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Nature sustains seemingly unlimited resources of natural products (NPs), which are 
metabolites derived from living organisms, such as plants, animals, and microorganisms. 
Microorganisms are considered nature’s medicine makers, producing biomolecules 
with varying functional activities such as antibiotics, antifungals, anticancer agents 
and immunosuppressants. About 70 % of clinically used antibiotics are produced 
by bacteria, with the majority originating from Actinobacteria (Katz & Baltz, 2016).  
Typically, these compounds are products of specialized metabolism and play a role in the 
survival of bacteria.

The evolution and widespread distribution of antibiotic resistance have made diseases 
that were once easily treatable challenging again. Unfortunately, the increase in antibiotic 
resistance is paralleled by a lack of success in discovering new antibacterial drugs (Brown 
& Wright, 2016). A significant challenge in antibiotic discovery is the repeated rediscovery 
of known compounds, often referred to as “low-hanging fruits” (Kolter & van Wezel, 2016). 
It has been estimated that only 3% of the natural products potentially encoded in bacterial 
genomes have been experimentally characterized (Gavriilidou et al., 2022). This imbalance 
between the enormous potential and the limited exploration emphasizes the urgency for 
innovative strategies for antibiotic discovery.

There are two main approaches to antibiotic discovery: the traditional “top-down” 
method and the more recent “bottom-up” strategy known as genome mining (Figure 1) (Luo 
et al., 2014). In the “top-down” approach, compounds are discovered from microorganisms 
without prior knowledge of their genetic makeup. Conversely, genome mining involves 
the systematic analysis of microbial genomes to identify biosynthetic gene clusters (BGCs) 
responsible for the biosynthesis of natural products. Genome mining facilitates prioritizing 
and subsequent activation or chemical synthesis of the predicted product. The goal of the work 
described in this thesis was to uncover previously undiscovered natural products with potent 
bioactivities. The thesis is divided into two sections based on the methodology employed for 
antibiotic discovery. The first section (Chapters 3–6) covers “top-down” approaches and the 
second section (Chapters 7–8) utilizes “bottom-up” strategies. 

	The research involves both chemistry and biology, e.g. (1) screening and prioritization 
of bacterial extract libraries to discover new bioactive compounds employing MS-based 
metabolomics and Global Natural Products Social molecular networking (GNPS MN); (2) 
activating silent BGCs in actinomycetes; (3) detection and isolation of bioactive compounds 
from a complex mixture; (4) identifying the structures of compounds by using spectroscopic 
techniques like nuclear magnetic resonance (NMR) or mass spectrometry (MS) and, where 
needed, complemented by X-ray crystallography; (5) organic synthesis of the discovered 
compounds and subsequent derivatization to enhance the bioactivity properties (6) testing 
antimicrobial activity of discovered compounds; (7) linking the compound to the biosynthetic 
gene clusters.
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Chapter 2 provides a review of recent developments in the antibiotic discovery field. This 
review discusses (1) the contemporary challenges in antibiotic discovery; (2) advances in 
genome mining and in translating the genetic code into compounds; (3) strategies to expand 
the known chemical space and to activate the cryptic BGCs; (4) advances in LC-MS-based 
metabolomics for the prioritization and subsequent identification of bioactive compounds. 

 	
Figure 1. Summary of the major steps and processes in the antibacterial drug discovery pipeline. 
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Chapter 3 shows the application of MS-based metabolic profiling to facilitate the discovery 
of novel microbial NPs. We used MassQL-enhanced molecular networks (MN) to profile 
nonribosomal peptides (NRPs) produced by Paenibacillus. We propose an NP prioritization 
approach based on GNPS MN and MassQL that effectively targets basic amino acid-
containing peptides within massive multi-informative MN. Compounds of interest are 
thereby highlighted based on the detection of the basic amino acid signatures and mapping the 
sub-structure information onto an MN acquired over an extract library of 227 Paenibacillus 
plant-associated isolates. This led to the discovery of new bacitracin congeners, designated as 
paenitracins, with potent bioactivity against Gram-positive pathogens, including vancomycin-
resistant Enterococcus faecium E155.

In Chapters 4 and 5, different culture media were tested to increase secondary 
metabolite production and antimicrobial activity in Streptomyces sp. MBT27. LC-MS and 
molecular networking were subsequently used to profile the metabolomes elicited through 
these culture condition perturbations compared to the respective control experiments. LC-
MS data were statistically analyzed using multivariate data analyses to differentiate chemical 
profiles and correlate specific m/z values to the bioactivity of the crude extracts. The up-
scale fermentation in the resulting optimized culture media facilitated the isolation of new 
compounds from quinazolinone (Chapter 4) and actinomycin families (Chapter 5). The 
biosynthetic pathways of new compounds were proposed, and the corresponding BGC was 
identified through bioinformatics analysis. 

Early-stage compound dereplication is critical to the discovery of bioactive natural 
products. In Chapter 6, we present an efficient analytical platform to allow the discovery 
of low-abundance compounds at medium throughput, based on at-line nanofractionation 
combined with molecular networking and bioactivity assays, which we call nanoRAPIDS. 
NanoRAPIDS encompasses analytical scale separation of natural extracts, post-column 
nanofractionation followed by high-throughput bioassay, automated mass spectrometry 
identification, and GNPS MN for dereplication and analog search. Proof of concept was 
obtained for families of iturins and surfactins in the extracts from Bacillus, whereby we readily 
identified compounds that act against Gram-positive and Gram-negative bacteria and fungi. 
Then, nanoRAPIDS was applied to address the eliciting role of catechol in the production of 
bioactive compounds, highlighting the individual mass features that explained the increased 
bioactivity in the crude extract.

