sequencing, strains were grown aerobically in NB-medium (0.5% Peptone, 0.3% Malt Extract, 0.5% NaCl) at 

18°C for 24-72 hours.  Cell pellets were resuspended in ATL buffer (Qiagen) containing RNAse A. ZR 

BashingBead Lysis Tubes (Zymo Research) were used for cell disruption. DNA was isolated using QIAmp 96 

DNA QIAcube HT kits with the addition of proteinase K (Qiagen). Libraries for short-read sequencing were 

prepared using the Illumina DNA Prep Tagmentation kit with 500 ng DNA input and 5 cycles indexing PCR. 

Library quality was evaluated (Agilent 2100 Bioanalyzer) and sequenced on an Illumina NovaSeq using a 

NovaSeq 6000 SP v1 sequencing kit with 2x150 bp read length and a depth of 4.0–5.0 million reads per sample. 

Unless otherwise stated, software tools were run with default settings for sequence processing and analysis. 

The sequence data was demultiplexed (Illumina bcl2fastq, v2.19.0.316), quality-checked (Fastp, v0.20.1) and 

visualised (MultiQC, v1.7). Paired-end reads were quality-filtered (Fastp (Chen et al., 2018) v0.20.1, additional 

53 parameter: "--detect_adapter_for_pe --cut_by_quality5 --cut_by_quality3 --low_complexity_filter --54 

length_required 21 --correction")), assembled (Unicycler (Wick et al., 2017) v0.4.8) and quality-checked 

(CheckM2 (Chklovski et al., 2023b) v1.0.18). Taxonomical ranks were established using the Type Strain 

Genome Server (Meier-Kolthoff and Göker, 2019a) and GTDB (Parks et al., 2018). 

2.5.2.2 Computational Analysis and Taxonomic Classification 

Genome completeness exceeded 98% in all cases, with contamination levels below 2%. Assembly sizes ranged 

from 4.7 to 7.2 Mbp and GC contents from 35 to 44%, consistent with other Pedobacter reference genomes. 

Taxonomic placement was performed using the Type Strain Genome Server (TYGS) and Genome Taxonomy 

Database (GTDB) pipelines, confirming affiliation of all isolates to the genus Pedobacter with varying proximity 

to type strains such as P. frigiditerrae, P. aquatilis, and P. heparinus (Table 7). 
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Table 7: Overview of isolated Pedobacter strains and detected β-lactamase numbers and classes.  

 Isolation No. of detected genes/   

β-lactamase class  

Isolate 

(ID) 
Isolation Source 

Sampling 

location 

(Lat., Long.) 

Closest type 

strain (TYGS) 
GenBank accession A 

B1

B2 
B3 C D 

DE_  
0159 

Salamandra            

salamandra 

Kottenforst, 

Germany 

P. frigiditerrae 
RP-1-13 JAVTSV000000000  0 0 1 3 0 

DE_ 
0302 

Salamandra            

salamandra 

Harz, 

Germany 

P. miscanthi 
RS10 

JAVTSU000000000  

1 0 1 4 0 

DE_ 
0380 

Salamandra            

salamandra 

Solling, 

Germany 

P. gandavensis 
LMG 31462 T JAVTST000000000  1 0 0 4 1 

DE_ 
0385 

Salamandra            

salamandra 

Solling, 

Germany 

P. frigiditerrae 
RP-1-13 JAVTSS000000000  0 0 1 3 0 

DE_ 
0392 

Salamandra            

salamandra 

Solling, 

Germany 

P. agri            
DSM 19486 JAVTSR000000000  0 0 1 3 0 

DE_ 
0410 

Salamandra            

salamandra 

Solling, 

Germany 

P. nutrimenti 
DSM 27372 JAVTSQ000000000  1 0 0 5 2 

DE_ 
0497 

Salamandra            

salamandra 

Solling, 

Germany 

P. frigoris          
KACC 21154 JAVTSP000000000  0 0 0 2 0 

DE_ 
0550 

Salamandra            

salamandra 

Harz, 

Germany 

P. nototheniae 
36B243T JAVTSO000000000  0 1 1 7 0 

DE_ 
0801 

Salamandra            

salamandra 

Solling, 

Germany 

P. 

psychrodurus 
RP-3-21 

JAVTSN000000000  

1 0 1 7 0 

DE_ 
0989 

Salamandra            

salamandra 

Eifel, 

Germany 

P. antarcticus 
DSM 11725 JAVTSM000000000  

1 0 1 8 1 

MADA_ 
173 

Boophis williamsi 

Ankaratra, 

Madagascar    

(-19.3463, 

47.27705) 

P. antarcticus 
DSM 11725 JAVTSL000000000  

1 0 1 7 1 

MADA_ 
278 

Mantidactylus  aff

. curtus 19 

Ankaratra, 

Madagascar     

(-19.3463, 

47.27705) 

P. gandavensis 
LMG 31462 T JAVTSK000000000  

2 0 0 4 0 

MADA_ 
852 

Aglyptodactylus   

madagascariensis 

Andasibe, 

Madagascar       

(-18.9328, 

48.41312) 

P. aquatilis 
CECT 7114 JAVTSJ000000000  

1 0 1 3 0 

MADA_
1817 

Ptychadena           

mascareniensis 

Andasibe, 

Madagascar       

(-18.9328, 

48.41312) 

P. agri            
DSM 19486 JAVTSI000000000  

0 0 1 3 0 

MADA_
1818 

Ptychadena           

mascareniensis 

Andasibe, 

Madagascar      

(-18.9328, 

48.41312) 

P. agri           
DSM 19486 JAVTSH000000000  

0 0 1 3 0 

MADA_
2501 

Boophis goudoti 

Ankaratra, 

Madagascar    

(-19.3463, 

47.27705) 

P. aquatilis 
CECT 7114 JAVTSG000000000  

0 1 1 3 0 

https://www.ncbi.nlm.nih.gov/nuccore/JAVTSV000000000.1/
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSU000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTST000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSS000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSR000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSQ000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSP000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSO000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSN000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSM000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSL000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSK000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSJ000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSI000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSH000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSG000000000
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MADA_
2608 

Mantella                 

aurantiaca 

Breeding 

centre, 

Madagascar 

P. nyackensis 
DSM 19625 JAVTSF000000000  

1 0 0 3 0 

MADA_
3128 

Spinomantis           

aglavei 

Andasibe, 

Madagascar      

(-18.9328, 

48.41312) 

P. frigidisoli       
RP-3-11 JAVTSE000000000  

0 0 0 3 0 

MADA_
3506 

Boophis goudoti 

Ankaratra, 

Madagascar    

(-19.3463, 

47.27705) 

P. aquatilis 
CECT 7114 JAVTSD000000000  

0 0 1 6 0 

S10_4.1 Salamandra            

Schiffenberg 

Forest, 

Germany 

P. heparinus 
DSM 2366 JAVTSC000000000  

0 1 0 3 0 

S8_12.1 Salamandra            

Schiffenberg 

Forest, 

Germany 

P. gandavensis 
LMG 31462 T JAVTSB000000000  

1 0 0 2 0 

 

2.5.2.3 Prediction of β-Lactamase Genes and Resistome Analysis 

Since Pedobacter species are known to encode multiple β-lactamase genes, a dedicated resistome-profiling 

workflow was applied. open reading frames were screened with Resistance Gene Identifier using the 

Comprehensive Antibiotic Resistance Database (Alcock et al., 2020) to predict β-lactamase genes and classify 

them into mechanistic families. All predicted β-lactamase sequences were extracted and analysed with the 

Enzyme Function Initiative–Enzyme Similarity Tool (EFI-EST) (Gerlt et al., 2015). The network included 

proteins ranging from 200 to 440 amino acids and used an alignment score cutoff of 20. This computational 

network approach enabled the visual comparison of novel candidate β-lactamases with known reference 

enzymes and the classification of uncharacterised clusters based on sequence similarity, rather than annotation 

alone. The resulting SSN comprised 118 putative β-lactamases (average 5.6 ± 2.5 per genome) that clustered 

into 89 reference groups. In addition to analysing our 21 in-house Pedobacter strains, we also included publicly available genomes to assess the distribution of β-lactamase among the genus (Figure 11, left side). The majority of detected β-lactamases belonged to class C (609), followed by class B3 (72), class A (56), and class B1/B2 

(32), consistent with previous findings (Viana et al., 2018a). However, our expanded dataset additionally revealed 26 putative β-lactamases clustering with reference enzymes of the Ambler class D. The total number of predicted AMR genes detected by CARD and the curated β-lactamases included in the SSN were assigned to 

their taxonomic context within the genus based on the calculated phylogenetic tree (Figure 11, right side). The 26 predicted class D β-lactamases were distributed across 22 genomes, accumulating in distinct taxonomic 

branches. This includes our isolates (yellow shade), for example, Pedobacter sp. DEU0410, which carries eight predicted β-lactamases belonging to class C (5) and class D (2). 

https://www.ncbi.nlm.nih.gov/nuccore/JAVTSF000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSE000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSD000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSC000000000
https://www.ncbi.nlm.nih.gov/nuccore/JAVTSB000000000
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Figure 11: Distribution of β-lactamase enzymes across representatives of the Pedobacter genus (n = 143). Left: Sequence 

similarity network of Pedobacter β-lactamase enzymes (coloured by Ambler class) in relation to reference β-lactamases from the CARD 

database (grey), illustrating class assignment based on similarity calculated with EFI-EST. Right: Phylogenetic tree of Pedobacter 

representatives (n = 143) showing the density of antimicrobial resistance genes (first ring, black = high, grey = low), highlighting the 

21 in-house Fraunhofer strains (yellow shading) and the P. cryoconitis clade (grey shading). The number of predicted β-lactamase 

enzymes per genome is displayed as bar charts, with colours corresponding to the predicted Ambler class. 

 

The combination of CARD-based annotation and network-based classification demonstrated the diversity of 

resistance determinants within environmental Pedobacter isolates and within the genus Pedobacter, supporting the hypothesis that these organisms serve as reservoirs for novel β-lactamase variants.  

This study established a high-throughput computational workflow for comparative genomics and resistome 

analysis across 21 Pedobacter isolates. The workflow integrated Illumina short-read assembly, automated 

annotation, and machine-learning-based genome quality assessment (CheckM2) with functional resistome 

mining and network visualisation. The data reveal a consistent presence of multiple β-lactamase genes per 

genome and identify unreported class D variants, expanding the known functional diversity of this enzyme 

family in the genus. These results highlight the value of integrating genome mining with sequence similarity 

networks for identifying and categorising resistance determinants in non-clinical bacterial taxa. 
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2.6 A genetically tractable branch of environmental 
Pedobacter from the phylum Bacteroidota represents a hotspot for natural product discovery 
Parts of this chapter have been published as an article in Scientific Reports. The manuscript can be found at: 

DOI:10.1038/s41598-025-03955-z 
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2.6.1 Background 
Secondary metabolites (SMs) are small molecules that often exhibit ecologically or pharmacologically relevant 

bioactivities (Dinglasan et al., 2025; Price-Whelan et al., 2006). These compounds have evolved in bacteria to 

possess complex structural features in order to achieve potent and specific molecular interactions with their 

targets (Bushin et al., 2020; Davies, 2013; S. Dickschat, 2010). Given the structural complexity of SMs, these 

molecules are hard to mimic by synthetic chemistry and, therefore, serve as a primary source for the discovery 

of novel lead structures (Davies, 2013; Stratton et al., 2015). 

Traditionally, actinobacteria, bacilli, and specific proteobacteria were major bacterial SM contributors. 

However, declining discovery rates prompt exploration of yet underexplored (bacterial) sources. Increasing 

capabilities to read, rate, and modify bacterial genomes are the keystone for a renaissance of SM discovery. 

Furthermore, the fact that most of the putative SM-encoding BGCs have not yet been assigned to any chemical 

product indicates a high biosynthetic potential within non-traditional SM producer taxa (Cimermancic et al., 

2014; Corre and L. Challis, 2009; Donadio et al., 2007; Walsh and Fischbach, 2010). Among these recently 

recognized taxa are the Bacteroidota, in which the number of compounds isolated and characterized represent 

only a minor proportion of the predicted potential (Brinkmann et al., 2022a). Moreover, its encoded chemical 

diversity is predicted to differ from traditional natural products (NPs) -producing taxa (S. Dickschat, 2010; 

Stratton et al., 2015). 

Our previous work analyzed representative genomes from the phylum Bacteroidota concerning their overall 

biosynthetic potential and identified the genus Pedobacter as a BGC hotspot (Brinkmann et al., 2022a). Also, in 

2021, Figueiredo et al. highlighted the Pedobacter, to be the genus with the highest BGC number within the 

family Sphingobacteriaceae (Figueiredo et al., 2022). A recent pangenome study undermines this impression, 

suggesting a unique but uneven distribution of BGCs within the 41 Pedobacter genomes analyzed. Pedobacter 

species are widely distributed in many habitats, such as terrestrial (J. Huang et al., 2022) and marine 

environments (He et al., 2020), or associated with higher organisms (Corsaro et al., 2017). Although Pedobacter 

strains have been studied for their potential to produce industrially relevant enzymes (Gu et al., 2017; Zhu 

et al., 2018b) and their relevance as antimicrobial resistance gene reservoirs (Ullmann et al., 2020a; Viana et al., 

2018b), their potential for NPs discovery has been less explored. Members from this genus are known to 

produce antibiotics with potent activity against multidrug-resistant pathogens such as the cyclic 

lipodepsipeptides Pedopeptins and Isopedopeptins (from now on referred to (iso)pedopeptins (molecules) or 

pedopeptin-like (BGCs)). (Iso)pedopeptins are the sole bioactive specialized metabolite class identified from 

Pedobacter to this date (Hirota-Takahata et al., 2014; Kozuma et al., 2014; Nord et al., 2020b). 

Here, 143 Pedobacter genomes (including 21 project strains) were analyzed by genome mining, resulting in the 

identification of a Pedobacter branch enriched in yet uncharacterized non-ribosomal peptide synthetase 

(NRPS) gene clusters. To complement the traditional cultivation approaches, we developed a genetic toolkit for 

Pedobacter that enabled linking the natural products to their corresponding BGC in combination with 

metabolomics. This combined genetic-metabolomic approach led to the isolation of 12 lipopeptides that were 

fully characterized using nuclear magnetic resonance (NMR) experiments, Marfey´s analysis, and total 

synthesis. 
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2.6.2 Methods 

2.6.2.1 Creation and Curation of the Pedobacter Assembly Dataset 

149 Pedobacter assembly genomes matching our selection criteria (NCBI:txid84567, filter: RefSeq annotation) 

were obtained from NCBI in gbff file format on 28.11.2022. The dataset was complemented by 21 Pedobacter 

assemblies retrieved from amphibian specimens (Biosample accession 37505411-37505431) (n=171). To 

ensure data quality, genome assemblies were subject to quality control steps using CheckM2 (Chklovski et al., 

2023a), TYGS (Meier-Kolthoff and Göker, 2019b), OrthoANI (Lee et al., 2016a), and Genome Taxonomy Data 

Base (GTDB-Tk) (Parks et al., 2022). Firstly, we retained only assemblies meeting the minimum information 

about a metagenome -assembled genome (MIMAG) evaluation (Bowers et al., 2017) criteria for high-quality 

genomes, demonstrating 90-100% completeness and 0-5% contamination according to CheckM2 analysis 

(n=168). Redundant genomes were identified and removed based on orthoANI scores greater than 99.9% and 

TYGS digital DNA-DNA hybridization (dDDH) values (d0, d4, d6 = 100%). For the remaining genomes, GTDB-

Tk was used to confirm taxonomic affiliation. The final dataset consisted of 149 genome assemblies, all 

confirmed to belong to the genus Pedobacter. A whole-genome sequence-based phylogenetic tree was retrieved 

from TYGS and visualized using the interactive tree of life (iTOL v6(Letunic and Bork, 2024)) tool. Metadata 

such as assembly size and N50 were monitored using Geneious (v11.1.5).   

2.6.2.2 Detection and Clustering of BGCs and Antibiotic Resistance Genes 

Standalone antiSMASH v6.1.119 was used to detect BGCs in the Pedobacter genome dataset. Genome assemblies 

were provided as fasta files, genes were predicted using the integrated Prodigal Pipeline, and BGC detection 

was limited to clusters larger than 5 kb to minimize the number of incomplete BGCs (--minlength 5000 –
genefinding-tool prodigal). Only contigs larger than five kbps were inspected, averaging 72 contigs (1-1481 

contigs) per genome. We observed no correlation between the number of detected BGCs and the number of 

contigs per genome (R2 = 0.0165; see Figure S1-1), warranting the robustness of the data. BGC numbers were 

correlated to the N50 values to detect broken NRPS clusters (Figure S1-2) and the genome assembly size 

(Figure S1-3). Assemblies showing a possible overestimation of BGCs (low N50 values but high numbers of 

BGCs, Figure S1-2), underwent a second round of BGC detection after contigs < 10 kb (“Filter Assembled Contigs 
by Length - v1.2.0" on kbase42). After manual curation of the respective antiSMASH outputs, all antiSMASH files 

were analyzed to extract multimodular NRPS BGCs. These BGCs (n=32) served as input for BiG-SCAPE to 

construct a similarity network. BiG-SCAPE was run with default parameters at a cutoff of 0.6, flagging –MIBiG, –mix to include MIBiG reference clusters and a similarity network independent of BGC-type. The Generated 

Network was visualized with Cytoscape (v3.8.2) using the yFiles organic Layout. . The cluster amount and types, 

specifically for multimodular NRPS and the assembly sizes were extracted and visualized as a heatmap in 

iTOL(Letunic and Bork, 2024).  
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2.6.3 Results 

2.6.3.1 A Pedobacter Branch is Enriched in Unique Multimodular NRPS Gene 
Clusters 

To comprehensively rate the biosynthetic potential of the genus Pedobacter, we extracted 149 genomes from 

the National Center for Biotechnology Information (NCBI) reference genome database. This dataset was 

complemented with 21 project strain genomes (Zumkeller et al., 2024) from amphibian specimens sampled 

either in Germany (ISO country-code DEU) or in Madagascar (ISO country-code MDG) (details under BioProject 

accession number PRJNA1019955). After data curation (Material and Methods), we constructed a whole-

genome sequence-based phylogenetic tree, including 143 Pedobacter genome sequences (Figure 12). Some 

species affiliations published by NCBI were inconclusive when evaluated using different genome-based 

classification tools (Lee et al., 2016a; Meier-Kolthoff and Göker, 2019b; Parks et al., 2022) (Figure 12, grey 

squares). Supplementary Table 1 contains suggested species affiliations for these strains based on TYGS  (Meier-

Kolthoff and Göker, 2019a) and is published along with the manuscript (see page 50). We found the 21 

Pedobacter strains from amphibian specimens (yellow shade) broadly distributed across the genus Pedobacter. 
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Figure 12: Bioinformatics analysis of 143 Pedobacter genomes indicates a BGC hotspot of the P. cryoconitis branch. A consensus 

tree was calculated using the Type Strain Genome Server(Meier-Kolthoff and Göker, 2019b) based on the Genome BLAST Distance 

Phylogeny approach. Colors indicate project strains from amphibian specimens (yellow) and the P. cryoconitis branch (grey). The 

genome size (black heatmap), the number and types of biosynthetic gene clusters (bar charts), and the presence of multimodular NRPS 

gene clusters (green heatmap) are illustrated for each strain. Values were determined by antibiotics & Secondary Metabolite Analysis 

Shell (antiSMASH) v6.1.1 (Blin et al., 2021b). The tree was annotated using the interactive tree of life (iTOL v6(Letunic and Bork, 2024)) 

tool. The species names are based on NCBI entries. Species affiliations of some strains remained inconclusive (marked with a square) if 

compared with different tools (OrthoANI (Lee et al., 2016a), TYGS (Meier-Kolthoff and Göker, 2019b) and GTDB (Parks et al., 2022)). 

The supplementary table also lists species affiliations based on TYGS for these strains.  

 

Next, we assessed and rated the biosynthetic potential of the strains by BGC annotation analysis using 

antibiotics & Secondary Metabolite Analysis Shell (antiSMASH) 6.1 (Blin et al., 2021b) (Supplementary Table 

1). In summary, a Pedobacter genome featured 5.7 BGCs on average. The overall biosynthetic diversity is similar 

to the numbers reported by Covas et al. (This study vs. Covas et al.); While cluster types like NRPS  

(11% vs. 9%), Ribosomally synthesized and post-translationally modified peptides (RIPPs) (27% vs. 27%), 

Terpenes (22% vs. 22%) and Others (8% vs. 7%) are very similar, notable differences are observed in 

Polyketide synthases (PKS) (19% vs. 12%) and NRPS-PKS hybrids (12% vs. 17%). This discrepancy can be 

explained by the different size and composition of the genomic datasets. As indicated by Covas et al. (Covas et 

al., 2023), there is no overall linear positive correlation between genome assembly size and the number of BGCs 

(R2 = 0.29; Figure S1-3). This differentiates Pedobacter from other bacterial genera, such as, e.g., Chitinophagia 

(Brinkmann et al., 2022a), Nocardia (Männle et al., 2020), or Amycolatopsis (Adamek et al., 2018), showing a 

positive correlation between the BGC number of each strain and the respective genome size. The accumulation 

of clusters in only a few genomes already hints towards an uneven distribution of BGCs within the genus. To 

identify strains with a high BGC load, the determined total BGC number was assigned to the strains and set to 

the taxonomic context of the genus based on the calculated phylogenetic tree (Figure 12). The eight strains exhibiting the highest BGC load (≥17 BGCs) cluster together in the phylogenetic tree (Figure 12, grey shade), 

including the two type strains, P. cryoconitis DSM 14825 (Margesin et al., 2003) and P. lusitanus 

NL19T(Covas et al., 2017). This is in accordance with the analysis performed by Covas et al., which also 

identified P. cryoconitis and P. lusitanus as hotspots of biosynthetic potential. Our analysis now extends this 

hotspot - the “P. cryoconitis branch” by six additional strains. As shown in Figure 12, all P. cryoconitis strains - 

except the type strains DSM 14825T - exhibit taxonomic discrepancies. According to TYGS (Meier-Kolthoff and 

Göker, 2019b) analysis, these strains should be reassigned to Pedobacter sp. However, for consistency, we 

retained the NCBI naming throughout the manuscript. These eight strains show an average genome size of 

6.13 ± 0.14 Mbps, encoding 18.25 ± 1.6 BGCs. All other Pedobacter strains (n=135) instead have an average 

genome size of 5.42 Mbps and a comparatively low BGC load of 5.1 ± 2.8 BGCs. Despite their close relationship, 

their BGC composition is still rather heterogeneous (cosine similarity score ranging from 0.5-1, Figure S1-7). 

Only P. cryoconitis K2C9 and P. cryoconitis MP7CTX6 share their complete BGC equipment. The P. cryoconitis 

branch accounts for 18% of all BGCs and a remarkably enriched amount of NRPS BGCs. Together, they carry 34 

NRPS gene clusters (on average 4.25 ± 1.1 per strain), accounting for 43% of all NRPS gene clusters detected 

within the dataset. 
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The biosynthetic potential of Pedobacter in the production of terpenes and NRPS-independent siderophore 

(NIS) SMs was previously reported (Covas et al., 2017). In this study, we focused on NRPS-derived SMs instead. 

NRPS biosynthetic machineries provide a tremendous structural complexity of peptides exhibiting diverse 

biological functions and a wide range of physio-chemical properties (Süssmuth and Mainz, 2017). Our in-depth 

analysis revealed the annotation of NRPS gene clusters within the genomes of 41 strains. Of these, 26 strains 

exclusively contained monomodular NRPS gene clusters while a rather exclusive amount of 15 strains carried 

34 multimodular NRPS gene clusters. Most of these multimodular NRPS gene clusters are again encoded within 

the genomes of the P. cryoconitis branch (Figure 12, green heat map). Another seven strains carrying 

multimodular NRPS gene clusters are distributed over the genus. To determine the diversity of the 34 detected 

multimodular NRPS gene clusters, we used BiG-SCAPE (Navarro-Muñoz et al., 2020c) (Biosynthetic Gene 

Similarity Clustering and Prospecting Engine) to analyze their sequential and compositional similarity and to 

assign them to gene cluster families (GCFs). At a cutoff of 0.6, 22 GCFs were generated. Three networks included 

GCFs from more than two strains, covering 16 BGCs in total (Figure 13, NRPS-1, -4, and -5). Corason (Navarro-

Muñoz et al., 2020c) alignment (Figure S1-6) of these GCFs showed that the GCF defining NRPS-1 actually 

contained three nodes with fused NRPSs (Figure 13A-chain symbol), while NRPS-1 is only partially covered in 

strain P. cryoconitis ANJC1 (Figure 13A-star). NRPS-1 GCF also comprises a duplet harbored by strains 

P. cryoconitis S3M1 and ANJC1 and another singleton in P. cryoconitis PAMC27485. NRPS-1 is most conserved 

and found in 7 of the 15 analyzed strains. Notably, 6 out of 8 strains of the P. cryoconitis branch encode this 

BGC, including P. steynii DSM19110T, which does not belong to the same taxonomic group. NRPS-4 is a smaller 

yet unassigned BGC harbored by a third of the investigated strains, while NRPS-5 is present in four strains. 

Both, NRPS-4 and -5 are only found in members of the P. cryoconitis branch. Two GCFs were duplicates (NRPS-

2 and -6), all encoded by P. cryoconitis ANJC1 and S3M1, respectively. The rest of the detected BGCs remained 

as singletons (n=17). 
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To assign the detected clusters to known BGCs, BigSCAPE (Navarro-Muñoz et al., 2020c) was used to include 

and calculate the similarity of all reference BGCs available from the Minimum Information about a Biosynthetic 

Gene cluster (MIBiG (Terlouw et al., 2023)) v 2.1 repository. Intriguingly, no deposited reference cluster was 

correlated to our data, suggesting a compositional uniqueness of the analyzed Pedobacter NRPS BGCs. Manual 

inclusion of the known Pedopeptin BGC, however, confirmed its presence in the described producer 

P. lusitanus NL19T, and similar pedopeptin-like clusters in P. cryoconitis DSM 14825T, P. cryoconitis K2C9 and 

P  cryoconitis MP7CTX6 (Figure 13, NRPS-5, Figure S1-6C).Finally, we generated a cosine similarity score 

heatmap to visualize the similarity of the multimodular NRPS content of the strains (“https://software.broadinstitute.org/morpheus,” n.d.) Figure 13B). The strains outside of the P. cryoconitis 

branch all encode unique multimodular NRPSs, resulting in their similarity score of zero for all strains. The 

strains of the P. cryoconitis branch, highly enriched in multimodular NRPSs, form a distinct group within the 

genus. Within this branch, two separate groups become obvious: One includes the five strains 

P. cryoconitis PAMC27485, P. cryoconitis DSM 14825T, P. cryoconitis K2C9, P. cryoconitis MP7CTX6 and 

P. lusitanus NL19T (similarity score range of 0.3 – 0.9). The strains PAMC27485 and DSM 14825T share the 

lowest similarity because only NRPS-4 is shared between them. The group is formed by P. cryoconitis ANJC1 

and P. cryoconitis S3M1, showing a high similarity score of 0.8. The wide range of similarities highlights the BGC 

heterogeneity within the P. cryoconitis branch. 