In Chapter 7, we report the genome-guided discovery of new lipopeptide antibiotics 
tridecaptin A5 and tridecaptin D. Through bioinformatic-guided organic synthesis and 
comprehensive antibacterial assays, we demonstrate that synthetic analogs Oct-TriA5 and 
Oct-TriD exhibit unusual bioactivities not commonly associated with tridecaptins. The 
change in the antibacterial spectrum of Oct-TriA5 could be explained solely by a Phe to Trp 
substitution compared to Oct-TriA1, while Oct-TriD contained six substitutions. Screening 
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of tridecaptin analogs substituted at position 9 identified Oct-His9 as a potent congener with 
exceptional efficacy against colistin-resistant Pseudomonas aeruginosa and reduced hemolytic 
and cytotoxic properties. These findings underscore the significant potential of tridecaptin 
analogs as viable alternatives in combatting antibiotic-resistant bacterial pathogens.

Moreover, global genome mining of Paenibacillus nonribosomal peptide synthetase 
(NRPS) BGCs uncovered tridecaptin-like BGCs with unusual architecture. Chapter 8 
illustrates biosynthetic “crosstalk” among two gene clusters enabled de novo synthesis 
of chimeric tridecaptin B1. We hypothesized that the truncated tridecaptin-like BGC in 
Paenibacillus sp. JJ-1683 might be involved in the chimeric biosynthesis of tridecaptin B1 by 
biosynthesizing the first ten amino acids, upon which the last three are incorporated by the 
TriE synthase encoded by the full-length tridecaptin BGC. This result underscores chimeric 
biosynthesis as a strategy for the dynamic production of similar compounds with distinct 
chemistries and bioactive profiles. 

Finally, Chapter 9 presents a general discussion of the thesis, which also includes a 
summary of the most important data and observations and provides perspectives for future 
antibiotic discovery from microbial sources.
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Pioneering and contemporary challenges in antibiotic discovery
The discovery and introduction of  antibiotics into clinical use was the most remarkable 
medical breakthrough of the past century. Fleming’s discovery of the first antibiotic, penicillin, 
in 1928 marked the beginning of the modern medical era of antibiotics (Katz & Baltz, 2016, 
Fleming, 2001). Inspired by Fleming’s discovery, Selman Waksman started a systematic study 
of microbes as producers of antimicrobial compounds in the late 1930s (Lewis, 2012). The 
canonical “Waksman platform” for antibiotic discovery involved the identification of new 
bacterial isolates from the soil samples, antimicrobial screenings, and subsequent bioassay-
guided purification of the bioactive compound (Waksman, 1945). Waksman discovered 
fifteen antibiotics made by soil-dwelling  actinomycetes, including streptomycin, the first 
antibiotic against tuberculosis. Selman Waksman’s pioneering work sparked a significant 
turning point in antibiotic discovery and opened the door to the golden era of antibiotic 
discovery. This period witnessed a surge in the identification and development of crucial 
antibiotics like bacitracin, tetracycline, polymyxin, vancomycin, and many others (Katz & 
Baltz, 2016) (Figure 1). More than half of all the classes of clinically used antibiotics came 
from actinomycetes, while the rest derived from fungi and Firmicutes (Katz & Baltz, 2016).

Soil bacteria produce a wide range of natural products that protect against insects, 
herbivores, and phytopathogens (including bacteria, fungi, nematodes, and viruses), as 
extensively highlighted in numerous reviews (Katz & Baltz, 2016, Bérdy, 2005, Newman & 
Cragg, 2020, Olishevska et al., 2019). Several theories have been proposed to explain why soil 
microbes produce such a diverse array of bioactive natural products (NPs). The most likely 
explanation is that they have multiple functions and act as chemical weapons or signaling 
molecules; or mediate interactions with eukaryotic hosts such as insects and plants (Seipke 
et al., 2012). 

Following golden era of antibiotic discovery, the efficiency of classical screening 
programs dropped significantly (Figure 1), making them unprofitable for pharmaceutical 
companies (Baltz, 2008). Due to the high rediscovery rate, it was hypothesized that the 
biosynthetic potential of the traditional producers had been fully explored (Cooper & Shlaes, 
2011, Hutchings et al., 2019). Recent advancements in sequencing technologies have resulted 
in the availability of a repository of genome sequence information (Katz & Baltz, 2016, Baltz, 
2008). Once thought to be largely devoid of new drugs, these technologies revealed evidence 
for a treasure trove of yet undiscovered molecules that lie hidden in the biosynthetically 
talented bacterial genera (Bentley et al., 2002, Ikeda et al., 2003, Wipat & Harwood, 1999). 
Next-generation sequencing of microbial genomes has rejuvenated the discovery and 
characterization of diverse natural products and revealed the still largely underexplored 
biosynthetic potential of bacteria (Bentley et al., 2002).
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Figure 1. Timeline of antibiotic discovery and antibiotic resistance appearance.  
The icon marks the origin of the antibiotic class. The period between the 1950s and 1970s was the 
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new antibacterial drugs. 
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Figure 1. Timeline of antibiotic discovery and antibiotic resistance appearance. The icon marks the origin of 
the antibiotic class. The period between the 1950s and 1970s was the golden era of the discovery of novel antibiotic 
classes, but the development declined between the 1970s and the 1990s. Note that the increase in antibiotic resistance 
parallels a lack of success in discovering new antibacterial drugs.

Genome mining to evaluate the biosynthetic potential of bacteria
Thus, as the bacterial DNA ultimately encodes the production of all specialized metabolites, 
genome mining may offer a new route to natural product-based medicine discovery. In the 
bacterial genomes, the genes encoding biosynthetic pathways for natural products are usually 
organized in so-called biosynthetic gene clusters (BGCs) (Martin & Liras, 1989). It is efficient 
for microbes to have all the genes encoding a biosynthetic pathway in the same place; in 
this way, the entire production line can be activated by transcribing DNA from this genomic 
region. The toolkit for identifying BGCs involves methods to pinpoint key microbial sources, 
obtain high-quality genome data through sequencing technologies like Illumina, PacBio, and 
Oxford Nanopore, and analyze it using diverse bioinformatic tools (Mullowney et al., 2023). 
Genome mining tools antiSMASH (Blin et al., 2023) and PRISM (Skinnider et al., 2020)2020 
have been developed to identify and annotate microbial BGCs. With the help of antiSMASH 
(Blin et al., 2023) we can identify BGCs in microbial genomes and classify them based on 
the type of molecule they are predicted to produce, such as polyketides (Ray & Moore, 2016, 
Donadio et al., 2007, Shen, 2003), ribosomally synthesized and post-translationally modified 
peptides (RiPP) (Montalban-Lopez et al., 2021), terpenes (Avalos et al., 2022, Schulz & 
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Dickschat, 2007), and nonribosomal peptides (Sieber & Marahiel, 2005, Nivina et al., 2019, 
Süssmuth & Mainz, 2017). PRISM uses pHMMs to detect BGCs and additionally predicts 
biological activity through machine learning (Skinnider et al., 2020)2020. Alternative deep-
learning genome mining software for BGC prediction, such as ClusterFinder (Cimermancic 
et al., 2014), DeepBGC (Hannigan et al., 2019), GECCO (Carroll et al., 2021), and SanntiS 
(Sanchez et al., 2023), uncovered undetectable putative BGCs that may code for natural 
products with novel bioactivities. BAGEL (van Heel et al., 2013) and RODEO (Tietz et 
al., 2017) are two genome mining tools designed explicitly for genome mining of RiPPs. 
Additionally, RiPPs may also be identified by their RiPP recognition Element (RRE), and the 
recently developed RRE-finder was incorporated into the shell of antiSMASH 6 (Kloosterman 
et al., 2020b). Nevertheless, the diversity of RiPPs is vast, and the chemical space is expanding 
rapidly. To allow their detection, genome mining algorithms were developed to identify 
BGCs not captured using canonical rule-based annotation approaches (de Los Santos, 2019, 
Kloosterman et al., 2020a, Merwin et al., 2020, Tietz et al., 2017). This includes the machine 
learning-based decRiPPter algorithm, which allowed the identification of a novel subclass 
of lanthipeptides that had escaped identification via existing algorithms (Kloosterman et al., 
2020a). The extensive list of the genome-mining software, tools, and databases utilized for NP 
discovery is available on the Secondary Metabolite Bioinformatics Portal (SMBP) (Weber & 
Kim, 2016).

The immense amount of genome data has prompted genome mining analyses 
conducted on a large scale. Rather than mining a single genome at a time, we can now 
incorporate big data approaches to mine a large pool of genomes or metagenomes for novel 
NPs (Medema & Fischbach, 2015). This approach is called “global genome mining” (Medema 
et al., 2021). Bioinformatics tools that facilitate the analysis of big BGC datasets include the 
EvoMining (Sélem-Mojica et al., 2019), ARTS (Alanjary et al., 2017), BiG-SCAPE and the 
CORASON (Navarro-Muñoz et al., 2020). Moreover, a highly scalable tool BiG-SLiCE was 
recently developed to deal with extensive data from global genome mining (Kautsar et al., 
2021b).

With the simultaneous sequencing of hundreds to thousands of microbial genomes 
becoming more common, the large quantities of BGC data resulting from this pose an 
opportunity and challenge. Databases such as antiSMASH-DB (Blin et al., 2024)2024, IMG-
ABC (Palaniappan et al., 2020), and MIBiG (Terlouw et al., 2023) play a critical role in 
analyzing BGCs by enabling the comparison of newly sequenced BGCs with those predicted 
and experimentally characterized in the past. In addition to the mentioned databased for 
exploring BGCs from the publicly available data, the recently established BiG-FAM database 
focuses on the gene cluster family (GCF) relationship of the detected BGCs and enables GCF-
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based exploration and homology searching of >1.2 million BGCs harbored by >200,000 
microbial genomes (Kautsar et al., 2021a). 

Translating the genetic code into compounds
Once BGCs of interest have been identified based on compound class, resistance genes, or 
phylogeny, predicting the specific final product remains challenging (Scherlach & Hertweck, 
2021). For some natural product classes, we have a relatively good understanding of how the 
encoded biosynthetic machinery builds a natural product, and thus, we can attempt to predict 
the scaffold structure of the produced natural product. Among all natural product classes, 
the chemical structure can be predicted for NRPSs, modular polyketide synthase (PKSs), and 
RiPPs (Scherlach & Hertweck, 2021). The core structure and post-translational modifications 
(PTMs) of the RiPPs can be reliably predicted by RODEO (Tietz et al., 2017), RiPPER (Moffat 
et al., 2021), antiSMASH (Blin et al., 2023) and PRISM (Skinnider et al., 2020)2020.

Considering the scope of the thesis, the prediction principle will be illustrated based 
on the NRPS assembly line. NRPS machineries are complex, multi-domain enzymes that 
select and condensate amino acids iteratively to build up peptidic natural products (Sieber 
& Marahiel, 2005, Nivina et al., 2019, Süssmuth & Mainz, 2017). To achieve nonribosomal 
peptide synthesis, minimal enzymatic complexes require four distinct domains called core 
or essential domains: condensation (C), adenylation (A), peptidyl carrier protein (PCP), 
and a terminal thioesterase (TE) domain (Figure 2) (Marahiel, 2016). Three domains make 
up the minimum elongation module, with C domains catalyzing condensation, A domains 
mediating building block selection through adenylation and subsequent thiolation, and non-
catalytic PCP domains functioning as mechanical arms to which intermediate scaffolds are 
tethered between reactions (Winn et al., 2016). An NRPS assembly line only requires a single 
TE domain, typically at the end of an NRPS enzyme, which is responsible for chain release 
(Mootz et al., 2002).