 

Figure 13: BGC Similarity of multimodular NRPS from the genus Pedobacter reveals a high diversity. A BiG-SCAPE (Navarro-

Muñoz et al., 2020c) analysis of 34 multimodular NRPS  gene clusters from 15 strains was performed to analyze distribution and 

diversity (Strain-specific colored nodes and networks, left side). The presence of NRPS clusters was manually curated (blue and white 

boxes), thereby revealing the presence of fused clusters (chain sign, NRPS 1,2,3) and broken clusters (white star, NRPS-1). The 

architecture of multimodular NRPS clusters is highlighted on the left side (colored arrows), numbered from 1-15. Incomplete NRPS 

clusters at contig edges (grey flash) are not numbered. B Heat map illustrating the cosine similarity of the multimodular NRPS 

composition from blue (minimum similarity) to white (maximum similarity). The strains are clustered based on similarity, as 

highlighted by the tree (“https://software.broadinstitute.org/morpheus,” n.d.). Strains 10-15 all encode unique multimodular NRPS 

clusters (similarity score: 0). Strains belonging to the P. cryoconitis branch and P. steynii DSM19110T form a separate branch that share 

some of the multimodular NRPS between each other. 
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2.6.3.2 Summary - Genetic Validation of NRPS-4 and Functional Link to Cryopeptin 
Biosynthesis 

Our in-silico analysis highlighted a Pedobacter branch possessing a great diversity of unique BGCs that differ 

from those in the MIBiG (Terlouw et al., 2023) database (Figure S1-7A). This prompted a yet uncharted 

chemical space of SMs potentially produced by this Pedobacter branch. To link BGCs to their corresponding 

metabolites, we sought to disrupt the putative BGC and perform comparative metabolomics to identify the 

associated metabolites. To this end, we initially evaluated the metabolome of representative Pedobacter under 

diverse culture conditions, identified candidate NRPS-like metabolites via tandem mass spectrometry (MS/MS) 

analysis, and subsequently used this information to computationally identify expressed NRPS gene clusters 

that could be experimentally validated by genetic engineering. Therefore, NRPS-4 was selected as a 

representative and tractable target for genetic validation, as its predicted domain architecture and widespread 

occurrence within the Pedobacter cryoconitis branch strongly suggested a central role in the biosynthesis of the 

observed NRPS-like metabolites. 

Through our combined bioinformatic and genetic analyses, we established a framework for linking 

biosynthetic gene clusters to their corresponding metabolites in Pedobacter. We identified a distinct 

P. cryoconitis branch enriched in multimodular NRPS clusters, representing a reservoir of previously 

uncharacterized biosynthetic diversity. By developing and optimizing transformation systems for 

P. cryoconitis, we enabled stable gene transfer and demonstrated targeted gene deletion using homologous 

recombination. Deletion of the crpA gene within the conserved NRPS-4 cluster abolished production of the 

associated lipopeptides, confirming its role in nonribosomal peptide biosynthesis. Large-scale cultivation and 

subsequent chemical characterization revealed a series of novel linear lipopeptides, the cryopeptins (A–N), 

thereby linking NRPS-4 to a distinct natural product family and establishing the Pedobacter cryoconitis lineage 

as a promising model for future natural product discovery. This illustrates how computational genomics can 

guide the discovery of novel compounds from less-explored taxonomic groups, such as Pedobacter. Here, we 

discovered the novel cryopeptins containing unusual dehydrovaline amino acids without relying on 

bioactivity-guided screening approaches. Instead, the development of genetic modification tools for Pedobacter 

enabled direct access to biosynthetic pathways predicted through genome mining. Moving forward, more 

sophisticated AI-guided computational approaches, such as metabologenomics can improve the targeted 

investigation of cryptic or silent BGCs. For example, NPOmix combines untargeted metabolomic data with 

annotated sequencing data to predict the biosynthetic origin of detected compounds. This integration not only 

enables targeted knockout designs but also provides important insights into the regulation of BGCs under 

various cultivation conditions, suggesting potential ecological functions of novel metabolites. These findings 

further highlight the growing power of computational tools to not only guide NP discovery of commercial 

interest but also to address fundamental microbial research questions, including microbial interactions and 

ecological functions. 

  



Chapter 2: Methods and Results 

59 

This section outlines the setup of a computational workflow to analyse novel Bacteroidota strains obtained 

from ongoing bioprospecting efforts aimed at expanding the diversity of the FHG strain collection. It highlights 

the genetic characterisation of marine- and amphibian-derived strain isolates and concludes with the 

description of the cryopeptin NP and its BGC. Beyond our academic efforts investigating the Bacteroidota 

phylum – including the ongoing PhD project on Monobactam biosynthesis -this work lays the foundation for a 

broader bioinformatic and AI-driven research platform. The FHG strain collection, along with the already 

generated, mostly standardised data sets on genome sequencing, metabolomics and bioactivity datasets under 

different cultivation conditions, serves as a unique resource for these efforts. Expanding genome coverage will 

further support these endeavours and increase the strategic value and attractiveness of the FHG strain 

collection, both for industrial partners and as a tool to advance academic research. 
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Profiling of Novel Acidobacteriota 
 BACKGROUND 

Acidobacteriota are prevalent and exhibit substantial phylogenetic diversity in various environments, 

including soils. However, limited research has been conducted due to their slow growth rates and challenges 

associated with cultivation. Metagenomic analyses and characterisation of isolated strains suggest that 

Acidobacteriota possess ecological adaptability and distinct metabolic capabilities, including the production of 

NPs and the presence of plant growth-promoting traits (PGPTs). This section presents two complementary 

results, covering a bioprospecting campaign (Chapter 2.7), yielding strains that were subsequently 

characterised (Chapter 2.8): 

Three novel strains were successfully retrieved from termite nests and taxonomically assigned to the genus 

Acidobacterium and Terracidiphilus. This provided experimentally tractable strains from an ecologically rich 

microhabitat. These strains, along with one additional acidobacterial soil isolate, were profiled for their general 

metabolomic capacity using OSMAC and their specific metabolic response supplemented with Trp. The strains 

produced phytohormones iP and IAA, and supplementation with Trp induced a metabolic shift, resulting in the 

production of antifungal metabolites. Functional studies in plants and on plates did not show any plant growth-

promoting traits. Complementarily, we employed an extensive genome mining approach to describe the 

genomic potential for PGP and BGC in acidobacterial strains. 
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2.7 High‐throughput cultivation for the selective isolation of Acidobacteria from termite nests as a potential new source of natural products 
Parts of this chapter have been published as an article in Frontiers in Microbiology. The manuscript can be found 

at: DOI: 10.3389/fmicb.2020.597628. 

 

Scan for
full publication
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2.7.1 Isolation Background 
Samples of Coptotermes termite nest material (surface, wood, and carton compartments) were collected from 

long-term laboratory colonies maintained at the Federal Institute for Materials Research and Testing (Berlin, 

Germany). These systems provided stable, microbially diverse environments that allowed the targeted 

enrichment of underexplored bacterial phyla, particularly Acidobacteriota. Nest material from C. testaceus was 

chosen for detailed cultivation and sequencing analyses due to its consistently high Acidobacteriota abundance. 

2.7.2 Phylogenetic Reconstruction 
To resolve the phylogenetic placement of the Acidobacteriota isolates obtained through high-throughput 

cultivation, nearly full-length 16S rRNA gene sequences were amplified using primer pair E8F (5′-GAG TTT 

GAT CCT GGC TCA G-3′) and 1492R (5′-ACG GYT ACC TTG TTA CGA CTT-3′) (Lane, 1991). Sequences were 

compared against the NCBI 16S rRNA reference database using BLASTn, and the 40 closest matches were 

retrieved for phylogenetic analysis. Multiple sequence alignment was carried out in ClustalW using default 

parameters, and phylogenetic trees were constructed in MEGA v7.0.26 employing the maximum-likelihood 

method and the Tamura–Nei substitution model with 1,000 bootstrap replicates to assess branch support. The 

resulting tree was graphically edited and annotated using iTOL v4.4.2. 

The analysis placed the isolates FhG110202, FhG110206, and FhG110214 within Acidobacteriota subgroup 1, 

closely related to the genera Acidobacterium and Terracidiphilus. Pairwise sequence identities of 97.1–98.9 % 

indicated that at least two of the isolates may represent novel species-level taxa within these genera (Figure 

14). 
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Figure 14: Phylogenetic placement of Acidobacteriota isolates FHG110202, FHG110206, and FHG110214. 

The maximum-likelihood tree was constructed from a ClustalW alignment of 16S rRNA gene sequences spanning positions 113–1,357 

(based on E. coli numbering; Brosius et al., 1978). The dataset included the three isolates, the 40 most similar reference sequences from 

NCBI, and representatives of Acidobacteriota subgroups 3, 4, 6, 7, 8, and 10. Tree reconstruction was performed in MEGA v7.0.26 using 

the Tamura–Nei model with 1,000 bootstrap replicates. Bootstrap support values >50% are indicated by filled circles, and subgroup 

affiliations are color-coded. Newly isolated strains are marked with green arrows. Branch lengths represent the number of substitutions 

per site 

 

This phylogenetic framework confirmed the taxonomic affiliation of the cultivated strains and extended the 

diversity of available Acidobacteriota representatives for future genome sequencing and functional analysis 

(see Result 2.8). 
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2.8 Tryptophan‐Driven Metabolomic Shift in Acidobacteriaceae Reveals Phytohormones and Antifungal Metabolites 
Parts of this chapter have been published as a preprint article on bioRxiv and can be found at: 

DOI:10.1101/2025.10.02.680145. It was submitted for publication in November 2025. 

 

 

Scan for
full publication
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2.8.1 Background 
Ubiquitous across various ecosystems, including soil (Eichorst et al., 2007a; Jones et al., 2009; Koch et al., 2008), 

marine sediments (Flieder et al., 2021), wetlands (Belova et al., 2018; Mehta-Kolte and Bond, 2012; Pankratov 

and Dedysh, 2010), as well as extreme environments such as permafrost (Sipes et al., 2024) and acidic mine 

drainages (Kishimoto et al., 1991), Acidobacteriota represent one of the most widespread bacterial groups 

(Ludwig et al., 1997). The phylum is phylogenetically diverse (Quaiser et al., 2003), classified into 26 

subdivisions (Dedysh and Yilmaz, 2018) based on 16S rDNA sequencing. Despite their ubiquity, the 

Acidobacteriota have historically been underexplored due to the limited availability of cultured 

representatives, which has restricted experimental characterisation and genomic insights (Ward et al., 2009). 

Today, the availability of high-quality metagenome-assembled genomes, combined with the growing number 

of cultured representatives and isolate genomes, has significantly broadened our understanding of the 

metabolic capabilities and ecological roles of this phylum (Dyksma and Pester, 2023; Lee et al., 2008; Ward et 

al., 2009).  

Initially described as slow-growing oligotrophs (Foesel et al., 2013) With limited metabolic dynamics, adapted 

to nutrient-depleted environments, modern insights now reveal their versatility and critical involvement in 

biogeochemical processes, including sulphur (Hausmann et al., 2018) and nitrogen (Reji and Zhang, 2022) 

cycling as well as H2 consumption (Giguere et al., 2021). Furthermore, they can degrade plant-derived 

polysaccharides using their rich repertoire of carbohydrate-active enzymes, such as cellulases, chitinases, and 

xylanases (Gonçalves et al., 2024). Finally, early studies dating back to 2006 proposed a substantial potential 

for secondary metabolite production by biosynthetic gene clusters, identifying novel Polyketide synthase gene 

clusters of acidobacterial origin from soil (Crits-Christoph et al., 2018a; Parsley et al., 2011). Subsequent 

genomic (McReynolds et al., 2025) and metagenomic studies confirmed this finding, identifying BGC-enriched 

lineages such as the Acanthopleuribacteraceae (Leopold-Messer et al., 2023) and the genus Candidatus 

Angelobacter (Crits-Christoph et al., 2018a). Yet, translating bioinformatic findings into experimental 

validation remains difficult and still requires the availability of culturable representatives. Notably, Leopold-

Messer et al. (Leopold-Messer et al., 2023)successfully retrieved marine sponge symbiont strains from the 

Acanthopleuribacteraceae family, marking the first description of non-ribosomal peptide (NRP)-polyketide 

(PK)-derived secondary metabolites from this phylum (Leopold-Messer et al., 2023). 

To overcome these gaps, various cultivation approaches have been developed to selectively favour 

acidobacterial growth and retrieve single-isolate strains from complex environmental samples (Campanharo 

et al., 2016; Eichorst et al., 2007a; Oberpaul et al., 2020; Sait et al., 2002). These approaches have significantly 

increased the number of isolated strains; however, they still only represent a fraction of the predicted phylum 

diversity. Most of the strain isolates are retrieved from soil (McReynolds et al., 2025), where Acidobacteriota 

have consistently shown high abundances, ranging from 20% to 40% of the detected 16S rRNA(Felske et al., 

2000; Kuske et al., 1997) sequences. Cultivation strategies often utilise plant polymers for Acidobacteriota 

enrichment (Campanharo et al., 2016; Eichorst et al., 2011; Oberpaul et al., 2020), providing insight into their 

predicted function in enhancing soil health by degrading undigestible plant polymers and improving nutrient 

content in the soil. Consequently, several studies investigate the potential plant-growth-promoting (PGP) 

effects of the phylum. In 2016, the first evidence of a direct plant-interaction was described by Kielak et al. 
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(Kielak et al., 2016b). They found that some acidobacterial strains produced IAA and also demonstrated a PGP 

effect on the model plant Arabidopsis thaliana (Kielak et al., 2016b). Moreover, Acidobacteriota are recognised 

for synthesising hopanoids (Damsté et al., 2017), bacterial analogues of sterols, known to enhance stress 

tolerance in soil bacteria as an integral component of the bacterial membrane. Their unique exopolysaccharide 

production (Kalam et al., 2020; Kielak et al., 2017) further suggests a potential ability to endure dry conditions 

and possible roles in sustaining plant health, e.g., protecting against desiccation. Complementary metagenomic 

and meta-transcriptomic studies have revealed a significant enrichment of genes related to PGP. Gonçalves et 

al. (2024) profiled 758 soil-associated metagenome-assembled genomes (MAGs) and identified plant-growth-

promoting-traits (PGPTs) involved in phytohormone production, nitrogen fixation, phosphorus solubilisation, 

siderophore production, and exopolysaccharide biosynthesis (Gonçalves et al., 2024). These traits were 

explicitly enriched in certain families of the Acidobacteriota, namely Acidobacteriaceae, Pyrinomonadaceae, and 

Koribacteriaceae. Meta-transcriptomic evidence shows that these traits are actively transcribed in their 

respective environmental context (Gonçalves et al., 2024). Furthermore, transcriptomic research has 

demonstrated the metabolic dynamics and responsiveness to external stimuli of cultured Acidobacteriota 

strains. For instance, Acidobacterium capsulatum responds to oxygen deprivation by switching to a respiro-

fermentative state, resulting in the production of acetate and ethanol —a strategy that allows for survival in 

habitats with fluctuating O2 levels, such as soil (Trojan et al., 2024). The oligotrophic lifestyle typical of the 

Acidobacteriota has been investigated in a Granulicella species, which responds to high-carbon availability by 

upregulating stress-related genes, indicating sensitivity to nutritional changes (Costa et al., 2020). While many 

ecological functions are inferred from meta(transcriptomics) data, experimentally generated metabolomic 

data remain limited, primarily focusing on the characterisation of membrane lipids and their production in 

response to different cultivation parameters such as temperature, pH, and O2 (Halamka et al., 2024; Sinninghe 

Damsté et al., 2011). 

To address these gaps, we integrated metabolomic profiling with comparative genomic analysis to investigate 

the functional potential of novel strains of the Acidobacteriaceae family. Phylum-wide genome mining for 

PGPTs revealed the presence and taxon-specific enrichment of genes associated with phytohormone 

production, as well as additional genes related to PGP effects. The addition of tryptophan (Trp) to the 

cultivation medium elicited a strong metabolic response in the strains, resulting in quantitatively determined 

shifts in the production levels of the phytohormones indole-3-acetic acid (IAA) and indole-3-pyruvate (iP). 

Prompted by these findings, we evaluated the metabolic reprogramming induced by Trp supplementation, 

revealing suppressive effects on the growth of phytopathogenic fungi, and subsequently identified 

pityriacitrins and malassezindoles as the causative agents. Collectively, these findings highlight the previously 

underexplored metabolic space of the Acidobacteriota phylum, underscoring its ecological significance for 

phytosanitary purposes. 

2.8.2 Methods 

2.8.2.1 Microbial Cultivation of Acidobacterial Strains 

Acidobacterial strains (Table 8) were routinely cultivated in R2A Medium (R2A Broth, HIMEDIA, Maharashtra, 

India) buffered with MES-hydrate(2-(N-Morpholino)ethanesulfonic acid hydrate, CAS: 1266615-59-1) (1.95 



Chapter 2: Methods and Results 

67 

g/l) at pH 6.0. Cultures were incubated at 28°C with 75 rpm. To sustain healthy and continuous growth, 10% 

of the 7-day-old preculture (30 ml in 100 ml Erlenmeyer flask) was used to inoculate the main cultures (100 ml in 300 ml Erlenmeyer flasks). For quality control, we transferred 100 μl after each inoculation or sampling step 
to an R2A-MES-buffered agar plate to observe colony morphologies and identify the growth of contaminant 

microorganisms. Additionally, we performed 16S rRNA gene amplification testing with primer pair E8F (50-

GAG TTT GAT CCT GGC TCA G-30) and 1492R (50-ACG GYT ACC TTG TTA CGA CTT-30) (Lane, 1991). For the 

OSMAC cultivation approach, we performed 24-well-scale and Erlenmeyer flask-scale cultivation. We prepared 

forty 24-well Duetz system plates with 20 different media (each medium 4 ml) and autoclaved the plates before 

inoculation (10%) with a preculture grown for 14 days. Applied media were diluted medium 5254 (Khosravi 

Babadi et al., 2021)(2 g soluble starch, 2 g glycerol, 0.5 g corn steep liquor 1 g peptone, 0.4 g yeast extract, 0.2 g 

NaCl; pH 5.5, buffered with 1.95 g/L MES), HD (0.5 g casein peptone, 0.1 g glucose, 0.25 g yeast extract; pH 5.0, 

unbuffered; DSMZ ID 1135), and PSYA 5 (Campanharo et al., 2016)(1.8 g KH2PO4, 0.2 g MgSO4 x 7H2O, 1 g yeast 

extract; optionally with addition of sucrose at 0.5% or 3%; pH 5.0, unbuffered) as well as a diversity of VL55-

based and R2A-based (1-fold, 2-fold, 4-fold) media generated by optional addition of different carbon sources 

(Pektin, GlcNAc – 0.05%; Xylan, Cellobiose – 0.5%; and Sucrose 3%; applied to 2-fold R2A)(Table 9) (Oberpaul 

et al., 2022, 2020). Furthermore, as a surface attachment enabling strategy, we added ceramic beads (hollow 

cylinders; 3 pcs/well plus 4 ml of media), quartz beads (round; 10 pcs/well plus 4 ml of media), or solidified 

the respective medium using 0.8% phytagel. The plates were incubated at 28°C, shaking at 120 rpm or with 

manual shaking once per day. Cultivation in a 300 ml Erlenmeyer flask was executed in 100 mL media by 

inoculation (10%) with a preculture grown for 7 days. The cultures were incubated at 28°C for 14 days with or 

without shaking at 75 rpm. We added 20 g of ceramic beads (Eheim mech) to non-shaking cultures. After 

cultivation, cultures were frozen, freeze-dried and extracted (see below). 

For Trp-induced kinetic studies, we used a 1.2-fold concentrated R2A medium buffered with MES at a pH of 

6.0, which was supplemented in a 4:1 ratio with 1% sterile-filtered Trp (CAS 73-22-3) to a final concentration 

of 0.2% Trp and a 1-fold concentrated medium. Kinetic studies were performed in 300 ml flasks at least in 

duplicates. For sample collection, we transferred 4 ml of culture to 24-deep-well plates for further processing. 

In parallel, the remaining culture sample was used for quality control by agar plating (R2A-MES, pH 6.0) and 

16S rDNA PCR. After the final harvest day, the 24-well plates were freeze-dried and extracted using methanol 

(SI-extended methods and results). 

2.8.2.2 Bioassays 

Antimicrobial Screenings of crude extracts were performed using microplate broth dilution assays at the final 

assay concentration of 0.25-fold, 0.5-fold, one-fold and two-fold (in relation to the culture volume) against 

bacteria and fungi (Escherichia coli ATCC 35218, Bacillus subtilis DSM 10, Mycobacterium smegmatis ATCC 607, 

Candida albicans FH 2173 and Septoria tritici MUCL 45407) as described previously (Oberpaul et al., 2022). 

Crude extracts showing at least 70% growth inhibition were considered bioactive and were subjected to 

microfractionation for dereplication of bioactivity-causing metabolites (Oberpaul et al., 2022). Testing of crude 

extracts on barley seedlings was performed in glass vials filled with 5 ml of SH medium, inoculated with one 

surface-disinfected barley seed per vial (SI-extended methods and results). 
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2.8.2.3 Creation and Curation of the Acidobacteriota Genome Dataset 

As of March 2023, Acidobacteriota assemblies matching our selection criteria (NCBI:txid, filter: RefSeq 

annotation) were retrieved from NCBI in .gbff file format. In addition, four Acidobacteriota assemblies, from 

strains isolated from termite nest material (FHG110202, FHG110214), soil (FHG110511) and a genome 

generated for A. borealis DSM 23886 complemented the dataset (n = 1425). Genome assemblies were selected 

based on their completeness and contamination using CheckM2(Chklovski et al., 2023a). Only high-quality 

genome assemblies defined by MIMAG (Bowers et al., 2017) evaluation criteria demonstrating 90-100% 

completeness and 0-5% contamination were retained for further evaluation (n = 648). For this, redundancies 

and taxonomic affiliation were checked by GTDB-Tk (Parks et al., 2022). In total, 618 curated genome 

assemblies were processed for metadata evaluation, BGC potential, and PGPT mining (SI-extended methods 

and results for details - 6.2.1, page 158). To correlate the genomic data to the taxonomic affiliation, a whole-

genome sequence-based phylogenetic tree of the GTDB-generated multiple-sequence alignment file was 

visualised using iTOL v4 (Letunic and Bork, 2019).  

2.8.2.4 Genomic Analysis of PGPT Traits 

The coding sequences from the previously described genomic dataset were extracted using a custom Python 

pipeline built with BioPython (SeqIO). To generate FASTA documents for further processing, we retrieved the 

gene name, product description and translated protein sequence for each CDS. For pre-existing FASTA files, the 

extraction of CDSs can be skipped. To document the number of CDSs extracted per genome, a log file was 

generated. The PLABASE PGPT database (Patz et al., 2021) (PGPT_BASE_nr_Aug2021n_ul_1.dmnd) was used 

as a reference for a similarity search against the extracted protein sequences using DIAMOND v2. The script 

supports various sensitivity modes, enabling users to select the most suitable mode based on their specific 

input. The parameters and applied evaluation thresholds used in this study are described in the Extended 

Methods and Results section of the supplementary information. 

2.8.2.5 Mass Spectrometry  

Ultra-high-performance liquid chromatography (UHPLC) coupled with quadrupole time-of-flight (QTOF) high-

resolution mass spectrometry (HR-MS) and tandem MS (MS/MS) was performed using an Agilent 1290 Infinity 

LC system connected to a maXis II QTOF mass spectrometer (Bruker Daltonics) equipped with an electrospray 

ionisation (ESI) source. Separation of samples was achieved on an Acquity UPLC BEH C18 column (130 Å pore 

size, 1.7 µm particle size, 2.1 × 100 mm) fitted with a matching pre-column (2.1 × 5 mm, 1.7 µm, 130 Å) at a 

temperature of 45°C. Chromatographic separation was achieved using a linear gradient elution of solvent A 

(water with 0.1% formic acid) and solvent B (acetonitrile with 0.1% formic acid) at a constant flow rate of 

0.6 ml/min. The gradient program was as follows: 95% A at 0.00–0.30 min, gradually decreasing to 4.75% A 

by 18.00 min, then to 0% A at 18.10 min, held until 22.50 min, returned to 95% A at 22.60 min, and equilibrated 

until 25.00 min. Mass spectra were recorded in positive mode over a mass range of m/z 50–2000 with a spectra 

rate of 1 Hz. MS/MS acquisition was performed at a 6 Hz scan rate, targeting the top five most intense ions per 

full mass spectrum for collision-induced dissociation (CID) using nitrogen, as per the table published by 

Eichberg et al. (Eichberg et al., 2024). Precursors were excluded after two spectra, with a release duration of 
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0.5 min, and re-evaluated if their signal intensity increased by ≥1.5-fold. All data analysis was performed with 

DataAnalysis 4.4 (Bruker, Billerica, MA, USA). 

2.8.2.6 Chemotype-Barcoding Matrix, Multivariate Analysis and Statistics 

Raw data processing was performed using DataAnalysis 5.2 (Bruker) as previously published, and the complete 

data set was copied and processed with both line spectra thresholds (here: 5,000 and 10,000) (Brinkmann et 

al., 2022a). Bucketing was performed on both sets at the same time, resulting in one table containing all buckets 

deemed identical for every sample (under both thresholds) and by applying the data curation measures as 

described in the extended methods and results of the supplementary information. This analysis revealed a final 

table of 219 samples with 3,092 buckets (OSMAC) and 48 samples with 2,759 buckets (Trp-Induction), which 

were used for the respective barcode generation and for categorising. The generated bucket tables were used 

as (i) a binary presence/absence matrix (result 1) or (ii) a quantitative intensity matrix (result 5). For PCoA on 

the binary matrix, (i) Jaccard dissimilarities were computed (skbio.diversity.beta_diversity, metric="jaccard"), 

and PCoA (skbio.stats.ordination.pcoa) was done using scikit-bio (v0.7.0). PERMANOVA 

(skbio.stats.distance.permanova) assessed group differences with 999 permutations. We tested the effects of 

medium, cultivation size (small-scale vs. large-scale), and bead condition (Quartz/Ceramic/None) in a small-

scale subset. For PCA on quantitative data (ii), we log2-transformed peak area intensities using scikit-learn 

(v1.3) in Python. Before PCA, undetected features were defined as zero, and samples were normalised to the 

injection volume wherever indicated. All visualisations were generated using Matplotlib, with attributes 

changed based on metadata information through shape, colour, and border style to reflect replicates and 

experimental conditions. 

2.8.3 Results 

2.8.3.1 Diverse Cultivation Strategies Reveal the Production of Phytohormones 
Extensive metagenomic data from globally distributed bioresources indicate an underexplored biosynthetic 

and ecological potential of the Acidobacteriota phylum. During our ongoing efforts to isolate and bioprospect 

bacterial diversity for its potential in the production of natural products and related environmental functions, 

we retrieved three Acidobacteriota strains from termite nest material (Oberpaul et al., 2020) and one strain 

from a German soil sample (Oberpaul et al., 2022). To evaluate their biosynthetic potential, we isolated their 

total DNA together with that of the type strain A. borealis DSM 23886 and performed whole-genome 

sequencing. The generated genomic data underwent quality check using CheckM2 (Chklovski et al., 2023a). By 

applying recognised quality criteria (completion >90% and contamination <5% (Bowers et al., 2017)), one 

assembly (FHG110206) was disqualified for further analysis, while the other three assemblies were used for 

genome-based taxonomic affiliation by the genome taxonomy database (GTDB) (Parks et al., 2022) 

(Supplementary Table 1, published along with the preprint – page 64). This positioned the termite nest-

associated strains as members of the genera Acidobacterium (FHG110202) and Terracidiphilus (FHG110214), 

while the soil-associated strain FHG110511 was identified to be an Edaphobacter. All three strains belong to 

the family of Acidobacteriaceae (collectively referred to as FHG Acidobacteriaceae in this manuscript). Thus, we 

selected further available strains of this family (Edaphobacter aggregans DSM 19364, Acidobacterium sp. S8, 

Silvibacterium bohemicum S15, Acidicapsa borealis DSM 23886, Granulicella rosea DSM 18704, and Bryocella 
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elongata DSM 22489)(Table 10) and performed an extensive OSMAC approach (Bode et al., 2002), 

conceptualised to increase the likelihood of covering a favourable condition for the strains to proliferate and 

promote gene expression. To this end, we modified the carbon sources, vessel size, and shaking speed, and 

applied solidification and surface texture methods using quartz or ceramic beads, potentially enabling the 

surface attachment of the cells. Cultivations were performed on a 100 ml scale using 300 ml Erlenmeyer flasks 

or at a 4 ml scale using 24 well Duetz system plates (Table 9). Samples were taken on days 5, 7, 10, 12, and 14 

of the respective cultivations. The generated samples were dried by lyophilisation and extracted with 

methanol, resulting in a total of 892 organic extracts. An aliquot of each extract was reconstituted in dimethyl 

sulfoxide (DMSO) and used to determine the antimicrobial bioactivity by screening against the bacterial 

indicator strains Escherichia coli ATCC 35218, Bacillus subtilis DSM 10, and Mycobacterium smegmatis ATCC 

607, as well as the fungus Candida albicans FH2173. This, however, did not reveal any reproducible 

antimicrobial effect enabling traceability of a causative agent (data not shown). Furthermore, we conducted a 

bioactivity-independent and metabolomics-driven bioprospecting campaign. Initially, we focused on the 

metabolic profiling of strains FHG110202 and FHG110206 and assessed the metabolic composition of their 

generated extracts (n = 244, including media controls) analytically by performing ultra-high-performance 

liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-QTOF-HR-MS). Molecular 

features (m/z, retention time) were detected and aligned into buckets. Combining timepoints for each strain-

media combination and presence-absence analysis led to 72 conditions (including media controls) with 20285 

features present and distributed into 2747 buckets (Figure S2-1). To assess the effect of the medium on the 

metabolome of the strains, we filtered medium-derived features (n=1795). Pairwise Jaccard distances between 

samples were ordinated by principal coordinates analysis (PCoA) for strains FHG110206 and FHG110202 

(Figure 15A). Metabolomic profiles clustered mainly by medium (colour code) and vessel size (top, left cluster) 

rather than by strain. We also observe a distinct cluster for medium containing quartz beads (bottom, right 

cluster). A PERMANOVA analysis confirmed this observation, suggesting a strong OSMAC response. The 

medium identity accounts for 87% of the variance among strain extracts (F=7.09, p=0.001), while the strain 

identity within the same medium explains a much smaller share (1.7%, F=0.77, p=0.001). Within the small-

scale set, the bead condition explained 29.2% of the differences (F = 7.64, p = 0.001), consistent with the 

observed quartz-bead cluster. Thus, metabolomes are primarily influenced by the medium and vessel size, with 

only a small strain-level difference. We also plotted unique features of strain-produced metabolites for 

individual media conditions (Figure 15), and found that in both strains (FHG110202:FHG110206), media F 

(87:125), U (65:64), W (86:86), and X (197:116) are enriched in unique features compared to the average 

unique feature number across all media (22.2:20.7). This indicates that the large-scale cultivation size in 300 

ml Erlenmeyer flasks yields a more distinct metabolome compare to the small-scale cultivation in 24-well 

plates. 
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Figure 15: OSMAC metabolome variation by medium, strain, and cultivation scale. The legend details the media compositions (A-

X), based on base-media colour, concentration, additives, and bead status. Samples labelled A-T were cultivated in 24-well plates (small-

scale), while U-X were grown in 300 ml Erlenmeyer flasks. If not stated otherwise, additives were supplied in concentrations of GlcNAc, 

N-acetyl-glucosamine (0.05%); Cel, cellobiose (0.5%); Xyl, xylan (0.5%); Phy, phytagel (0.8%); Suc, sucrose (0.5%). (A) PCoA of control-

filtered LC/MS presence/absence fingerprints using Jaccard distance. Samples are labelled by the medium letter (A-X) and coloured by 

base-medium (see legend). Samples from FHG110202 are marked with circles, and FHG110206 with crosses. Light grey ellipses 

highlight visually distinct clusters, and icons indicate their common features: large-scale flask cultivation (flask), small-scale 24-well 

cultivation (24-well plate), and quartz beads containing samples (circles). (B) Number of unique features per medium (A-X) and strain 

as clustered bars. Strains are indicated by colour: FHG110202 (light purple), FHG110206 (yellow). Unique features are defined as not 

being present in any medium control and only present in the respective medium, but not in any other medium.  

 

The detected metabolite features were matched against our in-house reference compound MS database, which 

contained approximately 1300 structurally characterised microbial metabolites at the time of data processing. 

By comparison of mass to charge ratios and retention time, we were able to annotate the phytohormone IAA 

in the extracts of our FHG Acidobacteriaceae strains with a confidence level 1 (Identified metabolite: as 

proposed by the Chemical Analysis Working Group of the Metabolomics Standards Initiative (Sumner et al., 

2007)). The production of the phytohormone IAA has been reported for members of the Acidobacteriaceae 

(Kielak et al., 2016b). To systematically describe the cultivation conditions that favour IAA production, we 

visualised the peak area of IAA in FHG110202 as an example across all tested media and setups (Figure S2-2). 

While IAA was not produced under conditions leading to the isolation of the strains (VL-55 base media), it 

became detectable in more complex media. Among these, R2A-based cultivation, with agitation, consistently 

showed the best IAA production. To further analyse the phytohormone production of FHG110202, we included 
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additional standards: Kinetin (CAS 525-79-1), Trans-zeatin (CAS 1637-39-4), Indole-3 Butyric Acid (CAS 133-

32-4), Brassinolide (CAS 72962-43-7), jasmonic acid methyl ester (CAS 39924-52-2), jasmonic acid (CAS 

77026-92-7), abscisic acid (CAS 21293-29-8), indole-3-propionic acid (CAS 830-96-6), 1,2-Diphenylurea (CAS 

102-07-8) and N6-(Δ2-Isopentenyl)adenine (iP)(CAS 2365-40-4) to our in-house reference database and 

explicitly checked for their presence in the generated crude extracts. This revealed the presence of the 

cytokinin iP at a confidence level of 1. The detection of cytokinin iP as a biosynthetic product of members of the 

Acidobacteriota phylum is a new finding.  

2.8.3.2 Biosynthetic Potential of the Acidobacteriota Phylum 

To complement the metabolomic workflow, we evaluated the genomic potential of our FHG Acidobacteriaceae 

and comparatively aligned it to the broader Acidobacteriota landscape. Therefore, we initially searched for publicly available genomes matching the criteria Query: “Acidobacteriota” NOT “anomalous” in the NCBI 
database. This yielded 1428 genomes that underwent quality control using CheckM2 (Chklovski et al., 2023a) 

(Figure S2-3), applying the above-defined quality criteria. This resulted in a final dataset comprising 618 

genome assemblies. Overall, most of the analysed genomes were retrieved from metagenomes (n = 533; 86%) 

(Supplementary Table 1). A detailed bioinformatic analysis of this dataset is reported in the Extended Methods 

and Results section of the supplementary information. The taxonomic affiliation was established by GTDB 

(Parks et al., 2022) and the generated multiple-sequence alignment was used to build a phylogenetic tree. The 

bioinformatically predicted features of each strain were assigned and visualised within the tree using iTOL 

(Letunic and Bork, 2019). The genomes in the dataset span 12 classes (Figure 16), dominated by the 

Acidobacteriae (n = 242), Blastocatellia (n = 130) and Vicinamibacteria (n = 98), which also represent the majority of today’s strains brought to culture (76/86-88%). To evaluate the biosynthetic potential of the 

Acidobacteriota phylum, we predicted BGCs using the standalone version of antiSMASH (Blin et al., 2021b). In 

total, 3865 BGCs were detected in the genome dataset. The most abundant BGC class in the dataset is 

ribosomally produced and post-translationally modified peptides (RiPPs) (n = 1152, 30%), followed by non-

ribosomal peptide synthetases (NRPSs) (n = 978, 26%) and terpenes (n = 777, 13%). The total average cluster 

number per class in our acidobacterial dataset is 6.2 ± 4.4 BGCs. The Acidobacteriae class exhibits the highest 

overall number of BGCs, with an average of 7.4 ± 3.7 BGCs per genome, followed by UBA6911 and Mor1, with 

6.3 ± 2.5 and 5.8 ± 2.1 BGCs, respectively. Dedicated analysis of the FHG Acidobacteriaceae revealed an average 

of 9 ± 3.46 BGCs, slightly higher than for the overall phylum and the Acidobacteriae class value, but comparable 

to the overall family value (7.9 ± 3.0). Again, the most represented group of BGCs is the RIPPs (sum: 10), 

followed by the terpenes (sum: 7) and the NRPS (sum: 4) BGCs. Notably, the Holophagae class, despite having 

an average BGC number of 5.1, exhibits a high standard deviation of 10.5, indicating a high potential for some 

of its representatives. This value can be accounted for by the Acanthopleuribacteraceae (Z-score: 3.5), showing 

high BGC counts of >40, seven times higher than the average Acidobacteriota genome. Intriguingly, the first 

acidobacterial NPs recently isolated also come from this family (Leopold-Messer et al., 2023). While these 

talented strains have been isolated from marine animals, Acidobacteriota are known to be habitat generalists 

with a wide distribution, primarily found in soil ecosystems. They are characterised by a variety of extracellular 

products, such as BGCs, which are more extensive in soil-preferring lineages compared to their non-soil-

preferring relatives, including the Holophagae. Although analysing biosynthetic potential at the class level is 
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useful, our analysis demonstrates the advantages of examining family and genus levels. This approach helps 

identify the most promising taxonomic hotspots for discovering new natural products (NP). 

To complement the evaluation of the Acidobacteriota phylum, we performed sequence similarity calculations 

on the total of 3865 BGCs in our dataset using BiG-SCAPE, including the MIBiG reference BGCs, and applied a 

cutoff of 0.5. 1651 BGCs remained as singletons, contrasted by the largest GCF that consists of 25 members, all 

from the Acidobacteriae class. Twenty-five GCFs are specific to one respective taxonomic class (Figure S2-8); 

most of these GCFs contain more than 10 representatives (16/25), indicating clear taxonomic conservation. 

This taxonomic conservation is further illustrated by comparing the GCF composition of the different strains 

using cosine distance and visualising this similarity as uniform manifold approximation and projection (UMAP) 

(Figure S2-9). Here, strains belonging to the same taxonomic classes cluster within the visualisation, indicating 

overall conservation between phylogenetic groups. However, sequence similarity calculations revealed that 

the FHG Acidobacteriaceae do not share any of their clusters (Figure S2-8). Further, alignments with MiBiG 

Reference BGCs revealed a co-clustering of 11 acidobacterial BGCs in six GCFs (Figure 16), showing 

compositional BGC similarity to, e.g. the myxochromide and the occidiofungin A-reference BGCs (SI-extended 

methods and results). Intriguingly, the latter is a match to our strain FHG110511, harbouring a PKS/NRPS 

hybrid BGC that clusters in GCF1959 with the occidiofungin A reference BGC (MiBiG BGC0001711) at a pairwise 

identity of 70.4% (Figure S2-11). Occidiofungin A is a Burkholderia contaminans-produced NP that exhibits 

broad antifungal activity and is in early clinical development (gel OCF001, phase 1) for use against multidrug-

resistant vaginal yeast (Candida spp.) infections (Cothrell et al., 2023; Gu et al., 2011). The comparative 

evaluation of the NRPS and NRPS/PKS hybrid core gene architecture revealed a highly conserved module 

arrangement with certain discrepancies in predicted A-domain specificity. Testing of the strain’s organic 
extracts against C. albicans, however, showed no antifungal activity. 
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Figure 16: BGC composition of the Acidobacteriota Phylum and BiG-SCAPE Network of acidobacterial BGCs clustering with 

MIBiG reference clusters. Multiple Sequence Alignments generated by GTDB were used to create a phylogenetic tree of 618 

representatives of the Acidobacteriota. Twelve acidobacterial classes were identified by GTDB and are indicated by different colours 

(ring 1). FHG strains are colour-coded as follows: FHG110214 (green), A. borealis DSM 23886(purple), FhG110202 (yellow), and 

FhG110511 (orange). Ring two indicates the genome size of the individual representatives, ranging from black (larger genomes) to 

grey (smaller genomes). Bar charts indicate the total number of antiSMASH-detected BGCs, differentiated into different BGC types. 
 

 

The occidiofungin-like BGC represents a singleton hit in respect to multimodular NRPS, PKS or hybrid systems 

within the genomes of the FHG Acidobacteriaceae, indicating a generally underdeveloped talent of our strains 

to produce structurally complex NPs and a possible reason for the lack of antimicrobial activity observations 

during our initial bioprospecting campaign. 
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2.8.3.3 Tryptophan Supplementation Increases IAA but Decreases iP Production in 
Acidobacteriaceae without Enhancing Barley Seedling Biomass 

During the metabolomic-based inspection of the OSMAC experiment, we identified the biosynthetic potential 

of our FHG Acidobacteriaceae to produce the phytohormones IAA and iP. To further profile the IAA and iP 

production of our FHG Acidobacteriaceae and the reference strain A. borealis DSM 23886, we cultivated those 

strains in media with and without supplementation of tryptophan (Trp), commonly known to increase IAA 

production in microorganisms (Spaepen et al., 2007). We performed a kinetics study to analyse the influence 

of 0.2% Trp on the relative IAA and iP production over 14 days following the methanolic extraction of the 

cultures. Overall, the amounts of IAA and iP increased over time, reaching their highest levels on days 10 and 

12 of growth (Figure 17and Figure S2-12). Indeed, the supplementation of Trp enhanced IAA production 

significantly in all strains. In contrast, supplementation of Trp consistently suppressed iP production in the 

analysed strains except for FhG110202 and A. borealis DSM 23886, where this effect is less pronounced (Figure 

17A). This initial profiling revealed that strain FHG110214 was the most productive iP producer, while 

exhibiting comparable productivity in IAA to A. borealis DSM 23886, FHG110202, and FHG110206. Based on 

this production profile, we selected FHG110214 and A. borealis DSM 23886 to perform an absolute 

quantification of phytohormones. When supplemented with Trp, A. borealis DSM 23886 produced IAA to a final 

concentration of 0.326 ± 0.063 μg/ml, whereas FHG110214 produced IAA at a concentration of 
0.104 ± 0.021 μg/ml. Instead, without supplementation of Trp, the IAA titres dropped to 0.124 ± 0.029 μg/ml 
(3-fold) and 0.015 ± 0.003 μg/ml (7-fold) in A. borealis DSM 23886 and FHG110214, respectively. This 

production profile is reversed for iP, where Trp supplementation resulted in decreased production for both 

strains FHG110214 (With Trp: 0.0058 ±0.0012 μg/ml; without Trp: 0.0143 ± 0.0024 μg/ml) and A. borealis 

DSM 23886 (With Trp: 0.005 ±0.0004 μg/ml; Without Trp: 0.0108 ± 0.0008 μg/ml). These production titres 
are in a comparable range to quantities previously reported for plant-growth-promoting bacteria (PGPB) 

(Lovecká et al., 2023; Schmidt et al., 2018) and, e.g. 10-fold lower compared to those reported for Pseudomonas, 

Streptomyces, and Enterobacter species, which have been shown to produce 10–150 µg/ml under optimised 

conditions. The production of the cytokinin iP has not been described so far for the Acidobacteriota phylum. 

We quantified its production to 0.003 µg/ml in the most productive strain of our study. This is in alignment 

with the literature, which reports, for example, 17.5 pmol/ml (translating to 0.00356 µg/ml) in 

Achromobacter xylosoxidans (Santana et al., 2022) and lower concentrations such as 0.0003 µg/ml (1.5 nM) in 

Paenibacillus polymyxa (Environment Canada and Health Canada, 2015). 
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Figure 17: Relative quantification of IAA and iP in FHG Acidobacteriaceae and A. borealis DSM 23886 as normalised peak area 

(A) and absolute quantification of these phytohormones in the top producers FHG110214 (iP) and A. borealis DSM 23886 (IAA)(B). A 

Raw peak areas were normalised against the largest peak area within one biological kinetic study for IAA and iP separately. Mean values 

were calculated and plotted as a heatmap to indicate temporal and dynamic induction patterns between strains and supplementation 

status. Trp supplementation results in higher IAA production but generally has a negative impact on iP production. This effect is less 

pronounced in FHG110202 and A. borealis DSM 23886. B Absolute concentrations were derived from a calibration curve of IAA and iP, 

correlating peak area with given concentrations. Cultivations were repeated in triplicate, and the average of the calculated 

concentrations is shown for A. borealis DSM 23886 (green) and FHG110214 (purple). 

 

Previously, it has been shown that culture broths of IAA-producing Acidobacteriaceae promoted root and shoot 

growth in Arabidopsis thaliana (Gonçalves et al., 2024; Kielak et al., 2016b) and growth and chlorophyll content 

in duckweed (Yoneda et al., 2021). Furthermore, cytokines have also been shown to have a beneficial impact 

on plant growth and defence response against pathogens and pests (Akhtar et al., 2020). To evaluate the plant 

growth-promoting potential of our extracts, we applied them in concentrations matching the culture 

concentration on barley seedlings. Additionally, we included a media extract control, as well as IAA and iP at 

defined concentrations, for testing. Briefly, extracts were spotted into glass vials containing 5 ml SH-medium, 

and the solvent was evaporated before one barley seed was added per vial. After an initial phase of darkness 

for germination, a day/night cycle incubation was performed for 6 days (Figure S2-13). Afterwards, the plants 

were extracted from the medium, cleaned, and separated into root and shoot before being lyophilised for dry 

biomass determination (Figure 18 A and B). All samples showed a consistently higher biomass if the sample 

contained Trp. The pure compound controls showed growth comparable to that of the medium with IAA at a concentration of 0.442 μM, resulting in a biomass of 11 mg (similar to the medium control containing 
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0.2% Trp). Compared to the controls, extracts from FHG110214 and A. borealis DSM 23886 decreased plant 

biomass in the shoots (Figure 18A) and roots (Figure 18B) with and without added Trp. However, the addition 

of Trp to the cultivations decreased the adverse growth effect of the extract itself. Overall, the crude extracts of 

A. borealis and FHG110214 did not significantly promote plant growth of barley seeds in the experimental setup 

tested. It has been demonstrated that IAA can promote plant growth when bacterial colonies are in direct 

contact with roots (Kielak et al., 2016b). Our experimental setup, in contrast, was executed using cell-free 

organic extracts to provide a controlled sample. This, however, may not replicate localised, high-concentration 

phytohormone effects occurring in natural rhizosphere environments. Furthermore, applying cells or cell-free 

supernatants may provide further traits, such as enzymes with a beneficial effect on plant growth, not covered 

by organic extracts. In future studies, live bacterial cultures or co-cultivation systems with plants would 

provide more ecologically relevant data, albeit with increased challenges associated with cultivation. 

Interestingly, our findings, along with those of Kielak et al., (Kielak et al., 2016b) and Gonçalves et al. (Gonçalves 

et al., 2024), suggest that phytohormone production is common among Acidobacteriota, particularly among 

strains isolated from decaying wood or lignocellulosic substrates. This raises intriguing questions about the 

ecological roles of Acidobacteriota strains producing compounds like IAA and iP in natural systems (Fu et al., 

2015). 
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Figure 18: Dry Biomass of barley shoots (A) and roots (B) treated with extracts of strains A. borealis DSM 23886 (purple), 

FHG110214 (green). Striped bars indicate extracts from Trp-supplemented cultivations, while solid bars indicate that extracts were 

not supplemented with Trp. Media controls (brown), as well as IAA and iP as pure compounds(grey), were also tested. The table 

indicates the final concentrations of phytohormone applied to the barley seedlings. In general, supplementation with Trp results in 

increased biomass, especially in the shoots. While pure compound controls show comparable growth to the media control, the strain 

extracts inhibit plant growth. This negative effect is diminished upon supplementation with Trp, especially in the shoots.  
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2.8.3.4 In-Depth Bioinformatic Analysis of PGP Traits in Acidobacteriota and FHG 

Acidobacteriaceae 

Taken together, these results confirm that Acidobacteriaceae produce phytohormones in relevant amounts, but 

their role in PGP remains unresolved. Because iP can arise from the degradation of prenylated tRNAs in many 

bacteria (Koenig et al., 2002), we asked whether Acidobacteriaceae also encode dedicated cytokinin pathways 

(involving lonely guy (LOG) enzymes) and whether these co-occur with additional PGPTs. Furthermore, we 

were interested in the biosynthetic mechanisms responsible for producing phytohormones. For batch analysis 

of the 618 genomes previously analysed, we employed a DIAMOND workflow against the PLABASE database 

(see materials and methods) and summarised hits as coverage (% of PGPT families detected). For the analysis 

of taxonomic patterns, we aggregated the results by GTDB-Tk family status, only considering acidobacterial 

families that have been scientifically described or have more than 20 representative genomes available 

(n = 391, 64.2% of the total dataset). Figure 19 represents the percentage coverage of PGPTs categorised by PLABASE at “level two”. Values were hierarchically clustered to visualise similarity between different families 
and PGPTs. The analysis separated the families into two distinct clusters. 

 

Figure 19: PGPT coverage across Acidobacteriota families. The heatmap displays the mean % coverage of PLABASE PGPT 

categories (level 2) for families with formal names or more than 20 genomes (n = 16). Coverage values were calculated as the proportion 

of detected PGPT families per functional category, relative to the total number of families defined in the PLABASE ontology. Rows and 

columns are hierarchically clustered. Two distinct groups emerge, indicating lower (L, bottom) and higher (H, top) PGPT coverage. The 

latter exhibits higher potential, particularly in the production of phytohormones and plant signals. 
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The nine families in the lower-coverage cluster (L) (UBA2999, UBA7541, Aminicenantaceae, 

Saccharicenantaceae, Thermotomaculaceae, Holophagaceae, Thermoanaerobaculaceae, Pyrinomonadaceae) 

show a comparatively low average PGPT potential (12.7±1.2%) with uniformly modest values across 

categories such as biofertilisation: 14.3 ± 1.4%; colonising plant system: 13.7 ± 1.4%; stress-control-biocontrol: 

11.6 ± 1.0% and especially low bioremediation: 7.2 ± 0.9%. In contrast, families in the higher-coverage cluster 

H (Koribacteraceae, SbA1, Acidobacteriaceae, Bryobacteraceae, Vicinamibacteraceae, Chloracidobacteriaceae, 

Acanthopleuribacteraceae) showed consistently higher coverage with representative means of 26.1 ± 2.6% for 

plant signal production, 18.8 ± 2.4% for colonising plant system and 13.7 ± 1.7% competitive exclusion (overall 

range ~17–26% across categories. Across both clusters, the bioremediation category is underrepresented, 

while the phytohormone and plant signalling group ranks top among both clusters. Overall, the families of 

Bryobacteriaceae, Acidobacteriaceae, and Vicinamibacteriaceae exhibit the highest levels of PGPTs. Notably, the 

Acidobacteriaceae perform best in the colonising plant system group (e.g., covering EPS production) and the 

phytohormone/plant signal production category. 

We analysed DIAMOND outputs for enzymatic equipment supporting IAA production in our FHG 

Acidobacteriaceae strains. In bacteria, three pathways are described (Spaepen et al., 2007): indole-3-pyruvic 

acid (IPyA), indole-3-acetamide (IAM) and tryptamine (TAM). In the IPyA route, Trp is transaminated to indole-

3-pyruvate, decarboxylated to indole-3-acetaldehyde, and oxidised to IAA; the IAM pathway converts Trp to 

indole-3-acetamide, then hydrolyses it to IAA; the TAM pathway decarboxylates Trp to tryptamine, which is 

subsequently oxidised via intermediates such as indole-3-acetaldehyde to IAA. All FHG Acidobacteriaceae 

include the key enzymes to synthesise Trp (trpA-E) and terminal enzymes for IAA production, such as an amiE 

homolog for the hydrolysis of indole-3-acetamide, and two aldehyde-dehydrogenases that may catalyse the 

final step of IAA production in both the TAM and the IPyA pathways. However, the automatic setup did not 

detect intermediate enzymes. Metabolomics using reference standards identified indole-pyruvic acid (CAS: 

392-12-1) upon Trp supplementation, whereas tryptamine (CAS: 61-54-1) was not detected in FHG110202, 

FHG110214 and A. borealis DSM23886. FHG110511 showed neither intermediate. These observations support 

IPyA as the predominant route over TAM, while IAM remains a possible but unconfirmed option. 

The production of iP is mediated by two distinct pathways; the t-RNA isopentenyltransferase (IPT) pathway 

involves the isoprenylation of tRNAs by t-RNA IPTs (miaA) and the context-dependent generation of iP through 

the degradation of these tRNAs (Frébortová and Frébort, 2021; Wei et al., 2023). The pathway is found 

ubiquitously in bacteria. Instead, the second pathway is less common and is directly associated with regulated 

cytokinin output in bacteria, which usually interact with plants. Here, the adenylate IPT modifies adenosine 

nucleotides using dimethylallyldiphosphate (Sugawara et al., 2008), thereby producing iP-like nucleotides 

further activated by lonely guy (LOG) enzymes (Kuroha et al., 2009; Seo et al., 2016). Our genomic survey 

revealed that FHG110511, as well as FHG110214 and A. borealis DSM 23886, contain the tRNA-IPT (miaA) and 

accessory genes, while FHG110202 additionally contains a LOG (lonely guy) enzyme. Instead, the adenylate IPT 

could not be detected in any of the FHG Acidobacteriaceae. As indicated by the literature, the miaA gene is 

omnipresent in our acidobacterial dataset, while the LOG enzymes are less present (477/618) but still highly 

abundant in various acidobacterial classes. Notably, the Trp-responsive iP production aligned with our 

pathway content. In the strains harbouring the tRNA IDT pathway alone, we determined a reduced iP 
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production upon Trp supplementation. This might be explained by an overall decrease in tRNA turnover due 

to the high availability of Trp, resulting in a subsequent reduction in global translation and, consequently, lower 

cytokine release through tRNA degradation mechanisms. Instead, FHG110202, the only inspected strain that 

harbours a LOG enzyme, does not show a Trp-dependent decrease in iP production, thus possibly less prone to 

global protein biosynthesis and tRNA turnover rates.  

We also specifically looked for the presence of vital PGPT factors that could be tested in wet lab experiments. 

This included plate assays indicating phosphate solubilisation, nitrogen fixation and ACC-deaminase activity. 

The enzyme ACC deaminase (AcdS) breaks down 1-aminocyclopropane-1-carboxylic acid into ethylene, 

thereby playing a vital role in the plant defence mechanism. We did not detect acdS homologs in our FHG 

Acidobacteriaceae strains. Consistently, we could not detect any growth on plates containing  

1-aminocyclopropane-1-carboxylic acid (data not shown). The enzyme AcdS, correlated to PGPT family 

number 7345, was also searched for in the entire dataset, but was not detected in any strain. The ability to 

solubilise phosphate from phytate was evaluated on medium containing phytate (data not shown). However, 

even though we did not detect any growth on agar plates, we identified genes related to phosphate 

solubilisation through genome mining. A. borealis DSM 23886(1.02e-119), FHG110214 (4.91e-107), and 

FHG110511 (1.57e-148) contained homologs of appA (PGPT2560), a phytase known to release Pi from organic 

phosphorus via a phytase or nucleotidase reaction. We also searched for phytase homologs belonging to PGPT 

families 2560, 2580, and 2585 in the acidobacterial dataset. Phytases were present in 117 genomes, but only 

in the classes of Acidobacteriae and Blastocatellia. The ability to fix nitrogen has been described for the 

Acidobacteriota before. Recently, Gonçalves et al. (Gonçalves et al., 2024) described the presence of nif clusters 

in members of the Holophagaceae and Acidobacteriaceae families. In our genome analysis, we confirmed that 

members of the Holophagaceae (Holophagaceae bacterium isolate CTSoil_007) and Acidobacteriaceae 

(Acidobacteria bacterium isolate SZAS TMP-7) contained nitrogenase clusters encompassing all required nif 

genes A-F (PGPT families PGPT1-30). Besides the Holophagaceae, nif genes were also detected in 

Bryobacteraceae TMP-7, but not in any of the FHG Acidobacteriaceae. 

Compared to the large-scale metagenomic analysis of Gonçalves et al., our PGPT analysis shows both shared 

and divergent trends across the acidobacterial families. Some families, such as Acidobacteriaceae, 

Thermoanaerobaculum, Aminicenantesaceae, Holophagaceae, and Koribacteraceae, are grouped similarly in 

terms of their overall equipment, either uniformly high or low; other families show significant discrepancies. 

Specifically, our results diverge for the families Bryobacteriaceae, Vicinamibacteraceae, Pyrinomonadaceae, and 

Chloracidobacteriaceae, where the PGP potential differs substantially. These differences likely arise from the 

limited overlap in representative genomes between the two datasets. Overall, 9.2% of our dataset is also 

covered by the Goncalves dataset. Additionally, our analysis includes seven additional Acidobacteriota families. 