As A domains govern building block selection, many NRP structure prediction 
algorithms attempt to predict the selected substrate from A domain sequence. Examples of 
such machine learning algorithms include NRPSpredictor2 (Röttig et al., 2011), AdenylPred 
(Mongia et al., 2023), SANDPUMA (Chevrette et al., 2017), and AdenPredictor (Chevrette et 
al., 2017), which were trained on A domain sequences of known specificity.
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domains (C) subsequently facilitate peptide bond formation between thioester intermediates loaded onto 

neighboring PCP domains. Lastly, the final module hosts an additional thioesterase domain (TE), which 

is responsible for either hydrolysis or cyclization to release the product from the NRPS (adapted from 

Winn et al., 2016). 
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Figure 2. Schematic representation of NRP biosynthesis. The NRP biosynthesis involves the activation of amino 
acid substrates via ATP, facilitated by the adenylation domain (A). Afterward, the aminoacyl-AMP intermediate is 
captured by the thiol group of the flexible 4’-phosphopantetheine arm linked to a peptidyl carrier protein (PCP) 
domain. Condensation domains (C) subsequently facilitate peptide bond formation between thioester intermediates 
loaded onto neighboring PCP domains. Lastly, the final module hosts an additional thioesterase domain (TE), which 
is responsible for either hydrolysis or cyclization to release the product from the NRPS (adapted from Winn et al., 
2016).

 
However, the diversity and complexity of NRPs have made systematic investigation difficult, 
and consequently, most genetically encoded NRPs in bacteria have been overlooked. An 
alternative way to investigate the potential of novel scaffolds predicted by genome mining 
is via organic synthesis or chemoenzymatic total synthesis. The approach of synthetic 
bioinformatic natural product (syn-BNP) involves bioinformatic prediction of the natural 
product structure based on the genome sequence with subsequent organic synthesis of 
compounds, circumventing the need for bacterial culture and gene expression (Scherlach 
& Hertweck, 2021, Chu et al., 2020). Concurrently, solid phase peptide synthesis (SPPS) of 
structurally diverse peptides has become rapid and economical, making NRPS gene clusters 
ideal candidates for a syn-BNP approach. This new methodology completely avoids the issues 
of isolation and scalability of target compounds. The syn-BNP approach was successfully 
applied to discover new antimicrobial entities from sequenced bacterial genomes or 
metagenomes, with an emphasis on the de novo discovery of novel clinically relevant NRP 
antibiotics. This approach led to the discovery of humimycin A and B (Chu et al., 2016)2016, 



19

 Ceneral introduction

kanglemycins (Peek et al., 2018), macolacin (Wang et al., 2022c), cilagicin (Wang et al., 2022b) 
with potent bioactivity against multidrug-resistant (MDR) pathogens.

Examples of clinically used nonribosomal peptides
NRPs are among the most widespread groups of natural products with diverse chemical 
structures (Wang et al., 2014). NRPs often contain both proteinogenic and nonproteinogenic 
amino acids, significantly expanding their chemical diversity and bioactivity spectrum 
(Caboche et al., 2010). The rising issue of antibiotic resistance has led to increased interest in 
the therapeutic potential of NRP antibiotics (Hancock & Chapple, 1999). Peptide antibiotics 
currently used in clinics, such as bacitracin, daptomycin, polymyxin, and vancomycin 
constitute  effective treatments for infections caused by multidrug-resistant pathogens (Figure 
3) (Felnagle et al., 2008, Liu et al., 2019).  
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Figure 3. Structures of clinically used NRPs.

Polymyxins are active against Gram-negative bacteria and are typically only used to treat 
infections caused by multidrug-resistant organisms, including carbapenem-resistant 
Enterobacterales, Acinetobacter baumannii, and Pseudomonas aeruginosa (Nang et al., 2021, 
Slingerland & Martin, 2024). The mode of action of polymyxins involves binding to the lipid A 
component of lipopolysaccharides (LPSs) in the outer membrane of Gram-negative bacteria. 
The positively charged 2,4-diaminobuturic acid residues of polymyxins electrostatically 
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interact with the negatively charged phosphate groups of lipid A, facilitating binding and 
leading to membrane disruption and increased permeability (Mohapatra et al., 2021). In 
contrast, NRPs like bacitracin, vancomycin, and daptomycin are active preliminary against 
Gram-positive bacteria and act as inhibitors of cell wall biosynthesis at the different stages of 
this complex process (Buijs et al., 2023). Daptomycin and vancomycin are considered “last 
resort” antibiotics for the treatment of severe Gram-positive infections (Gonzalez-Ruiz et al., 
2016, Griffith, 1981). Vancomycin targets and tightly binds lipid II, an essential building block 
of the cell wall, resulting in the cessation of cell wall biosynthesis (Williams & Butcher, 1981, 
Williams, 1984). The mode of action of daptomycin is multifaceted and involves the targeting 
and depolarization of bacterial cell membrane alongside the inhibition of cell wall biosynthesis 
by direct binding to lipid II (Kotsogianni et al., 2021, Grein et al., 2020). Other NRPs, like 
bacitracin, sequester the membrane-associated phospholipid undecaprenyl pyrophosphates 
(C55PP), transport molecule that carries the building blocks of the peptidoglycan bacterial 
cell wall (Ming & Epperson, 2002). The binding prevents peptidoglycan synthesis, thereby 
inhibiting bacterial cell growth. The recent discovery of cilagicins, which exhibit a unique 
mode of action and bind both C55PP and undecaprenyl phosphate (C55P) involved in cell wall 
biosynthesis, highlights the significant untapped potential of nonribosomal peptides (NRPs) 
in combating antibiotic-resistant bacteria (Wang et al., 2022b).