Notably, the dataset coverage is particularly low for most families with detected discrepancies, including 

Bryobacteriaceae (1/74), Vicinamibacteraceae (2/6), and Pyrinomonadaceae (2/87). The overlap of the 

Chloracidobacteriaceae (10/14) is relatively high; however, in addition to the dataset composition, 

methodological differences likely also contribute to the differences. Gonçalves et al. focused on 91 curated 

PGPTs, whereas our genome mining approach utilised the complete PLABASE database, encompassing over 

1,300 plant growth-promoting gene families. This broader functional scope may capture additional trait 

diversity and help explain the differential PGPT evaluation and distribution observed across families. 
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The PGPT profiles of the FHG Acidobacteriaceae are consistent with both our broader family-level analysis 

(Figure 19) and the patterns reported in the large-scale metagenomic study by Goncalves et al. (2024). In all 

cases, Acidobacteriaceae show a high frequency of PGPTs, indicating a conserved functional repertoire within 

this lineage. Notably, Gonçalves et al. also identified a similar PGPT pattern in this family, including genes 

associated with phytohormone biosynthesis and phytase activity. These congruent findings suggest that 

Acidobacteriaceae may play a robust and stable role in plant–microbe interactions across diverse 

environments. 

2.8.3.5 Effects of Tryptophan on Metabolite Production and Phytopathogen 
Inhibition 

Trp is abundant in the root exudates of many plants, and is described to be used by bacteria to synthesise auxins 

(Noor et al., 2023). Indeed, the synthesis of phytohormones by rhizosphere bacteria often depends on the 

presence of Trp precursors in the root exudates (Kravchenko et al., 2004). Thus, this metabolic shift might 

reflect an environmental response of the strains towards the Trp-enriched plant environment (Eze and Amuji, 

2024). To investigate whether supplementation with Trp induces a global metabolic shift or stimulates the 

production of phytohormones, and to potentially describe the regulated metabolites, we performed time-

resolved untargeted metabolomics analysis. Extracts cultivated with and without Trp were analysed with ultra-

high-performance liquid chromatography–quadrupole time-of-flight high-resolution mass spectrometry 

(UHPLC-QTOF-HRMS), and the calculated feature table was filtered to remove features identified as noise. 

Subsequent principal component analysis (PCA) of log2-transformed feature intensities (Figure S2-14) 

revealed that the samples did not exhibit a strict separation by strain or cultivation day, but instead were 

separated by supplementation status, indicating a broad metabolomic shift associated with Trp 

supplementation. Furthermore, we observed temporal metabolic shifts that were more distinct for A. borealis 

DSM 23886, especially if supplemented with Trp. 

To further investigate Trp-dependent metabolomic responses, we filtered and categorised features based on 

their presence-absence and fold-change behaviour in response to Trp supplementation. Briefly, features were 

retained if they were present in both bucketing calculations. Following filtering, feature intensities were 

compared between the uninduced and induced conditions to derive fold changes. Based on those, we assigned biological categories from “extinguished” to “switched-on”. Individual features were then plotted and coloured 

to indicate their biological response (Figure S2-15). The Barcoding plot confirmed the metabolic shift in 

response to Trp supplementation. We observed differences in media consumption (left side) and changes in 

features that were clearly strain-dependent (right side). Overall, there is an apparent change in the metabolism 

indicated by the number of features that change upon Trp supplementation. For A. borealis DSM 23886, 165 

features are detected on day 14 without Trp, while 684 features (4.1x) are present if Trp is supplemented. The 

same trend is observed in FHG110214. Here, the feature number increases from 109 (without Trp 

supplementation) to 337 (3.1x) (with Trp supplementation). We independently verified this result in a second 

cultivation (Figure S2-15, bottom half). Here, a similar fold change is observed. While the feature number 

increases 3.2-fold in A. borealis DSM 23886, it exhibits a similar behaviour in FHG110214 (2.8-fold). Those 

numbers already indicate a strong metabolic activation. This is supported by the fact that, considering all 
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features present under both conditions, 80% of the features are at least lightly upregulated, while 19% are 

downregulated, and only 1% remain stable. 

To further investigate Trp-dependent metabolomic responses considering media and strain-specific features, 

we classified Trp-activated uptake as referring to features initially present in the medium that were consumed 

only in Trp-induced cultures. In contrast, Trp-inhibited uptake describes the opposite: features consumed only 

in uninduced cultures. The rest of the classifications remained the same. Features that were stable in the 

medium and did not change in intensity were removed from the analysis. Figure 20 (top bar chart) displays the percentage distribution of features across these categories. The “switched on” class accounts for the largest 
fraction in both strains (A. borealis DSM 23886: 56.8%; FHG110214: 45.1%). Specifically, 10.4 and 16.9% of features exhibit an “increased production” profile, while 7.5 and 6.3%, respectively, are “switched off.” Small 
proportions (below 10%) represent different metabolisation patterns of media components under induced and 

uninduced conditions.  

Given the pronounced metabolic changes observed in Trp-induced extracts, we were encouraged to re-enter 

our initial bioactivity discovery approach, now particularly testing the generated extracts from FHG110214 

and A. borealis DSM 23886 for activity against the phytopathogenic fungus Septoria tritici MUCL45407, a 

residue-borne wheat pathogen causing Septoria tritici blotch (STB), one of the most significant diseases of 

wheat (Fones and Gurr, 2015). By testing our extracts in a microbroth dilution assay, we indeed determined a 

strong growth-inhibitory effect, exclusively in the samples that underwent Trp supplementation. For the 

identification of activity-causing compounds, one representative active extract of FHG110214 and A. borealis 

DSM 23886 was microfractionated and re-screened against S.tritici MUCL 45407. Based on the molecular 

formula and the observed MS/MS fragmentation pattern, several Trp-related compounds were dereplicated 

within the active fractions of both strains, with a confidence level 2 (putatively annotated metabolites (Sumner 

et al., 2007)). This enabled the annotation of hydroxyglyantrypine (Peng et al., 2013) as well as malassezindoles 

A, B (Mayser et al., 2007) and putative yet undescribed derivatives thereof (m/z: 148.1349, 376.1293, 

360.1348, 362.1498). Notably, malassezindoles production is known to be strongly dependent on Trp as the 

sole nitrogen source in their fungal production strains (Mayser et al., 1998). This observation aligns well with 

our cultivation conditions and experimental setup. However, since the malassezindoles have not been 

described for bacteria yet, we have expanded our quality control by including regular agar plating, which is 

conducted concurrently with sampling at the beginning and end of cultivation. Additionally, we continued to 

perform 16S/18S sequencing from liquid culture samples. Agar plates were incubated for at least 14 days, 

documented, and routinely inspected using a binocular microscope. Neither measure raised any concerns 

about handling fungal-contaminated samples. Besides malassezindoles, we annotated the β-carbolines acetyl-

beta-carboline, pityriacitrin B (Irlinger et al., 2005; Mayser et al., 2007, 2002) and a methylated derivative 

thereof. Pityriacitrins are produced by fungi and bacteria (D. Huang et al., 2022) and recognised for their UV-

protective properties (Machowinski et al., 2006). Furthermore, the β-carbolines scaffold has been recently 

reviewed in the context of antifungal activity (Dai et al., 2018). Indeed, pityriacitrin A, B, and their methyl esters 

have been described to inhibit fungal growth (Gaitanis et al., 2019; D. Huang et al., 2022). Furthermore, 

pityriacitrin B was shown to have protective activity against fungal colonisation of plant hosts (D. Huang et al., 

2022). In bacterial systems, beta-carboline cores, such as those found in pityriacitrin, are formed via Pictet-

Spenglerase enzymes (Li et al., 2023; Ueda et al., 2018; Wang et al., 2016). Instead, biosynthesis of the Trp-
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dependent metabolites, closely related to the malassezindoles, has been described for the smut fungus Ustilago 

maydis, where a single enzymatic reaction, catalysed by the enzyme Tam1, is essential for their formation, 

converting Trp to indolepyruvate (Zuther et al., 2008). Although the biosynthetic pathways for these 

compounds have not been elucidated in bacteria, a similar mechanism can be inferred. However, a BLAST 

search for analogous proteins within our acidobacterial genome dataset did not yield any significant hits. An 

additional signal observed in the active fraction, co-eluting with malassezindoles under the applied 

chromatographic conditions, suggested the presence of a peptide, with an m/z value of 519.1655 [M+H]+ 

corresponding to the molecular formula C30H22N4O5. 

We focused our isolation efforts on compounds previously reported to exhibit antifungal properties. 

Preparative and semi-preparative isolation methods were employed on the fractions containing 

malassezindoles and their derivatives. Isolation and structural elucidation of antifungal compounds, including 

malassezindoles and related derivatives, were carried out by collaborators. Preparative and semi-preparative 

chromatography yielded two pure compounds, identified by NMR spectroscopy as pityriacitrin B and its methyl 

ester. Structural assignments were consistent with previous reports (Irlinger et al., 2005; Liew et al., 2014). To 

examine the features previously identified to be bioactive, we mapped them onto our categorised feature 

dataset. This allowed us to assess which metabolic response classes these metabolites belong to. Additionally, 

we explored other Trp-dependent masses by molecular networking, aiming to identify novel or derivative 

compounds using database annotations. 
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Figure 20: Overall metabolic response of cultivation with Trp in strains FHG110214 and A. borealis DSM 23886 (A). 

Molecular network of masses active against S. tritici MUCL 45407 as detected by µFrac-coupled screening of A. borealis DSM 23886 

extracts (B). (A) After feature detection, the relative presence of masses with and without Trp was compared for categorisation. Categories were defined as follows: “switched-off” (dark-blue, no feature detected upon Trp supplementation) and “switched-on” 
(dark-red, Feature only present upon Trp supplementation). Media components that were metabolised differently upon Trp 

supplementation are shown in yellow. (B)Molecular Networking of MS/MS data generated from a Trp-induced A. borealis DSM 

23886 culture, limited to clusters containing masses that showed antifungal activity against S. tritici MUCL 45407. Active masses were all specifically “switched on” when supplemented with Trp. While some of them remained unknown (e.g. 519.167m/z 
peptide), others were dereplicated by comparison with database standards (malassezindole A, B) or isolated and structure 

elucidated (pityriacitrin B and pityriacitrin B methyl ester).   

 

The observed changes in activity profiles and the Trp-dependent modulation of extracts underscore the impact 

of Trp supplementation on the production of specific, bioactivity-causing compounds. Having already linked 

several of these induced features to bioactivity through microfractionation, we next turned to molecular 

networking to explore their structural context within the overall metabolome. This approach enabled us to 

visualise whether the bioactive compounds belong to larger molecular families, identify structurally related 

analogues, and determine whether induction leads to the coordinated activation of specific metabolic clusters. 

By integrating activity data with MS/MS-based network topology, we aimed to prioritise entire subnetworks 

of interest and assess how broadly Trp supplementation influences distinct chemical families across strains. 
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Acidobacteriota often dominate soil bacterial communities, particularly in acidic and oligotrophic 

environments, yet their functional roles remain underexplored. Our findings contribute to growing evidence 

that members of this phylum possess underestimated biosynthetic and ecological potential, including the 

ability to produce phytohormones and possibly bioactive metabolites with the potential to antagonise fungal 

growth. 

Beyond our cultivated FHG Acidobacteriaceae, genome-mining of 618 high-quality Acidobacteriota genomes 

offers a complementary perspective to the large-scale MAG-based analysis by Gonçalves et al. (2024), which 

analysed 758 MAGs. Both studies identify Acidobacteriaceae, Bryobacteriaceae, and Koribacteraceae as families 

with enriched PGPT potential, while families such as Holophagaceae and Vicinamibacteraceae appear 

comparatively under-equipped. However, notable discrepancies emerged, likely reflecting differences in the 

underlying datasets and the methodological approach. 

Despite the current technical limitations, exploring Acidobacteriota as sources of novel bioactive compounds 

or as contributors to plant–soil health remains a promising avenue. A considerable limitation, however, is their 

challenging growth in laboratory settings. If obtained as isolates, their total cell biomass remained low, even 

when using optimised media conditions, and some strains even show aggregated growth forms. Given the 

intriguing biosynthetic potential predicted from the genome, more efforts are needed to characterise and 

exploit this phylum, including, for example, the development of genetic tools for in situ activation, 

overexpression, and deletion of specific genes, as well as the establishment of a genetically tractable 

heterologous expression system in Acidobacteriota-hosts. Together, this could lead to a better understanding 

and utilisation of Acidobacteriota, aiming to discover new methods for their role in sustainable agriculture, 

bioremediation, and natural product discovery. 

 

In Chapter 2.7, our team employed a high-throughput microplate cultivation approach using termite-nest 

material to maintain community diversity and selectively isolate Acidobacteriaceae, including putative new 

species in Terracidiphilus and Acidobacterium, thereby providing tractable strains for downstream work. In 

section 2.8, we combined genome mining with metabolomics to map the distribution of PGPTs and biosynthetic 

gene clusters across the phylum. We demonstrate that selected Acidobacteriaceae produce phytohormones 

(IAA and iP), and that Trp supplementation alters the metabolome, boosting IAA production while reducing iP. 

Furthermore, antifungal-linked metabolites pityriacitrin and malassezindoles were detected. Together, these 

studies provide new isolates, map genetic potential, and link it to measurable metabolites—laying the 

groundwork to explore Acidobacteriota chemistry and their ecological roles in PGP and beyond. 
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2.9 HEL, A Multi‐Host Synthetic Biology Platform for BGC Activation 

2.9.1 Background 
Since the first description of microbial dark matter, researchers have been eager to discover and describe these 

previously overlooked microorganisms to understand their ecological context and role (Rinke et al., 2013), as 

well as to utilise their genetic potential for various biotechnological applications. Large metagenomic databases 

and bioinformatic tools, steadily advanced by AI, form the foundation for unravelling their biosynthetic 

potential; however, accessing them presents additional challenges. When the cultivation of novel isolates fails, 

the direct cloning of genes of interest, such as enzymes or complex BGCs, is the only viable option for 

characterising and isolating putative NPs. The first successful expression of a BGC dates back to 1984 when the 

actinorhodin cluster was transferred from its original producer Streptomyces coelicolor, to another 

Streptomyces species (Malpartida and Hopwood, 1984). The first cross-phyla heterologous expression was 

reported in 2001 when the DEBS (6-deoxyerythronolide B), the polyketide core of erythromycin, was 

successfully produced in E. coli (Pfeifer et al., 2001). In 2002, the first metagenomic DNA was heterologously 

expressed in E. coli, leading to the discovery of the turbomycins (Gillespie et al., 2002). 

Cloning of BGCs is most difficult because these clusters are often large, multimodular, and complex (Bloudoff 

and Schmeing, 2017; Khosla et al., 2009). These characteristics result in significant challenges regarding 

amplification by PCR (high GC-content, repetitive sequences) and commonly used assembly methods, such as 

Gibson cloning (Gibson and et al., 2009). For this reason, large and complex BGCs usually require recombination 

methods that rely on homologous recombination, phage-based systems, or CRISPR-Cas (Wan et al., 2023); The 

yeast-recombination-based system TAR (Transformation-Associated Recombination) is being most frequently 

used (Yamanaka et al., 2014). Here, 40-80 bps homologous regions are cloned into a yeast-E. coli shuttle 

bacterial artificial chromosome (BAC) to capture the desired BGC upon co-transformation with the BGC-

containing DNA using the yeast’s recombination system Since the discovery of the CRISPR-Cas system, this 

method is also being utilised to specifically cleave and capture BGCs from DNA (Enghiad and et al., 2021; Jiang 

et al., 2015). In the λ-phage-based recombination system, BGC are captured and stored by phages in their phage 

head (Casjens and Hendrix, 2015). While this is a very efficient process often used to generate metagenomic or 

genomic libraries in fosmids (Epicentre, pCC2Fos Library Kit), it has the limitation that the capacity of the 

phage head only reaches around 40 kb, which is insufficient for very large BGCs. Fosmids are vector systems 

that rely on the F-factor replication and partition system and are usually combined with λ-phage-based capture. 

Therefore, they typically only carry the aforementioned 40 kb. The F-factor replication system is inherently 

stable and has a low copy number (1-2 copies per cell) (Kline, 1985; Tsutsui and Matsubara, 1981). Thus, they 

usually contain a second origin of replication, oriV, which responds to the initiation protein TrfA, resulting in a 

higher copy number of the fosmid (10-50 copies/cell) (CopyControl Fosmid Library Production Kit: pCC1FOS 

system (inducible oriV/TrfA copy control), 2006). Another F-based vector is the BAC system, which is also very 

stable and has a low copy number. Inserts are introduced by ligation, which is less efficient compared to phage-

based systems, but not limited in size (Shizuya and et al., 1992; Tao and Zhang, 1998). Consequently, inserts up 

to 300 kb can be stably maintained in BAC vectors (Shizuya and et al., 1992). The Cosmids contain different 
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replication origins depending on their type, often of plasmid origin (e.g., ColE1). They also include λ-phage cos 

sites for in vitro phage packaging (Hohn and Collins, 1988), making library creation very efficient but again, 

size-dependent (Agilent Technologies, 2015). Due to their plasmid origin, they usually exist in a medium copy 

number within the cell but are generally less stable than BAC or Fosmid-like systems. 

An essential prerequisite that has yet to be addressed is the selection of suitable heterologous hosts. Due to the 

overrepresentation of actinomycetes-derived BGCs (Blin et al., 2019), the Streptomyces host is an obvious 

choice (Lasch et al., 2025). However, due to their genetic tractability and ease of use, E. coli has also been widely 

utilised and modified for BGC expression (see above). Other chassis are less frequently employed and are 

typically specific to specialised niches within various laboratories. Among these, Gram-negative hosts include 

Pseudomonas putida, which contains a rich pool of precursors and cofactors (Loeschcke and Thies, 2015; Nikel 

and de Lorenzo, 2018), and Myxococcus xanthus, favoured for myxobacterial non-ribosomal peptide and 

polyketide clusters, but also usable as a universal host (Stevens et al., 2010; Wenzel et al., 2005). As Gram-

positive hosts, Bacillus subtilis strains are commonly chosen due to their robust secretion capabilities and the 

availability of genetic tools for BGC expression (Radeck et al., 2013). Notably, they encode the sfp 

phosphopantetheinyl transferase (PPTase), a broad-range PPTase that activates the acyl carrier protein (ACP) 

(a polyketide synthase (PKS) domain) and a peptidyl carrier protein (PCP) (a non-ribosomal peptide 

synthetase (NRPS) domain) in many organisms (Put et al., 2024). In addition to bacterial expression hosts, 

fungal hosts offer the inherent benefit of eukaryotic expression machinery, providing access to plant, algal, and 

fungal pathways (Meng et al., 2022). Typically, the genus Aspergillus (Chiang et al., 2013; Sheng et al., 2025) 

and Saccharomyces cerevisiae (Cautereels et al., 2024; Harvey et al., 2018) are utilised as chassis. The use of 

different heterologous hosts can also prove advantageous, as first demonstrated by (Craig et al., 2009), who 

transferred a metagenomic soil cosmid library to six distinct proteobacterial hosts (Agrobacterium tumefaciens, 

Burkholderia graminis, Caulobacter vibrioides, E. coli, P. putida, and Ralstonia metallidurans) to compare their 

functional capabilities. Interestingly, the overlap between expressed BGC and produced NPs was minimal 

across the investigated hosts, underscoring the various genetic capacities and thus encouraging the use of 

multi-chassis expression for successful and differential BGC activation/expression. 

Genetic factors affecting heterologous expression are diverse and have been examined in many studies. Firstly, 

expression often fails due to promoter or sigma factor mismatches or the lack of necessary transcriptional 

activators. This issue is usually resolved through promoter swaps (Chiang et al., 2009) or heterologous 

complementation of transcriptional activators (Arias et al., 1999; Bok and Keller, 2004; B. Wang et al., 2019). 

Even after successful expression, translation can remain inefficient because of weak ribosome binding or 

mismatched codon usage. To improve translational efficiency, BGCs can be codon-optimised, ribosomal binding 

site (RBS) sequences can be altered or supplied through RBS libraries (Rao et al., 2024), and rare tRNAs 

(Zdanovsky and Zdanovskaia, 2000) can be added. For ribosomal-independent pathways, such as NRPS and 

PKS systems , specific proteins and enzymes are typically needed; notably, phosphopantetheinylation by 

phosphopantetheinyl transferase (PPTase) enzymes like sfp (see above) is essential for biosynthesis (Kim et 

al., 2018). Additionally, A-domains require MbtH-like proteins (Felnagle et al., 2010); other tailoring enzymes 

such as P450/monooxygenases (Hu et al., 2023) or halogenases, and possibly chaperones (Nishihara et al., 

1998), may be needed to facilitate proper modification and folding. These gene products can be supplied 
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externally when heterologous expression faces difficulties. However, even with the most efficient transcription 

and translation, expression will be ineffective without essential precursors; these are often externally supplied 

via cultivation or produced by the bacterial enzymatic machinery that provides necessary extender units like 

(methyl)malonyl-CoA, propionyl-CoA, or ethylmalonyl-CoA (Chan et al., 2008; Klass et al., 2025). Lastly, 

heterologous hosts often need resistance cassettes or efflux pumps to counteract the effects of toxic expression 

products, such as antimicrobial NPs (Severi and Thomas, 2019; Xu et al., 2012). Taken together, this 

demonstrates the complex network required for successful heterologous expression, which is typically a 

tedious process that involves multiple rounds of cloning to find the optimal combination of conditions. 

The metabolic rewiring, along with the standardised, combinatorial assembly of genetic parts for circuits, is a 

common strategic asset in synthetic biology. Synthetic biology employs iterative design-build-test-learn cycles 

to construct and refactor biological systems using standardised, modular genetic parts (Endy, 2005). This is 

exemplified, for instance, by programmable genetic circuits such as the synthetic 3-gene oscillator by Elowitz 

and Leibler (Elowitz and Leibler, 2000), which functions similarly to electrical circuits but in E. coli. These 

genetic circuits, along with larger metabolic reprogramming approaches, are advancing due to the 

establishment of the iGEM competition and their efforts to define, characterise, and document a repository of 

genetic parts – including promoters, reporters, and other functional genetic elements (Kelwick et al., 2015; 

Shetty et al., 2008). These functional parts are then integrated into novel cloning pipelines like MoClo (Modular 

Cloning)(Weber et al., 2011), a Golden-Gate assembly-based method that equips functional parts with 

standardised fusion sites created by Type IIS restriction enzymes, which cut outside their recognition 

sequences to facilitate custom-designed fusion sites. Other Golden-Gate derivatives include goldenBraid, 

PhytoBricks, and CIDAR- MoClo (Iverson et al., 2016; Patron et al., 2015; Sarrion-Perdigones et al., 2013), the 

latter two being compatible with the MoClo system. Additional cloning techniques, such as homology-based 

methods like Gibson (Gibson, 2011) and SLiCE,(Zhang et al., 2012) as well as workflows assisted by CRISPR 

and site-specific recombination techniques like Gateway (Hartley et al., 2000), enable recombinase-mediated, 

multi-entry cloning, cassette exchange, or orientation flips (e. g., Cre/loxP and Flp/FRT) (Cox, 1983; Hoess and 

Abremski, 1984). The overall repertoire of cloning methods is then employed to reprogram the entire 

metabolism of various cellular systems; Notably, the Keasling lab engineered Saccharomyces cerevisiae to 

produce artemisinic acid (2006)(Ro et al., 2006), subsequently optimising strains to achieve industrial-level 

yields, thereby enabling semi-synthetic production of artemisinin, a plant-derived  traditionally extracted from 

the original plant source (Paddon and et al., 2013). At the opposite end of the engineering spectrum, 

researchers developed a fully autotrophic E. coli strain capable of synthesising all biomass carbon from CO2, by 

rewiring the central metabolism and applying adaptive evolution over one year (Gleizer and et al., 2019). 

Using a strict definition of refactoring BGCs with modular, standardised parts (or modular CRISPR-Cas 

systems), and applying an explicit engineering-style design-build-test loop, only a few studies have 

incorporated synthetic biology approaches to heterologous expression of NPs. Most frequently, BGCs were 

refactored to include modular promoter/RBS cassettes to decouple them from native regulation and transfer 

them into heterologous hosts. This was demonstrated with the streptophenanzine BGC, which yielded over 100 

congeners of the NP (Bauman et al., 2019). More recently, a standardised toolbox for refactoring multigene 

circuits and BGCs in Streptomyces, based on the MoClo cloning techniques, was developed by Massicard et al., 

2024. Finally, CRISPR-Cas, combined with plug-and-play sgRNA cassettes for activating silent fungal BGCs and 
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allowing predictable control, was utilised to express the otherwise silent macrophirin BGCs of Penicillium 

rubens (Mózsik and et al., 2021). One reason for the limited use of standardised parts for NP expression could 

be the intrinsic incompatibility of restriction-enzyme-dependent standardised parts with large, sometimes 

sequence-unknown BGCs that may contain restriction sites. 

Here, we introduce HEL (heterologous expression library), a cloning pipeline that combines λ-fosmid creation 

with modular, standardised, restriction enzyme-dependent expression optimisation. HEL retrofits BGCs with 

expression and chassis-specific elements, thereby decoupling activation and modulation from host transfer 

during fosmid creation. Expression libraries and host cassettes are assembled using MoClo for reusability, 

while coupling to the BGC-containing vector is performed independently via the in vitro λ-phage Gateway 

reaction. This enables individual parts or functional cassettes to be clonally amplified and reused across 

different BGCs or libraries. By allowing library-style combinations of promoters, regulators, and constant 

chassis modules for heterologous host transfer, HEL enhances the chances of finding productive configurations 

for BGC activation. 

2.9.2 Materials and Methods  
Tables describing strains, vectors and building blocks are collected in the supplementary information (Table 

10-Table 12). Materials were used as indicated below. All strains were routinely maintained in LB medium (per 1 l: 10 g tryptone; 5 g yeast extract; 5 g NaCl; adjust to pH 7.0; in ddH₂O). For expression of GFP and darobactin 
in B. subtilis SCK6 we also used Spizizen medium as described by (Anagnostopoulos and Spizizen, 1961). 

Pseudomonas putida was also maintained in M9 supplemented with 0.4% glycerol (per 1 l: 10.5 g M9 Minimal Salts; 4 ml glycerol; 2 ml 1 M MgSO₄; 1 ml 0.1 M CaCl₂; in ddH₂O) to test for expression of GFP and darobactin. 
Antibiotics were used at the following final concentrations: chloramphenicol (Cm), 12.5 µg/ml; erythromycin, 

1 µg/ml; kanamycin, 25 µg/ml; ampicillin, 100 µg/ml; and apramycin, 50 µg/ml. Inducers were used at the 

following concentrations: IPTG: 6.4 mM, arabinose: 5.3mM, N-hexanoyl-DL-homoserine Lactone (AHL): 25nM. 

2.9.2.1 Standard Molecular Biology Techniques 

For amplification of DNA fragments, we performed PCR using a high-fidelity DNA polymerase in combination 

with the supplied buffer system. Cycling parameters were adjusted according to the recommendation provided 

with the enzyme. DNA fragments were resolved by agarose gel electrophoresis and purified on silica-spin 

columns according to the manufacturer's instructions (Jena Biosciences). Escherichia coli strains were made 

chemically competent by the RbCl method (Sambrook et al) and were routinely stored at -80°C until further 

use. For transformation, 100 – 500 ng of DNA was mixed with competent E. coli cells, heat shocked, and 

recovered in SOC medium (37°C, 1 h). Cell suspensions were then concentrated and plated on selective agar. 

Putative transformants were screened by colony PCR using Taq DNA polymerase and vector- or insert-specific 

primers. PCR products were resolved by agarose gel electrophoresis. 
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2.9.2.2 Cloning Techniques 

2.9.2.2.1 Annealing Reactions 

Short modular building blocks were created by annealing complementary oligonucleotides containing the 

required recognition sites for Type IIS restriction enzymes. Reaction mixtures were prepared with 

corresponding primer pairs and annealed as described (Zumkeller et al., 2018), with elongation times adjusted 

to match the expected fragment length. Annealed products were purified using a silica column-based PCR 

purification kit, according to the manufacturer's instructions (Jena Bioscience). 

2.9.2.2.2 Gibson Cloning 

For assembly of larger fragments and to create the required vector set, Gibson cloning was used according to 

(Gibson, 2011). Required fragments were either generated by restriction enzyme digestion or PCR. 

2.9.2.2.3 Modular Cloning (MoClo) 

MoClo was used to equip BBs with desired fusion sites (BsaI-dependent) and to assemble heterologous 

expression and host compatibility cassettes (Sap1-dependent). For each assembly, vector and insert(s) were 

combined at an equimolar 1:1 ratio. Molar amounts were calculated from DNA length using an average nucleotide pair mass of 660 g·mol⁻¹·bp⁻¹. Reaction components were combined as a standard MoClo Type IIS 
restriction–ligation mix (Weber et al., 2011), and incubated in a thermocycler using a cycling program suitable 

for iterative digestion and ligation (Zumkeller et al., 2018). 

2.9.2.2.4 Gateway Cloning 

Gateway LR recombination (LR Clonase II Enzyme Mix, ThermoFisher Scientific) was used to transfer MoClo-

assembled parts into the preassembled HEL-fosmids. Reaction mixtures were set up and treated according to 

the manufacturer's instructions. 

2.9.2.3 Electroporation (Sucrose) of Pseudomonas putida mt-KT2440 

A single colony of P. putida KT2440 was grown in LB at 30 °C and 200 rpm until reaching mid-log phase (OD600 

about 0.6 to 0.8). The cultures were placed on ice for 10 min, then spun down at 4,000 × g for 10 min at 4 °C. 

The resulting pellets were washed three times with ice-cold 300 mM sucrose (10 ml per 50 ml of culture) and 

resuspended in the same solution to about 1:100 of the original volume. Aliquots of 35–50 µl were kept on ice 

for immediate use or mixed 1:1 with sterile 40% glycerol for short-term storage at −80 °C. For each 
transformation, 20 to 100 ng of plasmid DNA were added to 35–50 µl of electrocompetent cells, mixed gently, 

and transferred to a pre-chilled cuvette with a 1 mm gap. Electroporation was performed at 1.6 kV, 25 µF, and 200 Ω, giving a time constant of about 4 to 5 ms. After pulsing, 1 ml of room-temperature SOC or LB medium 

was added right away. The cells were then recovered at 30 °C with shaking at 200 rpm for 60 to 120 min, plated 

on LB agar with the appropriate antibiotics, and incubated at 30 °C for 24 to 48 h. 

2.9.2.4 Induction of Natural Competence (Xylose) of Bacillus subtilis SCK6 

Bacillus subtilis SCK6 was streaked on LB with erythromycin (1 µg/ml). A single colony was picked to inoculate 

5 ml of LB and grown overnight at 37 °C shaking 200 rpm. The culture was then diluted with fresh LB to an OD₆₀₀ of about 0.1 to 0.2 and induced with 1% (w/v) D-xylose to activate P_xylA-comK. The cells were further 
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incubated at 37 °C and 200 rpm for 1.5–2 h until the OD₆₀₀ reached around 1.0. Induced cells (100–200 µl) 

were then mixed with plasmid DNA (usually 100–500 ng) and incubated at 37 °C for 30 to 90 minutes.  The 

cultures were then diluted with 1 ml of LB and incubated for another 3 h at 37 °C. Finally, the cells were spread 

onto selective LB agar and incubated at 37 °C overnight. 

2.9.2.5 Flow Cytometry 

Cells were pelleted at 4,000 rpm for 4 min, and the supernatant was decanted. The pellet was then gently 

vortexed to resuspend it in ~1.5 µl of 1× PBS. After a second spin at 4,000 rpm for 4 min, the PBS was removed, 

and the cells were resuspended in 1.5 µl of 1× PBS. Samples were acquired at a low flow rate. Instrument 

settings were: FSC, voltage E02, amp gain 1.00; SSC, 580 V, amp gain 1.00; FL1, 700 V, amp gain 1.00. The 

acquisition threshold was set to FSC-H (primary) with SSC-H (secondary) at a value of 100 to acquire green 

fluorescence of GFP. 

2.9.2.6 Plate Measurement of Fluorescence and OD 

Growth assays were performed using a VICTOR X3 multilabel plate reader (PerkinElmer). Strains from 

overnight precultures were diluted 1:1000 into 150 µl liquid medium in 96-well microplates. To minimise 

evaporation, 70 µl mineral oil was layered onto each inoculated well. At least two biological replicates were included per strain. The OD₆₀₀ and green fluorescence (settings) were recorded every 5 min for the desired 
duration (18 h total). Data were processed and visualised in R and Microsoft Excel. 

2.9.2.7 Extraction of Darobactin 

Culture broth was centrifuged at 4000 rpm for 10 min to separate the supernatant from the cells. Secreted 

metabolites were purified from the supernatant by incubation with Amberlite XAD-16N (non-ionic 

polystyrene–divinylbenzene resin; typically, 20–60 mesh) at ~10% (v/v) under gentle agitation to bind the 

peptide. The resin was collected, rinsed with water, and eluted with methanol to yield a crude supernatant 

extract. The cell pellet was extracted with methanol, and soluble fractions were combined with the resin eluate. 

The extract was then concentrated by lyophilisation, and desalted on C18 solid-phase cartridges (water wash, 

elution with increasing organic solvent containing acid). 

2.9.2.8 Analytical Procedures 

Concentrated and purified extracts were analysed by UPLC–HRMS on a C18 column with an acidified 

water/acetonitrile gradient, using low-µL injections at standard analytical flow. Detection used positive-ion 

ESI, and darobactins were assigned by exact mass and diagnostic MS/MS fragmentation patterns. 

2.9.3 Results 

2.9.3.1 Technological Background, Design and Cloning of the HEL-Cloning Pipeline 

We set out to build a fast-operating, modular cloning system that enables heterologous expression of BGCs by 

coupling expression libraries and the subsequent activation of the desired product, initially in E. coli but 

subsequently across additional expression chassis. Strategically, BGC cloning and capture had to be separated 

from expression optimisation, to protect large, sequence-unknown inserts (BGCs or (meta)genomic libraries) 
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from restriction-enzyme digest that are in return, required for the assembly of the expression-tuning library of 

genetic factors (promoters, ribosome-binding sites, regulators, helper modules). For heterologous expression 

cassettes, we needed a standardised, modular system that assembles DNA parts position-specifically while also 

enabling library generation by swapping alternative parts at the same position. Each expression library should 

include regulatory elements (e.g. RBS and promoters) and optional tuning factors (e.g. transcriptional 

regulators, and rare tRNAs) alongside constant host-specific factors (oriT, selection markers, and modifying 

enzymes) (Figure 21, light grey vector). We implement these using MoClo, a hierarchical Golden-Gate 

framework that facilitates library-style assembly by reusing position-coded functional parts. This pipeline is 

based on Type IIS restriction enzymes, which cut outside their recognition sites. When recognition sites are 

placed in inverted orientation at the fragment ends, they are removed during assembly, leaving user-defined 

fusion sites that promote directional, multifragment assemblies. Parts can be provided as PCR products 

(primers adding fusion sites and Type IIS sites), and/or circular plasmids, and are joined in a single digest-

ligate reaction, including the destination vector, Type IIS enzyme, and T4 DNA ligase. If functional parts are 

equipped with the same fusion sites, mixing them in one reaction automatically generates combinatorial 

libraries. A built-in ccdB Toxin, counter screens unsuccessful assemblies, preventing carry-over of the 

circularised template backbone. Together, these features offer an ideal framework for generating randomised, 

modular, and standardised expression cassettes for BGC activation. 

BGC-carrying vectors are either sourced from (meta)genomic libraries or from a defined BGC of interest. 

Because large-cluster capture methods vary in different labs, we kept the backbone choice flexible; in this 

study, we used the CopyControl fosmid pCC2Fos (Epicentre, Madison, WI, USA). Due to the inherent λ-phage 

head space limitation, the use of this system restricts the insert size to approximately 40kb. This size is well-

suited for smaller BGCs but not for larger multimodular NRPS and PKS clusters. The same backbone can, 

however, be used without phage packaging (standard ligation/recombineering approaches), thereby 

circumventing the 40 kb limit. The final vector is simple and stable, containing only the BGC (or library) in a 

low-copy plasmid, conserving space and preventing unwanted edits before activation. 

Furthermore, we required a method to merge the BGC-containing fosmid with the HEL-cassette (Figure 21), 

which did not depend on insert size or restriction sites, and aimed to avoid leaving large scars between the 

HEL-cassette and the BGC. Although in vivo homologous recombination in yeast or E. coli could achieve scarless 

fusions, co-transformation of large vectors is often inefficient and can introduce bias due to the insert size. 

Therefore, we prioritised in vitro strategies. While Transposon-based systems, such as mariner, enable broad 

applicability due to minimal sequence requirements, the integration events are random and non-directional. The λ-phage Gateway® recombination platform transfers defined inserts flanked by attL sites to attR-flanked 

vectors in a targeted manner. This reaction is catalysed by an integrase (Int), an integration host factor, and an 

excisionase (Xis), and is supplied as a ready-to-use reaction mixture. This system offers deterministic 

orientation, is restriction-independent, and leaves only small scars (13bps). 
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Figure 21: General principle of the HEL-Cloning approach. The BGC containing vector 

(cloning process not shown) is retrofitted with the HEL-vector containing host-specific 

constant factors (e.g. origin of transfer, resistance cassette, integration sites) and an expression 

library, designed to generate a randomised combination of expression factors (promoters, 

tRNAs, inducers) to increase the chance of inducing expression of the BGC. 

 

To ensure compatibility with various cloning techniques, selected vectors—pUC19 for the HEL-storage vector, 

pENTR4 for the HEL-assembly vector, and pCC2Fos for the BGC-containing fosmid—were (i) modified to 

remove internal Type IIS recognition sites used by MoClo (BsaI and SapI), (ii) equipped with ccdB negative 

selection cassettes to counter-select for template backbones, and (iii) fitted with att sites where necessary to 

generate attachment sites for retrofitting the BGC-containing fosmid. All cloning was performed in E. coli 

standard cloning strains. Constructs carrying ccdB were maintained in the ccdB-resistant strain E. coli DB3.1. 

Building blocks were introduced via PCR amplification, gene synthesis, or oligo annealing, depending on the 

size and availability of the template. All assemblies were initially subjected to diagnostic digests before being 

verified by Sanger sequencing. Full cloning procedures, structure of backbones, and descriptions of building 

blocks are detailed in the Materials and Methods section. The vector set is available upon request. 

In summary, the HEL-pipeline proceeds through three stages (Figure 22). First, functional parts (Figure 22A, 

Table) are equipped with fusion sites (coloured rectangles), either via PCR or using a pre-cloning step with 

universal fusion sites (white) into HEL-storage vectors, providing the necessary fusion sites later. Second, 

assembly of HEL-storage requires a BsaI-dependent MoClo process. Third, PCR products or BBs present in 

storage vectors are then assembled SapI-dependently in a second MoClo reaction (Figure 22B), utilising HEL-

bridging vectors whenever not all positions are filled by BBs. This reaction produces the final expression 

cassette, which is compatible with the host and then used for retrofitting the BGC-containing vector (Figure 

22C) by Gateway assembly. The cloning hierarchy also relies on changing selection markers (AmpR → KanR → 
CmR) at various cloning stages, allowing for the counterselection of the original vectors. If a BGC-containing 

fosmid of interest is ready, the cloning of the expression and host-compatibility cassettes typically takes about 
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three days, and an additional three days are needed for Gateway assembly and verification of the constructs (if 

required). Subsequently, the retrofitted HEL-fosmid can be transferred into the desired heterologous host. 

 

Figure 22: HEL vector set and cloning procedure. (A) BBs are created either by BsaI-dependent cloning or by PCR (beige). (B) The 

expression and host-compatibility cassette are assembled from PCR parts or BBs using Sap1-dependent MoClo and HEL-bridges when 

positions are not fully taken (light grey). (C) The pre-assembled BGC-containing fosmid (dark grey) is retrofitted by Gateway cloning. 

All target vectors include counterselection with the ccdB toxin (red arrow). If assembly fails, the ccdB toxin remains in the vector and 

kills future transformants. 

 

This design achieves three practical outcomes. First, BGC assembly remains restriction-independent, making it 

ideal for sequence-unknown or GC-rich DNA. Second, expression modification becomes modular and reusable: 

the same set of parts can be mixed and matched for optimisation in E. coli and then redeployed on other BGCs 

without the need for rebuilding. Third, compatibility is directly included: host compatibility cassettes 

standardise the transfer to additional hosts, so the same captured BGC can be screened across multiple 

backgrounds without the need for reassembly. 

2.9.3.2 Validation of the HEL workflow with a GFP Reporter Fosmid 

To verify the functionality of the cloned vector set and procedure end-to-end, we replaced the BGC space on 

the HEL-fosmid with GFP and assembled a HEL-library vector carrying constitutive promoters of defined 

strengths (weak: BBa_J23117, medium: BBa_J23106, strong: BBa_J23100) with PCR-Parts positioned at slot A-

H (yellow-black). PCR parts were supplied in a 1:1:1:1 ratio to evaluate potential cloning bias (Figure 23A). 

Escherichia coli Epi300 was transformed with the retrofitted HelFos_GFP, and the resulting transformants were 

arrayed individually in a 96-deep-well plate and conserved as a pool by retrieving whole-cell mass from the 

agar plate. After isolating plasmid DNA from the individual transformants, the plasmid DNA was sequenced to 

evaluate the sequence correctness. From 135 colonies, 100 were sequenced, 98 returned high-quality reads, 

and 97 were correctly assembled. This indicates a relatively high cloning fidelity. The representation of 

different promoters was biased towards the medium strength promoter (n=46), followed by the weak 

promoter (=34) and the strong promoter (n=17). From these clones, we selected identified representatives of 
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the individual promoter strengths as a control for subsequent flow cytometry analysis (Figure 23C). We also 

included a clone that does not carry any promoter (green) for conclusive assessment of promoter distribution 

and assembly bias. Single-clone measurements separated distinctly according to promoter strength. Still, a 

large fraction of cells within each clonal population was non-fluorescent, consistent with known cell-to-cell 

variability, especially when using plate-grown inoculum that may represent different heterogeneous 

physiological states. In the pooled library (Figure 23D), fluorescence corresponding to low/medium/low-strong promoters was evident, but a highly fluorescent “strong” peak matching the strong-promoter control 

was absent. Taken together, this indicates a composition bias during the cloning procedure while still 

demonstrating the overall functionality of the pipeline. 

 

Figure 23: HEL cloning assessed with a constitutive promoter library and GFP reporter. (A) The promoter library 

was cloned into the HEL vector and recombined with a GFP fosmid. (B) Promoter types in 98 clones were identified by 

sequencing. (C) Flow cytometry of individual selected promoter clones shows that different promoters drive varying GFP 

signals, with some overlap and heterogeneity. (D) Most clones exhibit medium to strong GFP expression, although overall 

signals are lower than those in selected individual clones. 

 

We next tested inducible promoters to (i) expand part size/complexity, (ii) verify functional responsiveness of 

retrofitted HEL-fosmids, and (ii) reevaluate cloning bias. First the HEL-library vector was assembled using 

pLUX (AHL-inducible), pBAD (arabinose-inducible), and pLAC (IPTG-inducible) at an input ratio 5:3:2. 

Although MoClo and Gateway reactions yielded many colonies, GFP induction was observed only with 

arabinose supplementation and in low numbers (Figure S3 1). Sequencing of ten HEL-library clones showed 

that eight successful sequencing reactions carried pBAD, one carried pLAC, and pLUX was absent, despite 

having the highest input. Varying promoter inputs across four mixes–(i) six pBAD: one pLAC: three pLUX; (ii) 
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1:1:1; (iii) 3:6:1; (iv) 1:6:3, still produced overwhelming pBAD recovery in (i)–(iii), and (iv) yielded one pLAC 

within nine pBAD clones. These data indicate a strong bias for pBAD PCR products during library assembly. 

We hypothesised that PCR-derived parts contributed to bias via inaccurate quantification and occasional fusion 

site errors. To stabilise inputs, we introduced an intermediate HEL-storage level (Figure 22B). Each functional 

part was first equipped with universal fusion sites by PCR before being inserted (BsaI-dependent MoClo) into 

a HEL-storage plasmid with desired fusion sites (BB) for the next assembly level. Using HEL-storage-derived 

BBs, we rebuilt the inducible-promoter library with an equimolar 1:1:1 mix of pBAD, pLAC, and pLUX. The 

subsequent sequencing of 96 HEL-library clones revealed that all three promoters were now recovered, with 

relative frequencies of approximately 2.1 pBAD:1 pLAC:0.2 pLUX. This indicates a substantial improvement 

over the PCR-based workflow, though pLUX remained under-represented. 

We noticed that Gateway assemblies carrying inducible promoters (larger cassettes) yielded more correct 

clones than those with small constitutive promoters, suggesting a size effect of selected BBs. To quantify this, 

we rebuilt constitutive-promoter libraries by adding spacer BBs to generate cassettes of 0, 333, 500, 1,333, and 

2,500 bp, upstream of the respective promoter. We compared two input types: (i) PCR-derived parts and (ii) 

HEL-storage BBs. After the full HEL procedure, individual clones were arrayed in 96-well plates alongside 

defined promoter controls, grown overnight, and measured for GFP fluorescence and growth by optical density 

(OD600). Fluorescence was normalised to OD and plotted as a violin plot for different spacer sizes (x-axis) (final 

data handling is described in Methods). 

 

Figure 24: GFP Fluorescence in clones built using constitutive promoters and different spacer sizes, comparing 

size effects by two distinct methods: PCR-based promoter parts and vector-based BBs. Fluorescence was measured for 

88 clones in 96-well plates after overnight incubation. Fluorescence values were normalised to OD and presented as a 

violin plot to illustrate the signal range and diversity. Results show a higher range and diversity from the vector-based BBs 

method compared to the PCR-based parts method. The size of the individual parts appears to have only a minor effect, 

especially for the PCR-based parts. 

 

For PCR-derived parts (Figure 24, left), fluorescence diversity clearly increased with cassette size: libraries 

Figure 24, right) with larger spacers displayed a range of up to ~13-fold between the lowest and highest signals, 
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versus ~2-fold without spacers. In contrast, HEL-storage BBs showed consistently broader fluorescence 

distributions across 333–1333 bp cassettes (≈10-fold spread), and higher overall signal than PCR-based parts; 

performance dropped at 2500 bp, even though the method was used for larger assemblies for this study (see 

below) and is documented to work for fragments of up to 150 kb (Thermo Fisher Scientific, 2025). Together, 

these results suggest that pre-cloned BBs enhance overall robustness and library diversity. Additionally, they 

can be clonally amplified and stably stored in cells for longer than linear PCR-based parts. 

2.9.3.3 Generation of a Strain-Independent High-Copy Fosmid Induction 

The HEL-fosmid is harboured as single-copy vector within its respective E. coli strain. However, the fosmid 

system provides a copy-number induction that relies on E. coli Epi300, which expresses TrfA from a 

chromosomal locus regulated by the pBAD promoter. TrfA activates oriV (RK2-derived), a second replication 

origin present on the fosmid. This makes the copy control dependent on a single strain, complicating work with 

specialist chassis (e.g., BAP1 for NRPS/PKS). We therefore engineered a vector-encoded system to confer 

strain-independent copy-number induction. 

We built a HEL BB that places trfA (position BC) under pBAD control (position AB, arabinose-inducible), and 

an IPTG-inducible T7 promoter at position CD to drive GFP expression (Figure 25A); the gap was bridged using 

HEL-Bridge-DH. We anticipated that this vector-based control could lead to cell stress and ultimately to self-

toxicity due to metabolic overload (Figure 25B). To test this effect, we measured the growth of the high-copy 

phenotype at different concentrations of kanamycin (resistance marker, 50 µg/ml - 1x, 10x, 100x and 1000x) 

in comparison to the low-copy vector phenotype (Figure 25C). One strain was induced with arabinose (5.3 

mM), while the other was left untreated, and growth was observed for 24 h. At 1×, growth of the induced high-

copy strain closely matched the low-copy phenotype (no prolonged lag). Notably, the low-copy strain grew only 

at 1×, whereas the high-copy strain also grew at 10×, consistent with greater resistance-gene dosage under 

copy induction. We then quantified GFP after 6 h of induction with arabinose (5.3 mM), IPTG (6.4 mM), or both; OD₆₀₀ and fluorescence were measured, and GFP was normalised to OD. Arabinose induction alone produced 

a slight increase in GFP (probably reflecting promoter leakiness). IPTG yielded an approximate 2-fold increase 

over uninduced, and IPTG plus arabinose produced a further ~1.6-fold increase relative to IPTG alone. This 

observation matches the expected behaviour of copy-induction amplifying the T7-driven GFP expression. Thus, 

the cassette behaves as designed: IPTG controls transcriptional activation, while arabinose modulates plasmid 

dosage, additively boosting expression. 
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Figure 25: Evaluation of the vector-encoded, high-copy cassette in strain Rosetta/HELFos-trfAGFP. (A) Cloning 

design showing the arabinose-inducible trfA replication initiation protein (purple). It is placed upstream of the IPTG-

inducible T7 promoter, which drives GFP expression after Gateway recombination with the HELFos-GFP vector (dark 

grey). (B) TrfA-dependent replication of HELFos-GFP triggers self-initiation mechanisms, leading to a high vector copy 

number. (C) Growth kinetics are shown over 24 h in 96-well plates. Strains were left uninduced (low-copy phenotype) and 

induced (high-copy phenotype) with 5.3 mM arabinose. Growth curves reflect different conditions at varying kanamycin 

concentrations (1x - 50 µg/ml, 10x, 100x, 1000x). The high-copy phenotype does not cause growth defects compared to 

the low-copy phenotype. It also shows growth at 10x kanamycin concentration, indicating increased resistance due to 

higher gene dosage. (D) Fluorescence values (normalised to optical density) are presented for each induction condition. 

Upon arabinose induction (high-copy phenotype only), there is a slight increase in fluorescence, likely from background 

expression. With IPTG induction (GFP expression), a clear GFP signal appears. The signal further increases upon high-copy 

induction.   

 

This data indicates that plasmid-encoded TrfA provides effective, strain-independent copy-number control 

that does not inflict growth impairment due to self-toxicity. The module offers two practical advantages: (i) 

tuneable amplification of HEL-driven expression independent of the E. coli host strain, and (ii) a diagnostic 

measure of product burden/toxicity by comparing induced versus uninduced states (copy-up ± promoter 

induction) for any unknown BGC or insert of interest. 
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2.9.3.4 Expression of a Known BGC (Darobactin) using HEL 

To validate HEL with a characterised pathway, we cloned the darobactin biosynthetic gene cluster into the HEL-

fosmid. Darobactin is a ribosomally produced peptide that selectively kills Gram-negative pathogens by 

targeting the BamA protein in the outer membrane. It is encoded on a 10kb BGC, which has already been 

successfully expressed in E. coli using the established pRSF-Duet vector system. We reused the HEL construct 

with the IPTG-inducible T7 expression cassette and the plasmid-encoded TrfA/oriV module for retrofitting of 

the darobactin-containing fosmid (HELFos-daroV1). This expression cassette closely resembles the pRSFDuet-

based, cloning setup that also utilises the strong P7 promoter. Initial transformation into E. coli EPI300 yielded 

no detectable darobactin after extraction. Given the prior success in E. coli Rosetta, we updated the HEL host 

cassette to include a compatible selection marker and transformed E. coli Rosetta DarR (darobactin-resistant 

version) with the new HELFos-daroV2 (including kanamycin resistance). In this strain context, UHPLC–MS 

analysis detected darobactin in culture extracts, confirming pathway functionality on the HEL-fosmid. 

We next compared growth (± arabinose copy induction; 24 h, 96-well format) and production (flask scale) 

across three conditions: (i) HELFos-daroV2 low copy phenotype (uninduced), (ii) HELFos–daro high copy 

(arabinose-induced TrfA), and (iii) the pRSF-Duet positive control (Figure 26). The growth of the HEL-

transformed strains was similar in the first ~4 h; thereafter, the high-copy strain exhibited a slower increase 

in OD600, a phenotype not observed with the GFP reporter and therefore consistent with a product-associated 

burden (auto-toxification). Relative quantification by UHPLC–MS revealed that pRSF-Duet outperformed both 

fosmid-based constructs by more than 10-fold. Within the HELFos-daro set, high copy produced a larger peak 

area than low copy, although this is partially offset by lower biomass in the induced culture. Normalising 

product to biomass (OD or dry weight) would allow a more accurate estimate of specific productivity. 

These results demonstrate that HEL supports the expression of a bioactive, antimicrobial BGC, but also 

underscore the importance of host selection: expression failed in EPI300 yet succeeded in Rosetta, likely 

reflecting the rare-codon tRNA supply from the Rosetta plasmid. For future projects, a rare-tRNA BB could be 

incorporated into the HEL library to decouple expression from specialised strains. Finally, assembling a HEL 

expression library (promoter/RBS/regulator variants ± helper modules) around the darobactin locus will 

enable systematic tuning and could narrow the performance gap with the pRSF-Duet benchmark expression 

system. 
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Figure 26: Expression of darobactin using the HEL-cloning system. (A) Cloning design of the darobactin-HEL-fosmid, 

which includes a high-copy cassette induced by arabinose from pBAD and the IPTG-inducible P7 promoter routinely used 

in our laboratory for darobactin expression. (B) Growth of E. coli Rosetta/FosHel_daro strain with (orange) and without 

high-copy induction. Growth is impaired in the high-copy phenotype compared to the low-copy phenotype. (C) EIC of 

darobactin extracted from E. coli Rosetta/pRSFDue-daro (red) and from both high-copy and low-copy phenotypes of the 

strain containing the darobactin HEL-fosmid. The peak area for the established pRSFDuet system is 10-fold higher 

compared to the HEL system. While the high-copy phenotype shows a larger peak area, this could be due to the lower cell 

mass observed in the growth experiments. 

 

2.9.3.5 Retrofitting HEL-Fosmids for Non-E. coli Hosts 

We next examined whether HEL-fosmids can be adapted with host-specific cassettes to enable transfer and 

expression in hosts beyond E. coli. As a proof of principle, we targeted two widely used chassis—Pseudomonas 

putida KT2440 and Bacillus subtilis SCK16—to supplement existing Streptomyces protocols in our laboratory. 

Both hosts are natural NP producers and already encode key genetic traits necessary for NP expression. Both 

chassis are genetically tractable, with established genetic toolkits (Martínez-García et al., 2023; Popp et al., 
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2017). They are both genetically engineered to have a relatively clean metabolic background, and each offers 

powerful secretion and efflux capacities. Notably, P. putida is known to be tolerant to xenobiotics, therefore 

making it suitable for robust production of complex and toxic scaffolds. We aimed to express GFP and 

darobactin in the hosts. To facilitate chromosomal insertion in B. subtilis, the HEL-fosmid backbone needed to 

be complemented with an amyE homology arm, enabling the integration of the entire construct into the host 

genome at the amyE, (coding for an amylase) gene locus. For P. putida, the fosmid backbone remained 

unchanged, allowing HELFos-darobactin, previously used for E. coli, to be reused for host retrofitting. In 

addition to darobactin expression, we aimed for a simpler reporter readout and created fosmids with host-

specific, already established GFP reporters (P. putida: BBa_E0040, B. subtilis: Overkamp et al., 2013) . For each 

host, we designed a minimal cassette to provide replication/integration, selection, and expression. In B. subtilis, 

the cassette carried another amyE homology region (complementary to the on the vector), a kanamycin 

resistance marker, and the strong, constitutive, Bacillus-specific promoter pVEG (parts described in Radeck et 

al., 2013) (Figure 27Ai). In P. putida, the RK2-based origin oriV works reliably, so we included oriT 

(BBa_J01003) for optional conjugation, an apramycin (aaC) resistance marker, the high-copy induction cassette 

and the Xylose-responsive promoter Pm (Martínez-García et al., 2023) (Figure 27Bi). We used electroporation, 

as described previously, to transfer fully assembled fosmids into P. putida KT2440 and induced natural 

competence in B. subtilis SCK6 using xylose. Transformants were selected on the appropriate antibiotics and 

restreaked before being tested for their strain identity and potential integration events. For P. putida, colonies 

were streaked out on test strips, indicating oxidase-positive (e.g., P. putida, Ox-pos vs. E. coli, Ox-neg) strains 

by a blue colour (Figure 27Bii). For B. subtilis, strains were grown for two days on agar plates containing starch. 

After incubation, the plates were stained with Lugol's solution, which stains the undigested starch. Wild-type 

Bacillus strains typically carry the amylase gene (amyE) for starch digestion. In such cases, Lugol's solution can 

be washed out. When the desired insert is successfully integrated into the amyE locus (as described above), the 

starch can no longer be processed, and the solution colours the remaining starch in the plates (Figure 27Aii). 