Exceptions to the rules of NRP biosynthesis
Still, translating genomic knowledge into molecules remains challenging. The diversity of 
NRPS-derived peptides is not only determined by the incorporation of different amino acid 
building blocks but also by an ever-increasing number of characterized tailoring reactions 
and enzymatic domains (McErlean et al., 2019). Moreover, the promiscuity of NRPS 
modules allows the production of multiple compounds encoded by a single BGC (Duban 
et al., 2022). In addition, a constantly expanding library of scientific literature unravels new 
examples of nonribosomal peptide synthetases exhibiting rare domains and noncanonical 
module organization, leading to unique microbial strategies of natural products biosynthesis 
(Chevrette et al., 2020). Moreover, recent publications demonstrate a much greater mechanistic 
diversity in NRPS assembly lines than previously anticipated. Recent characterization of 
several NRPS megasynthases revealed examples of the loss of the co-linearity rule (Wenzel 
& Müller, 2005). It turned out that modules from bacterial NRPSs can be used repeatedly, 
skipped, or even split in the biosynthesis of a single product (Gewolb, 2002, Marahiel, 2009, 
Wenzel & Müller, 2005). 

One notable example entails collaborative natural product biosynthesis, involving 
crosstalk between two separate BGCs. Such pairing of biosynthetic enzymes from distinct 
BGCs within the same biosynthetic pathway gives rise to increased chemical diversity 
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and an expanded scope of biological activity. Over the past few years, this phenomenon 
of collaborative biosynthesis has received increased attention, and specialized metabolites 
produced through such strategies are known as ‘hybrid molecules’ or ‘chimeras’ (Mevers et 
al., 2019, Yin et al., 2022). Chimeric biosynthesis has previously been observed in various 
NRPS and PKS (hybrid) systems, including the biosynthesis of azaphilone (Huang et al., 
2020), penilactones (Fan et al., 2019), spirotryprostatin A (Yan et al., 2019), and echinocandin 
B (Cacho et al., 2012).

Despite the impact of genomics, it only delivers possible leads, which needs to be 
supported by experimental evidence provided by microbiology, analytical chemistry, and 
bioassays to purify and identify the NPs and determine their mode of action. Analytical 
chemistry techniques, such as high-resolution mass spectrometry and NMR (nuclear 
magnetic resonance spectroscopy), complement theoretical in silico predictions. They play 
a crucial role in bridging the gap between genomic potential and the actual production of 
metabolites (Caesar et al., 2021).

Expanding chemical space and identification of bioactive natural products
Activation and characterization of cryptic BGCs
Many BGCs are not expressed during standard laboratory conditions, and thus, their cognate 
natural products escape attention (Nett et al., 2009, Kolter & van Wezel, 2016). To unlock the 
full potential of bacteria, it’s crucial to understand their ecological context, as this will provide 
clues to the activation mechanisms of their biosynthetic pathways (van Bergeijk et al., 2020, Zhu 
et al., 2014a). The signals that mediate the production of specialized metabolites are diverse and 
include physical cell-cell interactions, nutrient depletion, enzymatic conversion of precursors 
to active metabolites and microbial small molecules (Hoskisson & Fernández-Martínez, 2018, 
van der Heul et al., 2018, Huang et al., 2005). However, for many interactions, the signals and 
molecular mechanisms remain unknown. Several methods have been developed to boost the 
production of hidden natural products, including ribosome engineering, co-culture, varying 
culturing conditions, insertion of active promoters, and high-throughput elicitor screening 
(Bertrand et al., 2014, Takano, 2006, Zhu et al., 2014a, Bode et al., 2002). The expression of 
bacterial BGCs can be manipulated by altering the culturing conditions. This is the basis 
of the one-strain–many-compounds (OSMAC) concept, meaning that a strain can produce 
a plethora of distinct compounds if exposed to different abiotic or biotic conditions (Bode 
et al., 2002). In co-culturing, microbial partners are added to a single culture to trigger the 
expression of metabolic programs involved in defense or nutrient competition (Sugiyama et 
al., 2015, Hoshino et al., 2015, Bertrand et al., 2014, Wu et al., 2015b, Schroeckh et al., 2009). 
As an alternative, high-throughput elicitor screening can be used to induce the expression of 
silent BGCs using the small compounds. This is an efficient platform that enables the discovery 



Chapter 2

22

of small molecule activators that lead to the induction of silent biosynthetic clusters as well as 
structural and functional elucidation of their products (Seyedsayamdost, 2014, Moon et al., 
2019a, Moon et al., 2019b). Moreover, advances in synthetic biology enable the engineering 
of biological systems to express customized biosynthetic pathways. Synthetic biology tools 
can alter the genome of selected microorganisms to induce the expression of BGCs and 
the efficient production of natural products (Smanski et al., 2016, Zhang et al., 2019). The 
resulting ‘‘cell factory’’ provides improved genomic stability and allows the optimization of 
the targeted biosynthetic pathway in culturable and biochemically characterized systems.