Plates of wild-type B. subtilis SCK6 do not show dark purple dye after rinsing of the plate. The transformant 

selected, potentially carrying HELFos_GFP, exhibits a dark purple colouration, indicating the presence of 

remaining starch in the medium, likely due to the disruption of the amyE locus. Oxidase-positive and amylase-

negative strains were boiled to obtain lysates for colony PCRs of product cassette/BGC products (Figure 

27ABiii). For both hosts, the lysates yielded the expected PCR products of approximately 2000 bp for B. subtilis 

SCK6 and around 2500 bp for P. putida KT2440. In contrast, the controls were negative, confirming the 

presence of the constructs. These verified clones were stored and subsequently used for expression assays with 

GFP and darobactin. Despite testing multiple media (LB, Spizizen, M9), vessel formats (96-well plates, 

Erlenmeyer flasks), incubation regimes (shaking adjusted, samples taken on day 1 (exponential growth), 3 and 

5), and readouts (flow cytometry, microscopy, and plate bioassay), we did not reliably detect GFP in either host, 

and UHPLC–MS failed to detect darobactin. However, culture broths of B. subtilis carrying the darobactin 

construct exhibited visible changes in growth/morphology, which were absent in the controls (Figure S3 2). 
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Figure 27: Transfer of HEL-fosmids into heterologous hosts B. subtilis SCK 6 (green) and P. putida KT2440 (red). 

The Venn diagram illustrates the characteristics shared and distinct among three heterologous expression hosts (including 

E. coli strains, represented in purple).  Host-specific,c cassettes are shown (ABi), strain identity was confirmed (Bii), and 

integration was tested by starch assay (testing for amylase absence) (Aii)  or presence (ABiii) as confirmed by colony PCR. 

 

Several factors may cause a lack of expression. First, the genetic architecture may not be suitable for 

expression; for example, the fosmid may be maintained at a low copy number in P. putida, resulting in low 

expression. Second, in B. subtilis, integration at amyE can be unstable or incomplete, resulting in mixed 

populations and consequently low production. Third, transcription and translation of products can often be 

mismatched in heterologous hosts. While this may be true for darobactin, with no reports of heterologous 

expression apart from in E. coli, the GFP cassettes used were both optimised and have been previously tested 

in the respective hosts. To address these issues in upcoming experiments, we could verify copy number and 

genomic context through Southern blot or targeted sequencing of PCR products and measure transcription 

with RT-qPCR. In parallel, we could introduce helper modules (rare-tRNA sets), test alternative expression 

factors (promoters/RBSs), and evaluate the high-copy phenotype to adjust episomal dosage in P. putida, a 

shown requirement also in E. coli to succeed in Darobactin-expression. 

In summary, we established the reliable transfer and genetic presence of HEL-fosmids in P. putida and 

B. subtilis; however, functional expression has not yet been achieved. This emphasises the core HEL idea, that 

host retrofitting and expression tuning must be co-optimised. Accordingly, we will apply the HEL library in 

these chassis—systematically varying promoters, RBSs, regulators, and helper building blocks—and reassess 

GFP for rapid readout and darobactin for NP output. Furthermore, we plan to reassess expression using BGCs 

that are natively maintained by the respective chassis (e.g. pseudopyronin in P. putida and rhizocticin in 

B. subtilis). Analysing and establishing transcription will be the immediate milestones, followed by optimisation of expression strength to demonstrate HEL’s usability in non-E. coli hosts. Upon successful 
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expression, the required combination of expression and host factors can give insights into the functional 

requirement of successful BGC expression, revealing basic biological prerequisites and mechanisms. 
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3 DISCUSSION 

3.1 Summary 
This thesis combines genome mining, cultivation, metabolomics, and heterologous expression approaches to 

explore the NP reservoir of two underexplored bacterial phyla, the Bacteroidota and the Acidobacteriota, and 

introduces a host-optimised heterologous expression system for the expression of yet unexplored BGCs. A 

standardised genomic workflow was established for identifying BGC hotspots and prioritising strains for 

experimental follow-up. In the Bacteroidota, we identified the genus Pedobacter in general and especially the 

P. cryoconitis clade as particularly enriched in multimodular NRPS gene clusters. Furthermore, we isolated 21 

novel Pedobacter strains from amphibian skin and integrated them into the analysis. While culture extracts of 

investigated strains did not show antimicrobial activity, the genomics-guided workflow and the establishment 

of the genetic tools allowed the isolation of structurally diverse lipopeptides cryopeptin and derivatives 

thereof, while at the same time linking the BGC of interest to those NPs. This represents one of the first 

systematic demonstrations of how genome mining in Pedobacter can be experimentally validated, highlighting 

its untapped biosynthetic versatility. In general, the similarity clustering of the overall BGC potential did not 

indicate many similarities with known reference clusters, further highlighting the novel BGC space present in 

the Pedobacter. Complementary studies expanded the genomic diversity of marine Bacteroidota through 

sequencing isolates of Sinomicrobium, Algoriphagus, Roseivirga, and Galbibacter. These genomes revealed 

flexirubin-like and pinensin-like clusters, which expand the chemical framework for studying Bacteroidota in 

natural product discovery. Together, these findings confirm Bacteroidota as not only abundant and ecologically 

significant microorganisms but also as a promising reservoir of structurally unique NPs. 

Members of the Acidobacteriota phylum are known to be difficult to culture due to their slow growth rates. 

Selective cultivation strategies were used by (Oberpaul et al., 2022)Oberpaul et al. to isolate four novel isolates 

that were subsequently characterised, cultivated and profiled by untargeted genomics and metabolomics. This 

uncovered the production of phytohormones such as indole-3-acetic acid (IAA) and isopentenyl adenine (iP). 

Tryptophan supplementation induced broad metabolic reprogramming, including the biosynthesis of indole-

derived compounds previously described to be produced by marine Paracoccus sp., Burkholderia sp. and 

various fungal species. Although we could not confirm a plant growth promotion effect of the strains on barley 

seedlings, these findings highlight the strong dynamic response the plant’s exudate Trp has on the overall 

metabolome and hint towards possible interactions between plants and Acidobacteriota. 

Finally, the HEL heterologous expression platform was designed and evaluated to contribute to the 

development of a synthetic biology tool to bridge the gap between genomic predictions and metabolite 

discovery. This toolkit enables the modular retrofitting of captured BGCs with expression and chassis-specific 

elements and provides a versatile tool for future access to cryptic BGCs. Together with genome mining and 

cultivation-dependent approaches, HEL represent a third axis of discovery if the BGC is not accessible in the 

native host. 
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3.2 Literature Context and Ecological Functions  
3.2.1 Genome Mining of Bacteroidota 
Genome mining across the Bacteroidota recognises the phylum as an underexplored reservoir of specialised 

NPs (Brinkmann et al., 2022a; Covas et al., 2023), with Pedobacter emerging as a biosynthetic hotspot. The most 

recent Bacteroidota NPs were isolated by  (Brinkmann et al., 2022c)who reported the chitinopeptins and the 

pentacitidins (Brinkmann et al., 2022c), the latter closely related to the previously described falcitidins 

(Somanadhan et al., 2013). In their review, Brinkmann et al. (2022a/b) list around 34 discrete NP structures, 

including macrolides, peptides, quinolines and β-lactams, produced mainly by Chitinophaga, Cytophaga, 

Flavobacteria and Flexibacter. This breadth underscores the chemical range accessible within the phylum and 

highlights also Pedobacter as a particularly promising genus for novel NP utilised for human needs. 

Within Pedobacter, previously described NPs were essentially limited to the (iso)pedopeptins, yet multiple 

genome and metabolome studies have hinted at additional BGC potential (Bjerketorp et al., 2021). Building on 

that, we isolated and structure elucidated the cryopeptins, unique linear peptides that were investigated in 

parallel by Figueiredo et al., 2022 using MS-based approaches. Beyond the cryopeptins, we also isolated novel 

siderophores from Pedobacter (Liu et al., manuscript in preparation). Complementing these metabolic findings, 

our genomic analysis further identified a BGC putatively encoding a monobactam in Pedobacter psychrotolerans 

DSM 103236. This cluster (SLWO01000004.1 - Region 2) contains a SulN (AOZ21321.1) homologue within an 

NRPS BGC. It co-occurs with predicted sulG/sulH homologues for L-2,3-DAP supply as well as a 

carbamoyltransferase homologue of the caphamycin C BGC (BGC0000319) of Streptomyces clavuligerus ATCC 

27064. The overall architecture is consistent with the BGC of an SQ28332 scaffold, a NP produced by a 

Flexibacter species. Taken together, these features suggest that P. psychrotolerans DSM103236 carries the 

genetic potential to produce an SQ 28332-like scaffold (Singh et al., 1983), justifying current efforts into the 

isolation of this NP in our lab. SQ28332   shows weak activity against gram-positive bacteria and is resistant to β-lactamases P99 and TEM-2. Due to the similarity of the BGC to the already described BGC, we can speculate 

that the strain is also producing an antimicrobially active NP that could help compete under the otherwise 

harsh, low-temperature conditions from which the strain was originally isolated. 

Pedobacter genomes are enriched in AMR genes, especially β-lactamases (Viana et al., 2018a), that hydrolyse β-lactam scaffolds. Among 21 Pedobacter species isolated from amphibian specimens, we observed a high β-lactamase gene load (mean 5.6 ± 2.5 per strain). Notably, we also identified β -lactamase genes putatively 

belonging to class D (Bush and Jacoby, 2010; Zumkeller et al., 2024), an observation novel for the genus. 

Amphibian-associated Pedobacter strains form part of the cutaneous microbiome (Loudon et al., 2014) 

community known to experience strong iron limitation and intense microbe–microbe competition. From the 

21 Pedobacter species isolated from amphibian specimens, two isolates carried a 

desferrioxamine/woodybactin-like NRPS-independent siderophore cluster. A likely function of such NPs is 

securing iron, improving self-persistence, while indirectly starving fungal competitors. One strain 

P. sp. DEU302 also contained a lanthipeptide that showed some similarity to microcin and pinensin (Caetano 

et al., 2020b). Additionally, the BGC is flanked by a TonB-dependent receptor. Such combinations are known to 

exploit a Trojan-horse strategy where antimicrobial peptides use siderophores to be actively transported into 
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the target cell (Massip and Oswald, 2020). Taken together, both gene products may help shape the community 

structure, potentially inhibiting the growth of fungi, thereby benefiting the amphibian host. Except for these 

BGCs, the remaining amphibian-isolated Pedobacter genomes are relatively under-equipped for NP 

biosynthesis, and the predicted clusters do not show similarity to known BGC families, pointing to a lifestyle 

characterised by a small, specialised metabolism, which allows for survival in niches where competitors are 

scarce. 

Extending beyond terrestrial setting, marine Bacteroidota isolates link BGC diversity to specific niches (e.g 

sediment, sponge, and coastal seawater). Flexirubin production in Galbibacter, pinensin-like clusters in 

Sinomicrobium, and carotenoid pathways in Algoriphagus are all consistent with the literature and with 

adaptations to marine microbial communities, where pigments, protective metabolites, and antifungals 

mediate competition and symbiosis (Mussagy et al., 2025). The Sinomicrobium isolate also encodes a BGC that 

is similar to the microviridin J cluster (M. N. Ahmed et al., 2017; Ziemert et al., 2008b), a NP family with potent 

protease inhibition (M. N. Ahmed et al., 2017), disrupting the moulting process of Daphnia (Ziemert et al., 

2008b). Described initially from cyanobacteria and thought to act as an antifeedant (Rohrlack et al., 2004), their 

presence and similarity suggest a similar compound in the Sinomicrobium isolate could have similar effects and 

reduce predation. 

Within this broader landscape, the Pedobacter cryoconitis clade stands out as a hotspot of BGC potential. 

P. cryoconitis DSM14825 (Margesin et al., 2003) was first isolated from organic aggregates on an alpine glacier, 

and a related strain was later recovered from Antarctic soil on King George's Island (Wong et al., 2013). 

Masnoddin et al., (2022) expressed three proteins from P. cryoconitis BG5, that retained enzymatic activity at 

low temperatures, consistent with adaptation to an extremophilic environment. The cryopeptins we isolated 

from this clade showed no biological activity in the screenings that we performed. They contain unusual 

dehydrovalines (Siodłak, 2015) residues known to stabilise peptides against degradation (Joaquin et al., 2020; 

Wang et al., 2024) and also found in the soil-derived antibiotic myxovalargin. Currently, we cannot infer or 

responsibly speculate about the biological function of this NP. 

Overall, the genomic potential of the Bacteroidota by far outperforms the number of isolated compounds. To 

our knowledge, since (Brinkmann et al., 2022c), no new NP from the phylum has been isolated and structurally 

elucidated, despite the phylum – and Pedobacter – being amenable to cultivation-based discovery. Relative to 

the few previously known Pedobacter metabolites (pedopeptins and isopedopeptins), the isolation of 14 

cryopeptins substantially expands the genus’s chemical space. Together with the prospective monobactam in 

P. psychrotolerans DSM103236 and the genetic toolkit enabling knock-outs and, prospectively, promoter 

knock-ins for cluster activation in Pedobacter, these results show that cultivation-based discovery in this 

phylum is practical and set to accelerate. Notably, cryopeptins would likely have been missed by strictly 

activity-guided discovery, underscoring the value of genome-informed, metabolomics-coupled pipelines for 

Bacteroidota. 
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3.2.2 Profiling of Novel Acidobacteriota 
Acidobacteriota were long portrayed as slow-growing oligotrophs because they are more common in low-

carbon soils, and many early isolates exhibited slow growth and low nutrient needs (Eichorst et al., 2007b; 

Kielak et al., 2016a). Genomic traits such as a few rRNA operons (Rawat et al., 2012; Ward et al., 2009) also 

suggest a resource-efficient lifestyle (Klappenbach et al., 2000). However, with more cultured isolates and 

MAGs available, recent work highlights the phylum’s metabolic and phylogenetic diversity, indicating 

condition-specific metabolic reprogramming (Eichorst et al., 2018; Kielak et al., 2016a). These studies showed 

that Acidobacteriota adapt their metabolism dynamically to environmental stimuli. Examples include 

Acidobacterium capsulatum switching to a respiro-fermentative mode under low O₂ (Trojan et al., 2024), 

thereby producing acetate and ethanol, and a Granulicella sp. upregulating stress-response genes when carbon 

becomes abundant (Costa et al., 2020). Beyond central metabolism, Acidobacteriota also adjust their cell 

envelopes to match environmental stress; they can modify their membranes to match habitat conditions by 

inserting iso-diabolic acid (isoDA) (Sinninghe Damsté et al., 2011) and hopanoids. Iso-DA is a major membrane-

spanning lipid found in Acidobacteriota SD1,3,4 (Damsté et al., 2017; Sinninghe Damsté et al., 2014), which is 

believed to stabilise membranes across various pH, oxygen, and temperature gradients. Hopanoids are 

bacterial equivalents of sterols (Sáenz et al., 2015) that alter membrane rigidity and permeability during stress 

responses (Welander et al., 2009). Adding to this picture, we are, to our knowledge, the first laboratory study 

investigating the metabolome of two strains in response to Trp, a ubiquitous plant exudate (Spaepen and 

Vanderleyden, 2011). We observe a significant activation of metabolism, resulting in 3-4 times more detected 

metabolomic features upon Trp supplementation, dominated by indole compounds, such as pityriacitrin and 

malassezindoles, as well as the phytohormone IAA. Interestingly, acidobacterial strains are increasingly 

investigated for plant-microbe interactions and potential beneficial effects for phytosanitary (Kalam et al., 

2020). Early experimental research showed that SD1 isolates can act as plant-growth-promoting bacteria in an 

Arabidopsis thaliana model system (Kielak et al., 2016b). In addition, (Yoneda et al., 2021) tested 

actinobacterial co-cultivation with duckweed, resulting in increased growth and chlorophyll content across six 

species. The observed increases in root and shoot biomass were contextualised with the strain's potential to 

produce IAA and to support iron mobilisation. Here, we extend this by quantifying the IAA production and, to 

the best of our knowledge),the first report of the cytokinin phytohormone iP as an acidobacterial product. 

Tryptophan supplementation caused an increase IAA titres and opposed decreases in iP production. It has been 

shown that rhizobacteria boost IAA output when exogenous Trp is available (Liu et al., 2016; Noor et al., 2023). 

Tryptophan can be abundant in protein-rich microhabitats, including termite nests, the source of our strains. 

Here, high Trp levels can arise via termite gut passage and excretion (Weihrauch and O’Donnell, 2021), 

proteolysis in faecal deposits, fungal associates (e.g., Termitomyces) (Schmidt et al., 2021), and the 

accumulation of nitrogenous wastes (Sapountzis et al., 2016), eventually creating local amino-acid hotspots 

(Nandika et al., 2021). Consistent with this lignocellulose-rich substrate ecology (Vesala et al., 2025) of our 

strains, previously reported IAA-producing Acidobacteriota had been isolated from decaying wood (Kielak et 

al.). Tryptophan is an energy-intensive amino acid, whose de novo synthesis via the shikimate pathway is 

among the most costly in bacteria (Akashi and Gojobori, 2002); preliminary investing in IAA and indole 

compound productions when exogenous Trp is available, respectively provided (by plants). 
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The presence of phytohormones in our acidobacterial extracts prompted us to explore their biosynthetic 

mechanisms and the potential presence of other known PGPT, relevant to plant-microbe interactions. In 2024, 

Gonçalves et al. conducted a comprehensive genomic analysis, revealing enrichment of PGP genes in several 

Acidobacteriota families, including Acidobacteriaceae, Bryobacteraceae, and Koribacteraceae. To contextualise 

our strains phenotypes at the genome scale, we performed PGPT mining, complementing Gonçalves' study by 

using a different dataset (only 9% overlap) and a broader bait gene set (6900 versus 91). This approach 

likewise highlights Acidobacteriaceae and the Bryobacteraceae and additionally includes the 

Vicinamibacteraceae, as most well-equipped families, while categorising, for example, the Pyrinomonadaceae 

as less promising in terms of PGPT equipment. We specifically searched for genes linked to plant growth 

promotion (characteristics such as phytases, ACC-deaminase, and nitrogen fixation, cf. 6.3.1) and confirmed 

previous literature reports of nif clusters (Reji and Zhang, 2022) in the Holophagaceae (Reji and Zhang, 2022) 

and Acidobacteriaceae groups (Gonçalves et al., 2024; Kapili et al., 2020). In brief, phytases liberate inorganic 

phosphate from phytate, increasing phosphorus bioavailability to roots; additional phosphatases and organic-

acid secretion can further mobilise sparingly soluble phosphates (Dai et al., 2020). Exopolysaccharide (EPS) 

promotes rhizosphere colonisation and biofilm formation (Naseem et al., 2018), improves soil aggregation and 

water retention, and can buffer desiccation and ionic stresses, traits also associated with drought resilience 

(Kalam et al., 2020). Phytohormones such as IAA remodel root architecture by stimulating lateral roots and 

root hairs (Etesami and Glick, 2024), thereby enlarging the absorptive surface; however, effects are dose-

dependent and context-specific. Siderophores chelate iron(III) at low pH or under iron limitation, enhancing 

plant iron nutrition and by competitive sequestration, limiting pathogen access to iron (Gu et al., 2020; Haas 

and Défago, 2005; Vansuyt et al., 2007). Nitrogen fixation (e.g. nif gene clusters) provides reduced nitrogen 

(ammonium) to the plant–microbe system under Nitrogen-limiting conditions. 1-Aminocyclopropane-1-

carboxylate ACC deaminase (acdS)(Glick, 2014), when present in plant-associated bacteria, lowers stress-

ethylene levels by degrading the precursor 1-aminocyclopropane-1-carboxylate, sustaining root elongation 

under salinity, drought, or heavy-metal stress. To date, we have found no peer-reviewed evidence of the ACC 

deaminase gene (acdS) in Acidobacteriota (Singh et al., 2015); one study’s 16S-based functional inference 

suggested that Acidobacteriota might possess acdS, but gene-targeted sequencing only recovered 

Proteobacteria (Manter et al., 2023), indicating that the Acidobacteriota signal was likely an inference artefact. 

Our genome mining also failed to detect any acdS gene, supporting this conclusion. In contrast, other PGPT have 

already been experimentally characterised in Acidobacteriota, including IAA production, iron acquisition, and 

EPS production (Kalam et al., 2020). Genomically, Acidobacteriota are known to harbour genes for phosphorus 

solubilisation (Gonçalves et al., 2024) and nitrogen fixation (Gonçalves et al., 2024; Kalam et al., 2020; Kapili et 

al., 2020). Consistent with such reports, we documented the presence of appA, a phytase gene, but also the 

presence of LOG genes (Kuroha et al., 2009) for cytokinin production in the Acidobacteriota species 

FHG110202, a feature not previously reported for this phylum (Frébortová and Frébort, 2021). Nif clusters 

were identified across different taxonomic lineages, corroborating previous reports. However, the genomic 

PGPTs present did not translate into observable growth on standard plates (testing for phytase) or in the plant 

experiments conducted. Functionally, despite PGPT evidence testing of strain extracts with quantitatively 

adjusted phytohormone levels in barley assays did not show significant growth promotion in our experimental 

set-up. Previously, Kielak et al. (2016) reported positive growth effects on A. thaliana from three SD1 
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Acidobacteriota strains. Deviating from this study we tested organic extracts instead of living cells. Thus, it 

might be plausible that a combination of molecules, absent from extracts (e.g. EPS), or additional enzyme-

mediated activity requiring live cells, is needed to produce such growth effects in the laboratory. Thus, we also 

performed greenhouse experiments, incubating barley seeds with acidobacterial cultures before sowing (data 

not shown), however neither causing significantly increased plant growth, possibly attributed to higher 

complexity in this soil-based assay or the use of barley. 

In the course of our comparative metabolic profiling studies, we also identified pityriacitrin and 

malassezindoles, exclusively produced in presence of Trp, and as causative agents provoking the suppression 

of fungal growth. This is consistent with previous reports describing their antifungal activities (Gaitanis et al., 

2019). Pityriacitrin was first identified from a marine Paracoccus (Nagao et al., 1999) and subsequently 

reported in further bacterial and fungal genera (Burkholderia (Xu et al., 2019), Bacillus (Anh et al., 2022), and 

the yeast Malassezia furfur (Mayser et al., 2002) indicating a general occurrence across different domains and 

habitats. The malassezindoles are produced by M. furfur, along with very similar indole compounds (Magiatis 

et al., 2013) that are also produced by Ustilago maydis (Zuther et al., 2008). They are known to inhibit 

tyrosinases (Zolghadri et al., 2019), thereby potentially affecting the depigmentation processes (Gaitanis et al., 

2012). Their biosynthesis in U. maydis relies on a one-enzyme conversion involving tam1 for the conversion of 

Trp to indole pyruvate, from which indole pigments form non-enzymatically. Most likely, this enzyme is also 

responsible for the production of malassezindole in M. furfur. By analogy, a similar route could operate in our 

strains, although we found no tam1 homologues in our Acidobacteriaceae. Since M. furfur is part of our skin 

microbiome, the production of simple indolic compounds with antifungal activity for competitive purposes is 

a plausible, though hypothetical, explanation. Because some Trp-linked scaffolds, as described above, can form 

via short conversion cascades, convergent evolution across bacteria and fungi inhabiting similar environments 

and exposed to similar molecules is likely. Consequently, they may represent parallel solutions to challenges 

such as UV/oxidative stress and microbial competition, specific to their respective niches (e.g skin, 

phyllosphere, and surface soils). While the link between Trp and increased IAA production, appears 

functionally conclusive, the ecological drivers behind the activation of other Trp-upregulated features, such as 

pityriacitrins and malassezindoles, remain unclear. Speculatively, these compounds could represent a plant-

exudate funded defence against pathogenic fungi. Notably, most microbial NPs, suppressing fungal growth are 

complex, BGCs-encoded metabolites such as cyclic lipopeptides that are also used commercially and bio 

fungicides. 

Thus, we complemented our Acidobacteriota profiling study by a specific examination of their biosynthetic 

potential for the production of such structurally complex NPs. The most advanced insights into the predicted 

NP reservoir of the Acidobacteriota come from metagenomics. Early work by Parsley et al., (2011) discovered 

NRPS/PKS genes of acidobacterial origin in a soil metagenomic library, providing the first gene-level evidence 

for secondary metabolism in this phylum. Building on that, Crits-Christoph et al. (2018) and Waschulin et al. 

(2022) reconstructed global soil MAGs (Crits-Christoph et al., 2018b; Waschulin et al., 2022) and identified 

complex BGC-rich genomes that showed metatranscriptomic activity, indicating in situ expression of these 

clusters. Despite these advances, the first NRPS/PKS-derived NPs were isolated only in 2023 from marine 

Acanthopleuribacteraceae (Leopold-Messer et al., 2023) strains, finally confirming that members of this 
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phylum indeed produce complex NPs. The ecological roles of these, however, remained unsolved. 

Consequently, the NP research community has begun to carefully investigate these groups, with particular 

focus on marine Acidobacteriota (personal communication). Our study shows that BGC number did not 

correlate with the assembly size, a phenomenon typically observed across different taxonomic levels of well-

established NP producing bacteria (Adamek et al., 2018; Brinkmann et al., 2022a; Männle et al., 2020). 

Furthermore, the observed BGCs accumulation in only a few genomes and in specific taxonomic lineages such 

as the Acanthopleuribacteriaceae (Leopold-Messer et al., 2023) and the genus Candidatus Angelobacter (Crits-

Christoph et al., 2022) hints towards a largely uneven distribution of the NP-related biosynthetic potential 

within the Acidobacteriota phylum. This shows the need to take a carefully executed and data-driven strain 

selection process in order to avoid miss-allocation of resources in the lab. Our study provided phylum-level 

context (618 genomes) and recovered over 3,834 BGCs, dominated by RiPPs, NRPS, and terpenes. They 

revealed multiple MiBIG-proximal GCFs, including myxochromide-like, anabaenopeptin-like, ectoine-like, and 

a PKS–NRPS hybrid that co-clusters with the occidiofungin A reference BGC (BGC 0001711) (Gu et al., 2011), 

present in A. capsulatum and our Edaphobacter isolate FHG110511. Initially isolated from Burkholderia 

contaminans, occidiofungin A exhibits broad antifungal activity (Lu et al., 2009) by disrupting higher-order 

actin functions (Hansanant and Smith, 2022). Indeed, this first-in-class and resistance-breaking compound is 

currently in early clinical development (gel OCF001, phase1) for use against multidrug-resistant vaginal yeast 

infections (Cothrell et al., 2023). Screening of culture extracts from Edaphobacter sp. FHG110511 however did 

not reveal any antifungal activity yet. While limitations inherent in cultivation-dependent approaches may 

explain this (see technical limitations), this might also be due to the silence of the BGC remains under the 

chosen growth condition. Current efforts aim to test this hypothesis experimentally. 

The close architectural similarity of some detected acidobacterial BGCs across phyla or even domains boarders 

suggest HGT events. The BGCs are often embedded in genomic islands flanked by mobile elements (Dobrindt 

et al., 2004; Penn et al., 2009) that facilitate horizontal gene transfer. In soil and rhizosphere environments—
rich in DNA (Ku et al., 2021) and phage (Pratama and van Elsas, 2018) activity—HGT offers a quick route to 

acquire competitive traits (e.g. antifungals, siderophores, and pigments) (Dobrindt et al., 2004). Studying the 

genomic characteristics of these BGCs might provide insights into whether the BGC originated from HGT events. 

Distinguishing HGT from convergence is operationally important. While convergent developments arise under 

shared ecological pressures, they are biologically functional and adapted for different hosts. The HGT-derived 

BGCs often come with a regulatory mismatch, explaining why some clusters remain silent in new hosts. This 

could also clarify why the occidiofungin-like BGC, which matches the well-studied antifungal compound from 

Proteobacteria, might stay silent in their new genomic context. 

Therefore, HGT-acquired BGC could be a candidate for heterologous expression, most likely involving promoter 

refitting, regulator swaps, and chassis modifications. Where Burkholderia-like NRPS/PKS logic is suspected, 

such as for occidiofungin, a genetically tractable Burkholderia chassis could be used to improve the chances of 

successful expression. Commonly, B. thailandensis E264 (mini-Tn7/BAC integration, broad-host-range 

plasmids) can serve as a compatible heterologous host, although P. putida remains a widely used alternative. 
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3.2.3 HEL, A Multi-Host Synthetic Biology Platform for BGC Activation 

The occidiofungin-like target demonstrates, as many have before, that heterologous expression can be crucial 

for unknown BGC expression or optimisation strategies. When cultivation-dependent expression or discovery 

fails, our HEL platform offers a route to (i) retrofit the BGC, (ii) systematically test chassis, and (iii) bypass 

native regulation through promoter exchange or regulatory rewiring. Previously, several complementary 

approaches have been shown to be effective for BGC activation. 

Yamanaka et al. (2014) captured the silent taromycin BGC from the marine actinomycete 

Saccharomonospora sp. CBQ-490, utilising TAR and after removing regulators, successfully transferred it into 

Streptomyces coelicolor, resulting in the expression of the large lipopeptide taromycin A. In fungi, the two-PKS 

BGC asperfuranone was successfully activated in the original host Aspergillus nidulans (Chiang et al., 2009) by 

exchanging the native promoter with strong, regulated promoters. Promoter swaps are commonly used for 

BGC activation, and more recently, CRISPR-Cas is used for promoter knock-ins and has successfully been used 

for activation of five cryptic BGCs in Streptomyces spp. (M. M. Zhang et al., 2017). Beyond promoter exchange, 

transcription-level activation was employed by Wang et al. (2019) who used vectors that titrate inhibiting 

transcription factors to activate otherwise silenced BGCs. Next, once expression is activated, metabolic context 

often becomes the challenge. Different studies have shown that overexpression of precursor supply or 

supplementation of required precursor optimises or even activates silent BGCs (Gummerlich et al., 2021). 

Collectively, these expression factors and others including, promoters/sigma-factors, GC/codon usage and 

transcriptional burden, cofactor/precursor pools (e.g., malonyl-/methylmalonyl-CoA, unusual amino acids), 

post-translational machinery (PPTases), efflux/self-resistance; and specialized tailoring enzymes or redox 

partners are intertwined and influence successful expression. As chassis differ in such starting conditions and 

expression machinery, BGC output varies from host to host. 

This diversifying effect has been demonstrated for a metagenomic soil library, revealing a minimal overlap of 

one NP that was expressed in a broad set of heterologous hosts (six proteobacteria: Agrobacterium, 

Burkholderia, Caulobacter, E. coli, P. putida, Cupriavidus) (Craig et al., 2009). Commonly, these aspects have 

motivated researchers to design so-called shuttle vectors (J. J. Zhang et al., 2017) to transfer BGC between 

selected hosts (e.g. (Troeschel et al., 2012). Other approaches target a broader host spectrum, where Cre/loxP 

or mariner Transposons (G. Wang et al., 2019) are used for the integration of BGCs in a wide range of γ-

Proteobacteria, or demonstrate that even within the Streptomyces genus, the expression and production of 

BGCs vary strongly (Iqbal et al., 2016). Consequently, methods aim to increase the breadth of delivery systems 

to reach different hosts, a challenge given the often large, multimodular BGCs. 

The transfer of such BGCs requires complex cloning techniques that typically rely on recombination methods 

also employed in natural systems, such as yeast homologous recombination systems, CRISPR-Cas, or 

phage/transposon-mediated integration. Owing to their size, BGCs demand homologous-based (Fu et al., 

2008), restriction-enzyme independent approaches, whereas classical synthetic biology broadly pursues 

standardised, modular systems that frequently depend on restriction enzymes. This conflict is reflected in the 

functionality of synthetic biology toolboxes that have been developed for BGC expression; TREX (Loeschcke et 

al., 2013) and yTREX (Domröse et al., 2017) utilised yeast recombinational cloning, combined with Tn5-based 

transposition, to capture BGCs and randomly insert them into different heterologous hosts. This strategy has 
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been successfully used to activate the phenazine and prodigiosin pathways in P. putida. Another study employs 

synthetic biology to refactor the streptophenazine BGC by engineering and inserting promoter/RBS cassettes, 

thereby decoupling the BGC from its native regulation and allowing heterologous expression with expanded 

chemical diversity. However, both approaches require multiple cloning steps and modifications to be 

transferred to other BGCs. Addressing reusability, a recent study adapted a modular toolkit based on the MoClo 

standard for Streptomyces strains, a crucial step toward applying synthetic biology principles in the most 

widely used NP producer group and heterologous chassis. 

HEL attempts to couple homology-based BGC cloning with the strengths of modular, standardised, restriction-

enzyme-based expression optimisation approaches. It is designed for modular retrofitting of BGCs with 

expression and chassis-specific elements, decoupling activation/modification and host transfer from BGC 

capture and cloning. To achieve this, expression libraries and host-specific cassettes are assembled using 

MoClo, ensuring reusability and modularity. The coupling with the BGC-carrying vector is performed 

independently, sing the λ-phage Gateway in vitro Gateway reaction. This allows individual parts or functional 

cassettes to be clonally amplified and reused to express other BGCs. Another advantage is the opportunity to 

assemble expression libraries, creating a diverse set of different expression factor combinations. This increases 

the likelihood of identifying an effective configuration for BGC activation. Such cloning methods are typically 

refined over consecutive rounds until processes are optimised. The section exemplifies such iteration, as seen 

in the evaluation of the required size and origin of the building blocks (also addressed in chapter 2.9). 

Ultimately, the strategic benefit of these approaches is maximised in projects with poor genetic tractability 

and/or demanding cultivation conditions; This is particularly true for underexplored taxa such as the 

Acidobacteriota. Building on this framework, HEL will be used and further developed in a funded DFG project 

(545372354) aimed at expressing unknown RiPPs that are modified by DarE-like radical SAM enzymes, the 

enzyme also responsible for darobactin maturation. 

3.3 Limitations and Challenges 
While the established genomic workflow successfully guided experimental work for this thesis (Section “Genome Mining of Bacteroidota”) and beyond (β-lactam PhD project) it remains semi-automatic. Currently, it 

relies on different environments (e.g Docker and Conda) to run discrete tasks but lacks end-to-end execution, 

from raw reads to genome mining reports. Currently, efforts are focused on developing a fully automated 

pipeline with a graphical interface for untrained users. A complementary interface displaying high-level strain 

information as a strain portfolio card, for our strain collection, should also make it more attractive to industry 

partners. Achieving this requires not only an automated workflow but also digitising existing analogue data 

scattered across various formats, along with a significant sequencing effort to access the blueprint of potential 

NPs for individual strains. Incorporating machine learning and/or AI tools could provide further insights, for 

example, by identifying BGCs that do not follow traditional patterns. While this information is invaluable for 

research and industry, any in silico prioritisation ultimately requires laboratory validation, which often 

becomes the main bottleneck. 

For the Pedobacter study, only one BGC-metabolite linkage was fully resolved, and many predicted clusters 

remain uncharacterised. We also failed to identify the biological function of the cryopeptins despite extensive 
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screening efforts. The same applies to our amphibian Pedobacter isolates, which were not examined for their 

functional roles within the salamanders' cutaneous microbiome. Future work could combine cocultivation and 

combined transcriptomic analysis to provide insights into expressed genes (e.g., chitinase) and potential 

interactions. The predicted lanthipeptide, situated near a TonB-dependent receptor, also presents an intriguing 

target for functional investigation, suggesting a possible Trojan-horse strategy in antimicrobial activity. 

While Bacteroidota are easily cultivated and genetically tractable, extensive effort has been dedicated to 

cultivating and characterising Acidobacteriota for this project. Experiments were conducted and optimised for 

pH (with MES buffer supplementation), with inoculation volumes increased to support the continuous growth 

of main cultures (10% v/v). The shaking speed was adjusted to 75 rpm, and strict quality control measures 

were implemented to ensure pure cultures. Despite these efforts, the biomass of Acidobacteriota remained 

relatively low. This was evidenced not only by visual inspection of the culture broth but also by the low peak 

height in the base peak chromatograms and the modest number of features detected of the extracts in the 

untargeted metabolomics approach. While contamination could be easily monitored and assessed, maintaining 

consistent inoculum across replicates proved difficult because cultures formed stable aggregates that resisted 

dispersion by shaking, medium additives, or physical disruption. Consequently, optical density could not 

reliably estimate viable cell mass. In addition, attempts were made to genetically modify A. borealis DSM 26883 

to disrupt a carotenoid likely responsible for the strain's pink colouration. However, the transformation failed 

because we were unable to concentrate the cell mass by centrifugation or filtration. Consequently, alternative 

methods should be employed to achieve higher cell masses for improved genetic accessibility or higher 

concentrations of metabolites, facilitating subsequent screening or isolation purposes. 

These growth limitations of Acidobacteria likely contributed to the difficulty of translating in vitro metabolite 

detection or in silico prediction into functional or ecological outcomes. While generated extracts cannot fully 

reflect the complex interactions in living systems, testing isolated strains poses its own challenges for slow-

growing, oligotrophic organisms, as seen in the greenhouse experiments performed with live cells. Although 

we did not test for acidobacterial persistence in soil after the cultivation period was over (e.g., by FISH 

experiments or amplicon sequencing), it is possible that cells were outcompeted by other microorganisms 

remaining in the soil. Notably, studies reporting a positive effect on plant growth used medium-based, 

otherwise axenic setups, where microbial competition was excluded. While growth promotion was clearly 

detectable in these studies, the underlying reasons for the increase in biomass remain hypothetical. Production 

of phytohormones, EPS, and iron acquisition could be beneficial, but does not definitively exclude the influence 

of other small molecules or enzymatic reactions. Novel setups based on small chips could enable the physical 

separation of plants and bacteria, allowing the growth of difficult-to-cultivate isolates while investigating the 

effects of secreted small molecules on the plants. Furthermore, it would be valuable to examine the expression 

patterns of PGPT during co-cultivation to determine whether relevant functions are induced. Perhaps more 

complex environmental conditions and microbial interactions are necessary for the successful expression and 

promotion of plant growth. 
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As noted, several genome mining leads remain to be validated experimentally. An intriguing target, given its 

potential antifungal activity and its Burkholderia origin, is the occidiofungin-like BGC in two acidobacterial 

strains. In this context, more targeted cultivation-based strategies could be employed before progressing to 

heterologous expression methods. Heterologous expression comes with its own set of challenges. First of all 

(i), the occidiofungin-like BGC is relatively large, encompassing over 70kb. Second (ii), the transfer and choice 

of the heterologous host is challenging since a BGC of acidobacterial origin has not been heterologously 

expressed before. 

(i) The pCC2Fosmid system used to create the HEL-fosmid typically accommodates DNA fragments of 40kb, due to the λ-phage “headful packaging” limit. The vector itself is based on the F-factor replicon of E. coli, which 

has a size of ~100 kb (Koraimann, 2018). The same segregation/replication system is also used by BAC vectors, 

which carry even larger DNA fragments stably up to about 300 kb (Blaas et al., 2009). From this, we conclude 

that the fosmid system does not inherently dictate the upper limit and that the challenges of cloning the 

occidofungin-like cluster will likely be similar to those for other vectors, such as BACs, which require 

sophisticated cloning techniques and most likely multiple rounds of refactoring. 

(ii) Although the ~70kb cluster is challenging to clone, insights gained from the successful expression of the 

original occidiofungin cluster might assist in activating this cluster, potentially even within a Burkholderia 

heterologous host. While this cluster is a promising candidate for HEL establishment, the system still requires 

optimisation, particularly regarding its transfer into different heterologous hosts. Despite a successful transfer 

into P. putida mt-KT2440 and B. subtilis SCK6, we were unable to detect any of the expected heterologous 

products (e.g. GFP and darobactin). For darobactin, robust heterologous expression outside E. coli has not been 

demonstrated. Other efforts in our laboratory to express the darobactin BGC in other hosts also failed, 

consistent with the efforts taken using HEL. However, the gfp genes used for the Pseudomonas and Bacillus 

equipped vectors were specifically selected, due to their proven functionality in former studies. Since colony 

PCR has confirmed the presence of plasmid, and various cultivation approaches have ensured sufficient oxygen 

levels for GFP maturation, the remaining issues likely include plasmid stability, copy number, and expression 

efficiency. Expanding the HEL-library with more established BBs will be necessary to improve expression 

(variety) in E. coli and other hosts. 
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4 CONCLUSION & OUTLOOK 

This dissertation aimed to develop and validate a genome-guided discovery workflow for the systematic 

exploration of biosynthetic potential in underexplored bacterial phyla. Additionally, it established a synthetic 

biology toolkit for modular activation and transfer of biosynthetic gene clusters (BGCs). By combining genomic, 

metabolomic, and molecular methodologies, this thesis addressed the challenge of connecting genomic 

potential to detectable chemical and functional phenotypes in Bacteroidota and Acidobacteriota, which are 

promising yet largely untapped sources of natural products. To address the first research question, “From Genomes to Targets”, a standardised workflow for assembled 
genomes was developed.  This pipeline integrates quality control, taxonomic classification, BGC prediction, and 

similarity clustering into a reproducible workflow that supports strain description and target-specific 

prioritisation within large strain collections. The application of this workflow to Bacteroidota isolates resulted 

in the description of multiple novel isolates, including Pedobacter strains from amphibian specimens, thereby 

expanding the genomic reference diversity of the phylum. Comparative genome mining also identified a 

biosynthetically rich Pedobacter cryoconitis branch within publicly available genomes, which was 

experimentally validated as a hotspot for NPs. Metabolomics-guided isolation and genetic manipulation linked 

a previously uncharacterized NRPS cluster to the novel lipopeptide family cryopeptins. This outcome 

demonstrates the workflow's capacity to connect computational predictions with specific molecular products. The second and third research questions, “From Culture Isolates to Natural Products” and “From Omic Traits to 

Ecological Function”, were addressed by investigating the biosynthetic and ecological potential of 

Acidobacteriota. Novel strains were selectively isolated from termite nests and soil samples using high-

throughput cultivation. These isolates were profiled for antimicrobial activity and metabolomic novelty using 

an OSMAC cultivation approach. Metabolic mining identified two phytohormones, IAA and iP, which were 

quantified and shown to be regulated by tryptophan. Global metabolome profiling under tryptophan 

supplementation revealed a significant metabolic shift, including the production of antifungal metabolites. A 

comprehensive genomic analysis of over 600 previously curated Acidobacteriota genomes mapped the 

distribution of PGPTs across the phylum. The effect of phytohormone production on barley seedlings was 

tested, but it did not result in measurable biomass increases under the tested conditions. This finding suggests 

that PGP of Acidobacteriota may depend on specific strain or environmental interactions. Overall, these results 

refine the understanding of Acidobacteriota as a metabolically responsive and ecologically relevant lineage 

with latent biotechnological potential. The fourth research question, “From DNA of Interest to Natural Product” was addressed by designing, creating, 
and evaluating the HEL platform. This modular cloning system enables the retrofitting of BGC-containing 

vectors with exchangeable expression libraries for expression variation and host-specific compatibility 

cassettes for transfer between hosts. The HEL platform bridges the gap between genome mining, heterologous 

expression, and synthetic biology by enabling rational design and comparative testing of BGCs across multiple 
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genetic backgrounds.  It thereby lays the groundwork for scalable heterologous expression and synthetic refactoring of BGCs from otherwise genetically intractable taxa. In line with the synthetic biology’s build–test–
learn cycle approach, this workflow can in reverse help identify the regulatory, metabolic, and host factors that 

support expression of a given BGC, providing functional insights into regulation.  

Collectively, the outcomes of this thesis demonstrate that a genome-guided, cultivation-dependent approach 

can transform the study of underexplored microbial diversity into a systematic discovery pipeline. Key results 

include a reproducible bioinformatics workflow for strain prioritisation and biosynthetic gene cluster (BGC) 

analysis, genomic and experimental characterisation of novel Bacteroidota and Acidobacteriota isolates, 

discovery of cryopeptin lipopeptides as new metabolites linked to specific BGCs, identification and 

quantification of phytohormones and antifungal-associated metabolites in Acidobacteriota, a global genomic 

map of plant growth–promoting traits, and the establishment of a modular expression platform for synthetic 

biology applications. 

While these outcomes mark significant progress, continued optimisation and validation of the workflows 

remain essential. Having that in mind, several directions emerge: 

◊ While systematic bioprospecting campaigns can continue to yield biosynthetic-rich taxa, they 

more importantly require an automatic genomic prioritisation workflow. The established 

platform must then be made available for unskilled users, so that the generated data can be 

interpreted and tested experimentally.  

◊ Implementation of metabologenomics tools will allow us to prioritise clusters for investigation 

of BGC-metabolite linkages. The implementation of AI tools can guide experimental workflows, 

identifying clusters that putatively produce natural products with a mode of action of interest 

to researchers. Collective in silico predictions can help guide in situ or co-cultivation studies 

for ecological validation of BGCs and NPs of interest.  

◊ Novel (co-)cultivation techniques will allow the study of members of the Acidobacteriota for 

functional analysis of their ecological potential. 

◊ Further optimisation of HEL, especially regarding the transfer into heterologous hosts or the 

establishment of similar toolkits, will be critical to keep up with experimental validation of in 

silico predicted (cryptic) BGCs.  
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6 SUPPLEMENTARY INFORMATION 

6.1 Genome Mining of Bacteroidota 

6.1.1 Python Scripts 

SI 1:individualClusterCounter-CMZ.py 

#!/usr/bin/python3 

import os 

import re 

import sys 

 

# Function to print progress 

def print_progress(current, total): 

    progress = (current / total) * 100 

    print(f"Progress: {progress:.2f}% ({current}/{total})") 

 

# Get input directory from command-line argument, or exit if not provided 

if len(sys.argv) < 2: 

    print("Usage: python3 script.py <input_directory> 

[<output_directory>]") 

    sys.exit(1) 

 

input_dir = os.path.expanduser(sys.argv[1])  # Get input directory from 

argument 

if not os.path.isdir(input_dir): 

    print(f"Error: The provided input directory '{input_dir}' does not 

exist.") 

    sys.exit(1) 
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# Optional: Get output directory from the second argument, or use input 

directory by default 

output_dir = os.path.expanduser(sys.argv[2]) if len(sys.argv) > 2 else 

input_dir 

os.chdir(output_dir) 

 

# Initialize variables 

dict_cluster = {} 

dict_genome_cluster_counter = {} 

index_html_count = 0 

troublemaker = [] 

files_with_index_html = 0 

list_of_match_list_dict = [] 

header_list = ["Folder name"] 

 

# Get a list of all directories and subdirectories within the input 

directory 

dir_list = [] 

for root, dirs, files in os.walk(input_dir): 

    for d in dirs: 

        dir_list.append(os.path.join(root, d)) 

 

# Sort the directories 

dir_list.sort() 

 

# Print the total number of directories to process 

print(f"Total number of folders to process: {len(dir_list)}\n") 

 

# Processing folders 

for i, singleFolder in enumerate(dir_list): 
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    os.chdir(singleFolder) 

    if not os.path.isfile("index.html"): 

        troublemaker.append(singleFolder) 

        index_html_count += 1 

    else: 

        with open("index.html", "r") as file: 

            match = [] 

            files_with_index_html += 1 

            for line in file: 

                match.append(re.findall('<div class="regbutton [A-z]+', 

line )) 

            match_list = list(filter(None, match)) 

            match_list_dict = {"Folder name": singleFolder} 

            for m in match_list: 

                match_split = str(m).split() 

                match_split[-1] = match_split[-1][0:-2] 

                if match_split[-1] not in header_list: 

                    header_list.append(match_split[-1]) 

                if match_split[-1] in match_list_dict: 

                    match_list_dict[match_split[-1]] += 1 

                else: 

                    match_list_dict[match_split[-1]] = 1 

            list_of_match_list_dict.append(match_list_dict) 

 

    # Print progress 

    print_progress(i + 1, len(dir_list)) 

 

# Print header list 

print("\nHeader_list:", header_list) 

 



Natural Product Discovery at the Intersection of Genomics and Synthetic Biology: Insights from Bacteroidota 
and Acidobacteriota 

150 

# Change back to the output directory 

os.chdir(output_dir) 

 

# Writing results to output file 

output_file = "table_individualClusterCounter" 

print(f"\nWriting results to {output_file}...\n") 

with open(output_file, "w") as table: 

    # Write header 

    table.write("\t".join(header_list) + "\n") 

 

    # Write data for each folder 

    for match_list_dict in list_of_match_list_dict: 

        for header in header_list: 

            value = str(match_list_dict.get(header, 0)) 

            table.write(value + "\t") 

        table.write("\n") 

 

# Final result printing 

print(f"Files with 'index.html': {files_with_index_html}") 

print(f"Number of files without 'index.html': {index_html_count}") 

print("Folders missing 'index.html':", troublemaker) 

print(f"Results saved in: {output_file}") 

 

 

# Print the total number of directories to process 

print(f"Total number of folders to process: {len(dir_list)}\n") 

 

  



Chapter 6: Supplementary Information 

151 

SI 2: RenameFilesWithDirectory.py 

  GNU nano 6.2                                                                

RenameFileswithDirectory.py                                                    

import os 

import sys 

 

# Check if a directory was provided as an argument 

if len(sys.argv) != 2: 

    print("Usage: python rename_gbk_files.py <directory_path>") 

    sys.exit(1) 

 

# Get the root directory from the command-line argument 

root_directory = os.path.expanduser(sys.argv[1]) 

 

# Check if the directory exists 

if not os.path.isdir(root_directory): 

    print(f"Error: Directory '{root_directory}' does not exist.") 

    sys.exit(1) 

 

# Loop through all subdirectories 

for subdir, _, files in os.walk(root_directory): 

    # Get the name of the current subdirectory 

    dir_name = os.path.basename(subdir) 

    print(f"Processing directory: {subdir}") 

 

    # Loop through all files in the subdirectory 

    for file_name in files: 

        # Skip hidden files and ensure only .gbk files are renamed 

        if file_name.startswith('.') or not file_name.endswith('.gbk'): 

            continue 
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        # Create the new file name with the directory name as a prefix 

        new_file_name = f"{dir_name}_{file_name}" 

 

        # Create the full paths for renaming 

        old_path = os.path.join(subdir, file_name) 

        new_path = os.path.join(subdir, new_file_name) 

 

        # Ensure that the file exists before renaming 

        if os.path.exists(old_path): 

            os.rename(old_path, new_path) 

            print(f"Renamed {old_path} to {new_path}") 

        else: 

            print(f"File {old_path} not found!") 

6.1.2 Figures 

 

 

Figure S1-1. Plot showing the number of antiSMASH detected BGCs plotted against the number of contigs per respective genome.  
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Figure S1 2-. Plot showing the N50 values plotted against the BGC amount. Low N50 genomes containing many BGCs were manually curated 

to remove broken cluster fragments. Three strains contained broken NRPS clusters, resulting in a lower final BGC count (red circles). 

 

 

Figure S1-3. Plot showing the relationship between the number of detected BGCs and the total assembly size of each respective genome. 
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Figure S1-4. Corason Alignment of BiG-SCAPE identified GCF NRPS - 4 Cryopeptin. Corason was run in default settings, with crpA (red) 

selected as the query gene. Homologous genes predicted by Corason have the same color. The lower left panel of the Corason output 

indicates the presence of the individual genes of the Cryopeptin BGC in the different genomes (100% - present in all strains). The right side 

shows the antiSMASH predicted a-domain specificities of the different Cryopeptin BGCs. The crpC gene of P. cryoconitis MP7CTX6 has a 

predicted difference (indicated by the color (=crpB)) in a-domain specificity (tyr instead of val) but shares the same number of modules 

(n=2; M4, M5) and domain classes (C4: LCL and C5: modAA as predicted by NaPDoS). 
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Figure S1-5. NaPDoS analysis of all C-domains predicted for the crp BGC. Colored clades indicate the different domain classes. Some clades 

are collapsed to reduce the figure size (iTOL). Below the tree the NRPS genes crpB (2147) and crpC (2146) are indicated including the 

different domains. C-domains are numbered and colored depending on the domain class that they are most closely related to. C1 clusters with the “starter” domain class, while C2 and C5 are predicted to be LCL-type domain classes. C3 and C5 are most closely related to the “modified AA” class, which is known to be involved in modifications of the incorporated amino acids such as dehydration processes 
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Figure S1-6. Corason Alignments of multimodular NRPS BGCs present in multiple strains. Corason was run in default settings, query genes 

are marked in red. BGC-containing strains are labeled at the ends of the clusters. NRPS-1 and NRPS-2 (A, B) Show fragments of clusters 

resulting from the fused, collectively detected BGCs by antiSMASH (marked with *). (C) Corason Alignment of Pedopeptin and putative 

Isopedopeptin clusters. The Pedopeptin BGC of P. lusitanus NL19T is less similar to the others. Coloured genes indicate more modifying 

genes in the P. cryoconitis strains.  
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Figure S1-7. A BiG-SCAPE analysis of anti-SMASH detected BGCS in the 8 strains associated to the P. cryoconitis clade (Cutoffs for GCFs: 

0.6). The node shape indicates the BGC type, and the node color is the strain in the BGC that was detected. Numbers at nodes describe the 

Big-SCAPE-determined gene cluster family. Besides the shown clusters, 48 singletons were determined. No BGC automatically clusters 

with any known MiBiG Reference cluster. B Heat Map illustrating the cosine similarity of the overall BGC composition in the P. cryoconitis 

branch. The calculated tree is based on that similarity and highlights the similar BGC composition in the groups containing for one K2C9 

and MP7CTX6 and for another ANJC1 and S3M1.  
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6.2 Profiling of Novel Acidobacteriota 

6.2.1 Extended Materials and Methods 

6.2.1.1 Analysis of Assemblies and their Biosynthetic Gene Cluster Potential 

The 618 curated genome assemblies were processed to comparatively evaluate metadata such as assembly 

size, GC-content and N50, monitored by Geneious (v11.1.5), and to predict the BGC potential. BGC prediction 

was performed using antiSMASH (v6.1.1); afterwards, predicted BGCs were analysed using BiG-SCAPE 

(Navarro-Muñoz et al., 2020a) at a cutoff of 0.5, including MiBIG reference clusters in the analysis. The sequence 

similarity network was visualised using Cytoscape (v3.10.2). UMAP was used to reduce the high-dimensional 

biosynthetic similarity data reported by BiG-SCAPE into two dimensions, allowing for the visualisation of 

overall differences in BGC composition between different strains in our acidobacterial dataset. The binary 

presence/absence matrix (BiG-SCAPE output) was used to compute pairwise cosine similarities using scikit-

learn (version 1.3). The matrix of cosine distances was then projected in two dimensions using UMAP (UMAP-

learn, v0.5.5, metric='cosine', random_state=42) and visualised using matplotlib (v3.7). Strains were coloured 

according to their taxonomic class to reflect phylogenetic relationships. 

Our analysis revealed that the metagenome-assembled genomes (MAGs) are, on average, slightly smaller  

(4.88 ± 1.46 Mb) than isolate genomes (5.28 ± 1.71 Mb) (Figure S4). This difference is statistically modest with 

the Mann–Whitney U test yielding p = 0.04, which is significant at the 5% level but does not meet a more 

stringent 1% threshold. All assemblies not affiliated to a genus by GTDB are MAGs (n=85; 13.7%). Contig 

numbers ranged from 1 to 1357, with an average of 200 contigs per genome. The BGC number did not 

significantly correlate with the contig number, indicating no significant overestimation of BGCs due to 

fragmented clusters (Figure S7). Interestingly, the BGC number also did not correlate with the assembly size, a 

phenomenon typically observed across different taxonomic levels (Adamek et al., 2018; Brinkmann et al., 

2022a; Männle et al., 2020). 

The GC content of the analysed genome set ranged from 34.3% to 73.8% (Figure S5). This is substantially 

broader than previously proposed for the Acidobacteriota phylum (McReynolds et al., 2025). This broad GC 

range exceeds the typical GC distribution reported for most bacterial phyla, with comparable broadness 

covered only by the Pseudomonadota. Notably, from our dataset, 37 genomes exhibited a GC content ≥70%, all 

belonging to the three classes Mor1 (average GC% 68.0 ± 4.2, n9), Vicinamibacteria (average GC% 67.5 ± 2.7, 

n98), and Thermoanaerobaculia (average GC% 67.9 ± 3.2, n79) (Figure S6). GC-rich bacterial genomes are 

considered an adaptation to high temperatures, with a demonstrated positive correlation between the optimal 

growth temperature of bacteria (Hu et al., 2022; Lightfield et al., 2011; Teng et al., 2022) and their GC content. 