LC-MS-based metabolomics methods for data acquisition
For metabolite profiling, culture extracts are analyzed by NMR spectroscopy, high-
resolution mass spectrometry (HRMS), or combined methods involving upstream liquid 
chromatography (LC), such as LC-HRMS and more recent LC-NMR (Atanasov et al., 2021, 
Wu et al., 2015a). Compatibility of reversed-phase (RP) LC with biological samples allowed 
its utilization in combination with accurate mass MS (QToF or Orbitrap technologies) (Roux 
et al., 2011). LC-MS established itself as the technology of choice for microbial metabolic 
profiling due to the widespread availability of suitable instrumentation and ease of both 
access and use, combined with good sensitivity, specificity, and resolving power. Considering 
the scope of the thesis, I will here focus mainly on LC-MS-based metabolomics. For NMR-
based metabolomics the reader is referred to reviews elsewhere (Markley et al., 2017, Wu et 
al., 2016a, Grienke et al., 2019), and likewise for reviews of MS-based approaches (Krug & 
Müller, 2014, Bouslimani et al., 2014, Spraker et al., 2020).

The key challenges scientists face when targeting the metabolome are analytical 
reproducibility, feature coverage, dynamic range, component annotation, data analysis, and 
processing large sample sets. LC-MS has enabled the detection of thousands of mass features 
within a single biological sample. Therefore, one of the main challenges in LC-MS-based 
metabolomics is the comprehensive and accurate analysis of large datasets. Freely available 
data preprocessing tools, such as XCMS (Smith et al., 2006), Mzmine (Pluskal et al., 2010), 
MetaboAnalyst (Pang et al., 2022), MetAlign (Lommen, 2009), Metabolomic Analysis and 
Visualization Engine (MAVEN) (Clasquin et al., 2012), MET-COFEA (Zhang et al., 2014) 
as well as commercial software, have been developed to facilitate data processing. Moreover, 
the recently developed publicly available R-based web application Metabolomics Explorer 
(MetEx) enables users to quickly and intuitively analyze comprehensive metabolomics 
datasets. MetEx facilitates analysis of complex datasets, consisting of retention time, m/z, and 
MS intensity features, as a function of hundreds of conditions (Covington & Seyedsayamdost, 
2021). 
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LC-MS-based metabolomics and the discovery of bioactive compounds
Metabolomics measures multiple metabolic responses in living systems, allowing simultaneous 
tracking of changes in hundreds of small molecules. However, the complexity and diversity 
of chemical structures make metabolomic analysis challenging. The methodologies employed 
to interpret high-throughput metabolomics data mainly derived from earlier emerging omics 
technologies. Classic approaches aim to assess group-wise differences, either in a univariate, 
parameter-by-parameter fashion, e.g., t-test, analysis of variance (ANOVA), or using 
multivariate techniques (e.g., MANOVA, ASCA, PCA, PLS) (Bartel et al., 2013). Statistical 
models such as Pearson correlation, partial least squares (PLS), discriminant analysis 
(PCA-DA, PLS-DA, OPLS-DA), and hierarchical cluster analysis (HCA) are often used to 
link metabolite fingerprints to bioactivity data (Bartel et al., 2013). The general idea behind 
supervised methods is to unravel distinct metabolite profiles that are associated with the 
observed bioactivity of the sample. A recent extension to the PLS repository is the orthogonal-
PLS (OPLS) method. In the OPLS analysis, the data variation is split into the variance of 
interest and a noise part, which is unrelated to the response (Dettmer et al., 2007). This leads 
to a simplified interpretability of the resulting components, allowing additional assessment of 
within- and between-group variance. 

While the approaches mentioned above provide a list of the highlighted features, 
the information obtained is at the prediction level. Multiple analytical modules involving 
different bioassays and detection technologies should be linked to allow simultaneous 
bioactivity evaluation and identification of compounds in complex compound mixtures. Such 
approaches may help provide a more comprehensive insight into compounds responsible for 
the bioactivity of interest.

GNPS molecular networking and dereplication of natural products

In the pursuit of antibiotic discovery, a pivotal role is played by Global Natural Products 
Social molecular networking (GNPS) (Wang et al., 2016). This open-access platform is a 
hub for sharing, processing, and visualizing tandem mass spectrometry data (Quinn et al., 
2017). The concept of molecular networking is based on the organization and visualization 
of tandem MS data through a spectral similarity map, revealing the presence of homologous 
MS2 fragmentations. As structurally related compounds share similar fragmentation spectra, 
their nodes tend to connect and create spectral families (Wang et al., 2016). Classical molecular 
networking has recently been integrated with feature detection methods to introduce Feature-
Based Molecular Networking (FBMN). This approach enables the discrimination of isomers 
within the molecular network and incorporates quantitative information generated by the 
feature detection tools (Nothias et al., 2020). 
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Molecular networking lays the groundwork for bioactivity-based molecular networking. 
Combining the MN with metabolite “bioactivity scores” enables the detection and relative 
quantification of LC-MS/MS spectral features across chromatographic fractions. The 
“bioactivity scores” are calculated based on the Pearson correlation between feature intensity 
across samples and the bioactivity level associated with each sample (Nothias et al., 2018). 
The correlation of the metabolite quantity and observed bioactivity facilitates the discovery 
of biologically active compounds within complex metabolomic datasets.

The major challenge in metabolomics is the identification of previously reported 
compounds, known as structural dereplication (Gaudencio & Pereira, 2015, Hubert et 
al., 2017, Silver, 2011). Dereplication approaches include the determination of molecular 
formula using the Seven Golden Rules, Sirius 2, and MS-FINDER software and searching for 
compounds described by this formula in chemical structure databases (Gaudencio & Pereira, 
2015, Mohamed et al., 2016). The primary challenge of these approachs is the exponential 
increase in the number of potential formulas as the molecular mass of metabolites grows. 
Furthermore, existing chemical databases frequently contain numerous compounds with 
identical formulas, which complicates the annotation process.

Currently, the combination of molecular networking with annotation methods such 
as MS2LDA (van der Hooft et al., 2016), Network Annotation Propagation (NAP) (da Silva 
et al., 2018) or DEREPLICATOR (Mohimani et al., 2018) accelerates the identification of 
unannotated ions. MolNetEnhancer (Ernst et al., 2019) combines outputs from MS2LDA, 
NAP, DEREPLICATOR, and molecular networking, along with the automated chemical 
classification from ClassyFire (Djoumbou Feunang et al., 2016), to assign structural features 
to chemical classes. Algorithms such as DEREPLICATOR or recently published VarQuest 
(Gurevich et al., 2018) were designed to expand the library search to identify variants of 
known peptidic natural products. The newly developed tool Qemistree is employed to classify 
MS data into a tree structure (Tripathi et al., 2021). 

Future perspectives 
A number of innovative methods have evolved to enhance the synergy between genomics 
and metabolomics for natural product discovery. Future developments for the processing of 
metabolome data will be focused more on continuous platform improvement, elucidation of 
structural identification, and functional interpretation of metabolomic data. As multi-omics 
technologies mature, there is an increasing need for data integration between platforms. 
One of the key challenges in the field of omics-based natural product discovery is the set-
up of high-quality datasets to train deep learning algorithms and appropriate strategies for 
algorithm validation. 

Despite the advances in the genomics and metabolomics fields, the current state of 
the art regarding BGC and natural product diversity limits our ability to guide drug discovery. 
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It is, therefore, necessary to further characterize the extant microbial diversity, pathways, 
and regulatory mechanisms for natural product biosynthesis. Moreover, characterizing the 
functions and modes of action of natural products in native microbial communities will be 
crucial for prioritizing BGCs and eliciting their expression. This should bring many more 
natural products to light, potentially contributing to future drug candidates.
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Abstract
Antimicrobial resistance (AMR) is a pressing global issue, demanding the urgent identification 
of novel compounds to combat multidrug-resistant pathogens. Microbial natural products 
(NPs) are a rich source of potential therapeutic agents. Members of the genus Paenibacillus 
are renowned for their antibiotic-producing potential against diverse pathogens. Here, we 
employ Global Natural Products Social molecular networking (GNPS MN) combined with 
Mass Spec Query Language (MassQL) analysis to probe the chemical diversity of specialized 
metabolites from plant-associated Paenibacillus. By applying MassQL queries to tandem mass 
spectrometry data within GNPS MN, we enhance the molecular network with substructure 
information, facilitating the early prioritization and targeted isolation of bioactive natural 
products. Through the analysis of mass fragmentation patterns across 227 plant-associated 
Paenibacillus isolates, we discovered new bacitracin congeners, designated as paenitracins, 
with potent activity against Gram-positive pathogens, including vancomycin-resistant 
Enterococcus faecium E155. This study underscores the efficacy of our integrative approach in 
expediting the discovery of antimicrobial agents, offering promising solutions for addressing 

the challenge of antimicrobial resistance.
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Introduction
In the 21st century, antimicrobial resistance (AMR) has emerged as a significant worldwide 
issue. Therefore, discovering new lead compounds is necessary to control outbreaks of 
multidrug-resistant human pathogens (WHO, 2017). Bacterial natural products (NPs) 
represent a rich reservoir of antibacterial compounds, many of which have been successfully 
translated into clinical applications (Newman & Cragg, 2020). 

	Firmicutes are well known for their potential to produce a wide range of antimicrobials, 
in particular, nonribosomally synthesized peptides (NRPs) (Aleti et al., 2015, Cochrane 
& Vederas, 2016, Olishevska et al., 2019). Numerous bioactive NRPs produced by Bacillus 
and Paenibacillus have been identified, including octapeptins, paenibacterins, polypeptins, 
tridecaptins, etc (Cochrane & Vederas, 2016, Olishevska et al., 2019, Pilz et al., 2023). Notably, 
certain NRPs, such as polymyxins and bacitracins, derived from these microorganisms, have 
found application in clinical settings (Falagas & Kasiakou, 2005, Johnson et al., 1945). A large 
fraction of these natural products contain positively charged amino acids and possess potent 
antimicrobial activities against Gram-positive and Gram-negative pathogens (Li et al., 2018, 
Cardoso et al., 2021). The mode of action of cationic lipopeptides, like polymyxins, involves 
binding to the lipid A component of lipopolysaccharides (LPSs) in the outer membrane of 
Gram-negative bacteria. The positively charged Dab residues of polymyxins electrostatically 
interact with the negatively charged phosphate groups of the lipid A, facilitating binding and 
leading to membrane disruption and increased permeability (Mohapatra et al., 2021). Other 
NRPs, like bacitracin, act as inhibitors of cell wall biosynthesis. Specifically, in the presence of 
a divalent metal ion, most commonly Zn2+, bacitracin binds to and sequesters the membrane-
associated phospholipid undecaprenyl pyrophosphate (C55PP) (Stone & Strominger, 1971, 
Siewert & Strominger, 1967). 

One of the challenges in NP discovery is the rapid identification of previously 
reported compounds, termed as structural dereplication (Hubert et al., 2017). Liquid 
chromatography coupled with high-resolution mass spectrometry (LC-MS) is widely used 
at the early stages of dereplication studies. Molecular formulas of the detected molecules are 
determined through the exact mass using the Seven Golden Rules, Sirius 2, and MSFINDER 
software; and subsequently queried in various NP databases like DNP, UNPD, ChemSpider, 
and REAXYS; to annotate the molecular structures (Gaudêncio et al., 2023)2023. 