Indeed, the Thermoanaerobaculia class has been generally associated with high-temperature environments, 

and its single isolated strain, Thermoanaerobaculum aquaticum DSM 24856, exhibits optimal growth at 60°C 

(Losey et al., 2013). Considering the wide range of GC-content of the Acidobacteriota phylum, we evaluated 

whether the GC-content correlates with the number of BGCs detected, but did not find any correlation (Figure 

S5; 0.03; p = 0.482). Indeed, the most enriched classes in terms of GC content (Mor1, Vicinamibacteria, 

Thermoanaerobaculia; Figure S6) are rather under-equipped in BGC load, and only Mor1 shows a moderate 
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correlation between GC content and BGC number. Instead, the Acidobacteriae class exhibits a strong negative 

correlation, with lower GC-content genomes harbouring a larger number of BGCs. The most recognised 

bacterial NP producing taxa, the Actinomycetes class of the Actinomycetota phylum, is well known for its large 

genomes (up to 10 Mbps) and high GC content (Barka et al., 2015). Within this phylum, genome size and GC 

content appear to be phylogenetically conserved and positively correlated (Nouioui et al., 2018). Furthermore, 

genome size and number of secondary metabolite biosynthetic gene clusters are positively correlated in the 

Actinomycetes class, indicating that larger genomes can accommodate more gene clusters devoted to 

secondary metabolism (Doroghazi and Metcalf, 2013). The most talented orders for natural product 

biosynthesis (e.g. Streptomycetales, Pseudonocardiales, Streptosporangiales and Micromonosporales) carry the 

biggest genomes (average > 7.5 kb) and highest GC content (average >70%), outcompeting orders with lower 

biosynthetic potential (e.g. Corynebacteriales, Propionibacteriales, Micrococcales, and Bifidobacteriales) 

characterised by comparatively low genome sizes (average < 5.1 kb) and lower GC content (average < 70%) 

(Nouioui et al., 2018). 

The evaluation of the Gene Cluster Families (GCFs) generated by BiG-SCAPE (Navarro-Muñoz et al., 2020a), 

enabled conclusions on their distributions within the dataset and their correlation to BGCs, encoding the 

production of known NPs. Filtering revealed GCFs shared among different acidobacterial classes (n = 23; Figure 

S10). Most of the GCFs are shared between the Acidobacteriae and the Vicinamibacteria (n = 7). There is no 

clear trend in BGC cluster type; instead, NRP, RiPP, Terpenes, and PKS1 cluster types are shared. In general, the 

class of Acidobacteriae shares GCFs with every class except for UBA890 and Mor1. The most diverse GCFs when 

it comes to classes are GCF3545 and GCF5459, both RiPP clusters shared between three different classes 

(Vicinamibacteria and Acidobacteriae and Blastocatellia or UBA6911, respectively). GCF4479 is an NRP cluster 

shared among Acidobacteriaceae, Blastocatellia, and Thermoanaerobacterales. The last one is GCF5622, a PKS1 

cluster harboured by Acidobacteriae, UBA6911 and Vicinamibacteria. 

GCF alignment to the MiBiG Reference BGCs revealed several matches. In total, 11 acidobacterial clusters, 

grouped into six different GCFs, showed similarities to known MIBiG reference clusters. These clusters span 

various compound classes and taxonomic origins. GCF1211 appears to encode a PKS1 system involved in the 

biosynthesis of aromatic or benzenoid structures, which are known to be produced by fungi. GCF1752 was 

associated with alkylpyrone-407 and alkylpyrone-393, and a similar cluster, present in the 

Thermoanaerobaculia class, suggesting the production of small, polyketide-derived alkylated heterocycles. 

Besides PKS systems, we identified three NRP GCFs with related, known MIBiG reference clusters. GCF1359 

contains different cluster types, all of which produce myxochromide D and S, linked to an NRP cluster from a 

representative of the Chloracidobacteriales. GCF 4479 contains three input genomes from different classes 

(Blastocatellia, Thermoanaerobaculia, Acidobacteriae) that are linked to anabaenopeptin, a cyanobacterial NRP 

cluster. One additional correlation hit was found within GCF1959, covering a PKS-NRPS hybrid of 

Acidobacterium capsulatum and the soil isolate FHG110511, which clusters with the occidiofungin A-reference 

BGC (MiBiG ID: BGC0001711) (Terlouw et al., 2023). We also found three input genomes, belonging to the 

classes Vicinamibacteria and Acidobacteriae, that clustered with the reference clusters for ectoine. 

  



Natural Product Discovery at the Intersection of Genomics and Synthetic Biology: Insights from Bacteroidota 
and Acidobacteriota 

160 

6.2.1.2 Genomic Analysis of PGPT Traits 

DIAMOND was run as follows:  

> diamond blastp -q <input.fasta> -d <PGPT_DB> -o <output.tsv>  

--outfmt 6 qtitle qseqid sseqid pident length mismatch gapopen qstart qend sstart send evalue bitscore  

--evalue 1e-5 --threads 8 --<sensitivity_mode> 

DIAMOND results were further processed to include relevant metadata and to minimise redundant hits. First 

(1.) we retained hits with E-values ≤1E-50 (RawHits). Second, we filtered for the best hit per plant-growth-

promoting-trait (PGPT) family for each CDS. Finally, we reduced the dataset to contain only the best overall 

PGPT hit per CDS based on the lowest e-value (Output labelled with prefix “best_”). This output was annotated 
by merging the filtered hits with the PGPT ontology file, thereby matching the PGPT family numbers with their 

hierarchical classifications and functions. The output was used to analyse gene-specific content of individual 

strains. An overall summary of PGPT families per analysed genome was logged in PGPT-summary.txt. To get 

insights into taxonomic distributions of PGPTs, we merged the results with taxonomic metadata previously 

generated from GTDB-Tk. Based on taxonomic affiliation, the PGPT output can be optionally grouped by 

specifying a rank (e.g., family, order). 

To evaluate the PGPT potential at the genome level, we computed the functional coverage across the different 

PGPT hierarchy levels. For each genome or taxonomic batch, we considered the number of PGPT families 

detected, the total possible number of PGPT families present in the database per hierarchy level, to calculate: 

𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = ( 𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑃𝐺𝑃𝑇𝑠𝑖𝑇𝑜𝑡𝑎𝑙 𝑃𝑜𝑠𝑠𝑖𝑏𝑙𝑒 𝑃𝐺𝑃𝑇𝑠) × 100 

Where i is the genome or taxonomy group. 

For taxonomic batch comparison, the individually calculated coverage per genome is averaged across all 

genomes within the batch. 

𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒 = 1𝑁 ∑ (𝐷𝑒𝑡𝑒𝑐𝑡𝑒𝑑 𝑃𝐺𝑃𝑇𝑠𝑖𝑇𝑜𝑡𝑎𝑙 𝑃𝐺𝑃𝑇𝑠 × 100)𝑁
𝑖=1  

The values were exported to an Excel file, where the different sheets cover different PGPT levels. 

 

All analysis steps were performed in Python 3.9 using pandas, matplotlib, seaborn, and BioPython. DIAMOND 

v2 was used for protein alignment. 

6.2.1.3 Analytical Procedures 

The generated high-resolution mass spectrometry (HR-MS) data sets were copied and processed with both line 

spectra thresholds (5,000 and 10,000). Bucketing was performed on both thresholds at the same time, resulting 

in one table representing the OSMAC process and a second table representing the Trp-induction experiments, 

with both tables containing all buckets deemed identical for every sample (under both thresholds). These 

tables were subsequently curated: Buckets were only deemed present if they were detected in the 10,000 
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samples (4,406 (OSMAC) / 3,673 buckets (Trp-Induction) did not meet this criterion and were deleted). To avoid “uniqueness” due to compounds being just above the detection threshold, entries from the 5,000 set were 

used for these buckets; the 10,000 entries were deleted. 37 (OSMAC) / 54 (Trp-Induction) buckets were not 

filled in the respective tables and were subsequently deleted, resulting in two final tables representing 219 

samples with 3,092 buckets (OSMAC) and 48 samples with 2,759 buckets (Trp-Induction), respectively. For 

OSMAC-barcoding, the conditions of each strain-media combination were combined. Each feature was deemed 

present when it occurred in two (grey) or more (black) extracts of the strain-media combination. Features that 

occurred only once were ignored as noise. Media control extracts were produced twice for each chemical 

composition (except for two media, where n = 1). For each chemical composition, a feature was deemed present 

when it occurred once (grey) or twice (black). The final table contained 2747 buckets, which were used for 

barcode generation. 

Instead, for the Trp-Induction, a logical analysis was performed. Buckets filled in samples without tryptophan 

were coloured grey if present. For samples spiked with tryptophan, the sample was compared to its non-spiked 

counterpart and each bucket was categorised and assigned as Extinguished; Strong increase; Strong reduction; 

Light reduction; Present; Light increase; Strong increase: 

Non-Spiked Spiked 
Ratio Spiked/Non-

Spiked 
Category 

Present Absent  Extinguished 

Absent Present  Strong increase 

Present Present > 0 and < 0.5 Strong reduction 

Present Present ≥ 0.5 and < 0.8 Light reduction 

Present Present ≥ 0.8 and < 1.25 Present 

Present Present ≥ 1.25 and < 2.0 Light increase 

Present Present ≥ 2.0 Strong increase 

To achieve a readable representation, the buckets in the input table were sorted “decreasing” according to presence/absence for each sample, then according to “sum present” and subsequently for “present in media”. 
Readers need to be aware that the colouration of buckets categorised as “extinguished” does not mean they are 
present anymore in the Trp-spiked sample. 
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6.2.2 Tables 

Table 8 Bacterial strains and sources  

Strains Source Genome Information 

Edaphobacter aggregans DSM 
19364 DSMZ 

GCF_000745965.1; High 
contamination value – not in data set 

Acidobacterium sp. S8 From Petr Baldarian 
GCF_009765985.1; High 
contamination value – not in dataset 

Silvibacterium bohemicum S15 From Petr Baldarian 
GCF_001006305.1, quality fine, maybe 
should be included in the set 

Acidicapsa borealis DSM 23886 DSMZ In-house genome  

Granulicella rosea DSM 18704 DSMZ 
GCF_900188085.1, low completeness 
level 

Bryocella elongata DSM 22489 From Svetlana Dedysh 
GCF_900108185.1, good quality 
genome, included in analysis 

FhG110202: Acidobacterium In-house strain, termite nest In-house genome  

FhG110214:Terracidiphilus In-house strain, termite nest In-house genome  

FhG110511:Edaphobacter  In-house strain, soil In-house genome  

 

Table 9 OSMAC media combinations  

Letter Cultivation Size Media 

composition 

Media addition 1 Media addition 2 

A Small Scale R2A pH 5.5 

  

B Small Scale 2x R2A pH 5.5 

  

C Small Scale 2x R2A pH 5.5 

 

0.05% GlcNAc 

D Small Scale 2x R2A pH 5.5 

 

0.05% Pektin 

E Small Scale 2x R2A pH 5.5 

 

0.5% Cellobiose 

F Small Scale 2x R2A pH 5.5 

 

0.5% Xylan 

G Small Scale 2x R2A pH 5.5 

 

0.8% Phytagel 

H Small Scale 2x R2A pH 5.5 10 pcs Quartz beads 

 

I Small Scale 2x R2A pH 5.5 

 

3% Sucrose 

J Small Scale 4x R2A pH 5.5 

  

K Small Scale HD pH 5.0 

  

L Small Scale HD pH 5.0 10 pcs Quartz beads 

 

M Small Scale HD pH 5.0 3 pcs ceramic beads 

 

N Small Scale 5294 pH 5.5 
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O Small Scale 5294 pH 5.5 10 pcs Quartz beads 

 

P Small Scale 5294 pH 5.5 3 pcs ceramic beads 

 

Q Small Scale PSYA5 pH 5.0 

 

0.5% Sucrose 

R Small Scale PSYA5 pH 5.0 10 pcs Quartz beads 0.5% Sucrose 

S Small Scale PSYA5 pH 5.0 3 pcs ceramic beads 0.5% Sucrose 

T Small Scale PSYA5 pH 5.0 

 

3% Sucrose 

U Large Scale VL55 

 

0.5% Xylane 

V Large Scale VL55 

 

0.5% Sucrose 

W Large Scale HD 

  

X Large Scale 5294 modified 
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6.2.3 Figures 

 

Figure S2-1: UHPLC–QTOF–HR–MS profiles from 244 extracts of strains FHG110202 and FHG110206 (incl. media controls). Profiles were 

aligned and bucketed into 2,747 features across 72 conditions. For strain–medium combinations, a bucket is considered present if it is observed in ≥2 extracts (grey = twice; black = ≥3); singletons were excluded. For media controls (columns, left, black label) (typically n=2), 

presence is scored once (grey) or twice (black). Quartz-beads (L, O, R, H) cultivations contained fewer buckets than the other conditions, 

while the large-scale cultivations (bottom, dark grey rows), showed more buckets compared to the small-scale cultivations (top, light grey 

rows). 
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Figure S2-2: Exemplary Production Profile of IAA (Raw Peak Area) in Strain FHG110202. Feature 292.4s: 176.107m/z was extracted from 

the OSMAC feature table and tracked over time and condition (n =44, cf. OSMAC condition table for exact ID combinations, y-axis) to 

evaluate potential media composition and kinetics for further studies of IAA production (peak area, x-axis). Peak area values are plotted 

as crosses, with colour indicating agitation (light grey: No shaking; black: Shaking). Cultivation days are labelled beside crosses. In 

general, IAA production increases with cultivation time until day 14. The strain FHG110202 produced IAA in media base R2A, HD, and 

modified 5294, but not in PSYA5 and the original isolation medium VL55. Better production is observed with shaking rather than standing 

cultures and in R2A base medium. 
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Figure S2-3: CheckM2 Quality Control Data of NCBI-retrieved genomes labelled as belonging to the phylum Acidobacteriota. A) Graph 

showing data from individual genomes indicating completeness (black) and contamination (grey) values in per cent. B) MIMAG 

evaluations of retrieved genomes. From 1428 genomes, we retained 647 high-quality genomes for further analysis. 

 

 

Figure S2-4: Genome Assembly Size of Metagenome-assembled Genomes (black) and Isolate Genomes (Non-MAG, grey). Despite 

being slightly smaller on average, the genome size distribution of MAGs compared to that of isolate genomes is not statistically 

significant. 
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Figure S2-5: Distribution of GC Content (left) and Correlation of GC Content and BGC Number (right) in the Acidobacteriota.  

 

 

Figure S2-6: Correlation of GC Content and BGC Number in acidobacterial classes (Mor1, Vicinamibacteria, Thermoanaerobaculia 

reaching 70% GC content and Acidobacteriacea. The Mor1 class shows higher BGC numbers with increasing GC content (p = 0.044), 

but exhibits an overall average BGC number compared to the rest of the phylum. The BGC numbers are higher in Vicinamibacteria 

and Thermoanaerobaculia, but there is no correlation between those and the GC content. In comparison, the class 

Acidobacteriaceae exhibits a clear negative correlation with genomes characterised by lower GC content, which harbour more 

BGCs. 
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Figure S2-7: BGC Number plotted against the Contig Number of Acidobacteriota Genomes. There is no increase in BGC number with 

more fragmented genome assemblies (higher contig numbers), indicating that the total number of BGCs is not overestimated due to 

the presence of fragmented genome assemblies. 
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Figure S2-8: BiG-SCAPE Similarity Network of antiSMASH-detected BGCs in the Acidobacteriota dataset at a cutoff value of 0.5. Node 

colours indicate the taxonomic origin of the detected BGC at the class level (see legend, bottom left side). Node shapes indicate the 

BGC type assigned by (see legend, bottom right side). Nodes outlined in red correspond to MiBIG reference clusters. 
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Figure S2-9: UMAP Projection of Biosynthetic Gene Cluster (BGC) Profiles across Acidobacteriota Strains. 

Each point represents a single microbial strain, positioned based on the cosine similarity of its biosynthetic gene cluster (BGC) 

composition using Uniform Manifold Approximation and Projection (UMAP). Strains are colour-coded by their taxonomic class to 

highlight biosynthetic diversity and lineage-specific clustering patterns. The plot reveals distinct groupings, suggesting taxonomically 

coherent BGC profiles, with some overlap potentially indicating shared ecological niches or horizontal gene transfer. 
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Figure S2-10: Gene Cluster Families present in different Acidobacterial Classes. Bottom: Circles indicate one or more GCFs present in the 

respective class (left side), lines connect GCFs that are shared between classes. Top: The bar chart indicates the number of GCFs described 

by the class combinations. The classes Vicinamibacteria (blue) and Acidobacteriae share the most GCFs (n = 7). Both classes also share 

two GCFs with the UBA6911 family. Two GCFs are shared between three classes. Both classes are RiPP clusters (data not shown). 

 

Figure S2-11: BiG-SCAPE Similarity Network of antiSMASH-detected BGCs of the FHG Acidobacteriaceae and A. borealis DSM 23886 at a 

cutoff value of 0.5. MIBiG reference clusters were included to dereplicate similar clusters that had already been described in the literature. 

The four analysed strains do not share any BGCs and mostly remained as singletons. FHG110511 harbours an NRPS-PKS cluster that 

shows similarity to the occidiofungin cluster (MIBiG-Reference BGC00001711). Both clusters are PKS-NRPS hybrids, sharing an 

annotated β-lactamase gene (red) at a central position within the cluster (pairwise identity: 70.4%). Downstream, both clusters harbour 

a PKS-NRPS hybrid gene, containing the same number of modules, but not every module matches the a-domain selectivity. Upstream, 

both clusters contain three multimodular NRPS genes, each harbouring the same number of modules. However, only one gene is 

predicted to share the amino acid selectivity of the A-domains between the two strains. FHG110511 encodes an additional 

metallohydrolase within the cluster. At the Upstream border of the cluster, both strains harbour a glycosyl transferase, while downstream 

we find an additional NRPS-like gene involved in fatty acid synthesis.  
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Figure S2-12: IAA (left) and iP (right) Production in Investigated Strains Over Time with (triangle) and without Tryptophan (turned 

triangle). Available replicates are shown individually to indicate trends. Raw peak areas were normalised within each biological replicate 

against the highest production of the respective phytohormone.  The production of both phytohormones increases over time and typically 

peaks on the last day of cultivation. While IAA production is consistently increased upon Tryptophan supplementation, the kinetics of iP 

are less predictable. In general, supplementation with Trp results in a decrease in production, except for strains A. borealis DSM 23886 

and FHG110202, where this trend is less pronounced. 
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Figure S2-13: Experimental setup for plant-growth assays of barley seedlings. Five replicates of the same condition are shown. Barley seeds 

are disinfected and grown for 6 days on SH medium that has been pretreated with antibiotics. Extracts from Trp-supplemented cultures 

were added to the medium as described in the extended Materials and Methods. (A) Extract of A. borealis DSM23886 w (B) FHG110214 

(C) medium only. 
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Figure S2-14: Principal component analysis of features annotated from crude extracts of A. borealis DSM 23886 and FHG110214 

with and without supplementation of Trp. Biological replicates were normalised to an injection volume of 1 µL before PCA analysis. 

Border colours indicate biological replicates. Purple colours represent A. borealis DSM 23886, while green colours represent 

FHG110214. Cross symbols indicate that strains have been supplemented with 0.2% Tryptophan, while circles refer to the 

uninduced cultures. Media controls are highlighted in grey. All nodes are labelled with their sampling day after cultivation start at 

day 0. Clusters are grouped by their supplementation status (plus symbols vs. circles) rather than by strain (colours). Biological 

replicates are shifted but show the same patterns. Notably, extracts generated at the beginning of the cultivation period consistently 

cluster with the medium controls. The medium controls do not change over the cultivation course. Temporal shifts are most 

prominent for A. borealis DSM 23886 with Tryptophan induction, than for FHG110214 or A. borealis DSM 23886 without Trp 

supplementation. 
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Figure S2-15: Chemotype-barcoding upon Trp induction in strain FHG110214 and A. borealis DSM23886. Untargeted UHPLC-QTOF-HR-

MS data were processed by dual-threshold bucketing; only buckets present in the 10,000-threshold set were retained. For the 48 samples, 

2759 buckets were calculated. Grey barcode rows represent samples without Trp induction, serving as a reference. Induced samples are 

classified into response categories compared to the respective uninduced sample: extinguished (orange, indicating absence upon Trp), 

light increase (blue), light reduction (pink), strong increase (green), and strong reduction (red). Consistent with a global metabolic shift, 

feature counts increased with Trp (e.g., A. borealis DSM 23886: 165 → 684; FHG110214: 109 → 337). 
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6.3 HEL, A Multi-Host Synthetic Biology Platform for BGC 
Activation 

6.3.1 Tables  

Table 10:Strains used in this study 

Species Strain Purpose 

Escherichia coli  Epi300  High-copy, standard pCC2Fos 

Escherichia coli  DH5alpha Standard cloning 

Escherichia coli  DB3.1  Standard cloning of ccdB-containing plasmids 

Escherichia coli  Top10 Standard cloning 

Escherichia coli  Rosetta  Expression of darobactin, evaluation of trfA cassette 

Escherichia coli  Rosetta 

DarR 

Darobactin resistant strain 

Bacillus subtilis  SCK6 Heterologous host 

Pseudomonas 

putida  

KT2440 Heterologous host 

 

Table 11: Vectors used in this study 

Lab 

description/number 

Manuscript descripton Backbone Resistance/E. 

coli 

Origin 

pENTR4 - - KanR Thermo 

Fisher 

puc19 - - AmpR Lab 

standard 

pCC2Fos 

 

- CmR Lab 

standard 

pGI10:  HEL-Fosmid, HELFos pCC2Fos ccdB, CmR 

pGI20  HELEntrEx pENTR4 ccdB, KanR 

pGI7  HEL-Bridge A-H puc19 AmpR 

 

pGI8  HEL-bridge B-H puc19 AmpR 

 

pGI9  HEL-bridge C-H puc19 AmpR 

 

pGI14  HEL-bridge D-H puc19 AmpR 

 

pGI11  HEL-bridge E-H puc19 AmpR 

 

pGI12  HEL-bridge F-H puc19 AmpR 
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pGI13  HEL-bridge G-H puc19 AmpR 

 

pGI25 HELFos-GFP pGI10 CmR, ccdBR 

pGI33 HEL-Storage AB puc19 ccdB, AmpR 

pGI67 HEL-Storage CD puc19 ccdB, AmpR 

pGI68 HEL-Storage EF puc19 ccdB, AmpR 

pGI69 HEL-Storage GH puc19 ccdB, AmpR 

pGI70 HEL-Storage FG puc19 ccdB, AmpR 

pGI71 HEL-Storage DE puc19 ccdB, AmpR 

pGI60 HEL-Storage BC puc19 ccdB, AmpR 

pGI29 HELFosBSub pCC2Fos CmR, ccdBR 

pGI31 HELFosBSub-GFP pGI10 CmR 

 

pGI34  HELFos-GFP_emptyCtrl pGI25 CmR 

 

pGI35  HELFos-GFP_weak pGI25 CmR 

 

pGI36  HELFos-GFP_medium pGI25 CmR 

 

pGI37  HELFos-GFP_strong pGI25 CmR 

 

pGI81 HELFos-GFP_pBAD pGI25 CmR 

 

pGI82 HELFos-GFP_Lux pGI25 CmR 

 

pGI83 HELFos-GFP_Lac pGI25 CmR 

 

PGI98 HELFos-daroKan pGI105 KanR, CmR 

PGI105 HELFos-daro pCC2Fos ccdB, CmR 

PGI106 HEL-Fos-trfAGFP pGI25 CmR, KanR 

PGI117 HELFos-Bsub-GFP pGI31 CmR 

 

PGI118 HELFos-Bsub-daro pGI105 CmR 
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Table 12:HEL Parts used in this study 

Lab 

description/number 

BB 

pGI51  A-pBAD-B 

pGI52  A-pLUX-B 

pGI53 A-pLac-B 

pGI54 A-Spacer500bps-B 

pGI55 A-Spacer333bps-B 

pGI57 A-Spacer2500bps-B 

pGI58 A-Spacer1500bps-B 

pGI61 B-J23100-C 

pGI62 B-J23106-C 

pGI63 B-J23117-C 

pGI73 A-J23100-B 

pGI74 A-J23106-B 

pGI75 A-J23117-B 

PGI88 B-oriT-C 

PGI92 C-aac-D 

PGI93 B-KanR-C 

PGI94 D-pBAD-E 

PGI95 D-T7lacI-E 

PGI99 E-trfAcass-F 

PGI100 F-pBAD-G 

PGI101 F-pLAC-G 

PGI102 F-LUX-G 

PGI103 F-T7lacI-G 

PGI113 F-Pml-XylS-G 

PCR-based Parts 

HEL8 A-Empty control-H 

HEL10 A-J23100-H 

HEL13 A-J23106-H 
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HEL16 A-J23117-H 

HEL22 A-amyE part1-B 

HEL33 A-pBAD-B 

HEL34 D-pBAD-E 

HEL36 A-pLAC-B 

HEL39 A-pLUX-B 

HEL47 B-J23100-C 

HEL48 B-J23106-C 

HEL49 B-J23117-C 

HEL50 A-Spacer2500-B 

HEL51 A-Spacer1333-B 

HEL52 A-Spacer550-B 

HEL53 A-Spacer333-B 

HEL11 C-pveg-H 
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6.3.2 Supplementary Figures 

 

Figure S3 1: Cloning design for HELFos-GFP retrofitted with inducible promoter libraries (left). The obtained 

transformants were subsequently analysed using Flow cytometry (right). The x-axis represents the fluorescent signal, 

while the y-axis indicates the cell counts. Only the induction with IPTG and arabinose showed a fraction of cells indicating 

a GFP signal. Most of the cells stayed non-fluorescent. 

 

 

Figure S3 2: B. subtilis SCK6 overnight cultures grown in Spizizen medium carrying different genomic integrations. Left: 

The wild type strain, middle: the strain carrying the Bacillus-adapted GFP cassette, right: the strain carrying the Bacillus-

adapted darobactin cassette. 
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7 OVERVIEW OF MANUSCRIPTS AND 

CONTRIBUTIONS  

7.1.1 Genome Mining of Bacteroidota  

Manuscripts 

◊ Genome Mining on novel Bacteroidota strains: 4 manuscripts – 3 Shared first Authorship, 1 

first authorship 

◊ A genetically tractable branch of environmental Pedobacter from the phylum Bacteroidota 

represents a hotspot for natural product discovery – Shared Correspondence 

Outcomes 

 Standardised, collection-scale workflow for assembled genomes covering the complete process from 

quality and taxonomy assignment to BGC prediction, similarity clustering, descriptive analysis, and 

visualisation. 

 Description of novel isolates from the Bacteroidota family, including Pedobacter strains from 

amphibian specimens, expanding reference diversity and showcasing the genomic workflow. 

 Prioritised Pedobacter clusters for metabolomics-guided isolation, leading to novel Cryopeptin 

derivatives and a new metabolite-BGC linkage in the genus. 
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7.1.2 Profiling of Novel Acidobacteriota 

Manuscripts and preprints  

◊ High-throughput cultivation for the selective isolation of Acidobacteria from termite nests as a 

potential new source of natural products – Co-authorship 

◊ Exploring the Biosynthetic and Plant Growth-Promoting Potential of Novel Acidobacteriota 

Strains – First Authorship, (preprint) 

Outcomes 

 Description of novel Acidobacteriota strains from termite nest and soil material, using genome 

sequencing, OSMAC cultivation, and antimicrobial screenings. 

 Global metabolome profiling under Tryptophan supplementation, including the identification and 

isolation of antifungal-associated features. 

 Metabolic mining for a set of phytohormones leading to the absolute quantification of phytohormones 

IAA and iP. 

 Establishment of a genomic workflow globally analysing the presence of PGPT traits in large sets of 

genomes based on the PLABASE database. 

 Experimentally evaluated whether PGPT-associated traits translate to plants. 

7.1.3 HEL, A Multi-Host Synthetic Biology Platform for BGC 

 Design of a vector set able to allow retrofitting of a BGC containing formid with a) Expression 

modification cassettes (library-style) b) Chassis-specific compatibility cassettes (constant) 
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