In order to further identify compounds in LC-MS-based metabolite profiling 
workflows, the introduction of the Global Natural Products Social Molecular Networking 
(GNPS MN) has appeared as a powerful tool to process tandem mass spectrometry (MS) data 
and perform molecular networking (MN) (Wang et al., 2016). The MN concept is based on 
organizing and visualizing tandem MS data through a spectral similarity map, revealing the 
presence of homologous MS2 fragmentations. As structurally related compounds share similar 
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fragmentation spectra, their nodes tend to gather together and create clusters of analogs 
(Nothias et al., 2020). The known compounds are annotated by matching their MS2 spectra 
against an available spectral library. Moreover, combination of MN with annotation methods, 
such as MS2LDA (van der Hooft et al., 2017), NAP (da Silva et al., 2018), or DEREPLICATOR 
(Mohimani et al., 2017) accelerates the identification of unannotated ions (de Jonge et al., 
2022). Mass Spec Query Language (MassQL) has been developed based on advancements 
in molecular networking to explore underutilized MS/MS data further. MassQL captures 
the unique characteristics of MS data, including isotopic patterns, diagnostic fragmentation, 
and neutral loss; and establishes a comprehensive MS terminology for searching MS patterns 
across datasets. Additionally, NP prioritization strategies have been applied based on the 
combination of molecular networking with different sources of information (e.g., genomic, 
taxonomic, geographic, bioactivity, and/or spectral data) (Olivon et al., 2017, Nothias et 
al., 2018, Olivon et al., 2020, Crüsemann et al., 2017). Despite the ability of current tools to 
dereplicate NPs upstream of the isolation process, effective strategies for the early detection 
of potentially bioactive NPs within crude extracts are still lacking.

In the present study, we adopt an MN approach to provide insight into the chemical 
structures and diversity of Paenibacillus NRPs and facilitate the discovery of new natural 
products. We introduce an early-stage prioritization method that combines feature-based MN 
(FBMN) and MassQL search to target basic amino acid-containing peptides with potential 
antimicrobial properties. Basic amino acid signatures were detected and mapped onto a 
massive multi-informative molecular network for an extract library of 227 Paenibacillus 
plant-associated isolates. This led to the discovery of new bacitracin congeners, designated 
as paenitracins, with potent bioactivity against Gram-positive pathogens, including 
vancomycin-resistant E. faecium E155. Present study demonstrates that combining FBMN 
and MassQL is an effective strategy to accelerate the decoding of mass fragmentation patterns 
for the discovery of new bioactive natural products.
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Results and Discussion

Taxonomic diversity of the strain collection
Considering the great pharmacological and biotechnological potential of the metabolites 
produced by Paenibacillus, in this work, we pursued the prospection of 227 Paenibacillus 
isolates from the Auburn University (USA) Plant-Associated Microbial strain collection. 
Paenibacillus spp. have been isolated from the root surface of a field-grown corn plant (Z. 
mays) and soybean (G. max) grown in Dunbar (Nebraska), Carrol (Iowa), Whitewater 
(Wisconsin), Sparta (Illinois), Troy (Ohio) and Tallassee (Alabama) (Table S1). Taxonomic 
affiliation of the isolated strains was conducted by comparing 16S rRNA gene sequences 
from the isolates with Paenibacillus type strains. To gain insights into the relatedness of the 
Paenibacillus isolates to known bacterial species, a maximum-likelihood tree was constructed 
based on 16S rRNA gene sequences (Figure 1). 

Exploring the chemical diversity of specialized metabolites produced by 
Paenibacillus
In this study, we aimed to discover new bioactive NRPs and investigate the chemical diversity 
of the specialized metabolites produced by Paenibacillus isolates. For this purpose, 227 
isolates were cultured on TSA media in 96 deep-well plates for 72 h and extracted with 
isopropyl alcohol (IPA) supplemented with 0.1% (v/v) formic acid (FA). Subsequently, crude 
extracts were tested against Gram-positive (Staphylococcus aureus ATCC 29213) and Gram-
negative (Escherichia coli ATCC 25922) indicator strains to assess the antibacterial potential 
of the strain collection. The results of the antibacterial assays showed that nine crude extracts 
exhibited activity against S. aureus, while 22 crude extracts showed activity against E. coli 
(Figure 1, Table S1). These extracts were then subjected to LC-MS/MS analysis to identify the 
natural products accountable for the observed bioactivities. LC-MS/MS data were processed 
with MzMine 2 (Pluskal et al., 2010) and exported for GNPS FBMN. Prior to uploading the 
data to GNPS, media-derived mass features were eliminated. A mass exclusion threshold 
of 300 m/z was implemented to minimize the occurrence of mass features originating from 
small metabolites that are not relevant to our study. FBMN analysis resulted in the generating 
molecular network consisting of 3096 parent ions (nodes) connected through 3692 edges 
(Figure 2). Characteristics of the natural products, such as annotation, m/z value and species-
specific molecule production were visualized using Cytoscape 3.9.1 (Shannon et al., 2003).
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Figure 1. Phylogenetic tree (16S rRNA gene) obtained by neighbor-joining analysis of plant-associated 
Paenibacillus isolates and their closely related type strains (Tables S1, S2). The tree was rooted using Bacillus 
subtilis IAM 12118 as an outgroup. The results of the antibacterial screenings were mapped onto the tree. The tree 
was generated using Geneious v2024.0.3.

Mass spectrometry-based molecular networking allows clustering of molecules with similar 
MS/MS fragmentation patterns, which stem from the similarity in their structures (Wang 
et al., 2016). The resulting clusters allow us to visually explore the metabolites produced by 
a given strain(s), allowing rapid dereplication of known compounds and visualization of 
their unknown structural analogs (Nothias et al., 2020). Initially, we aimed to dereplicate the 
known metabolites by matching the experimentally derived MS/MS fragmentation patterns 
with the annotated and curated MS/MS spectra within the GNPS database. However, with 



33

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

the spectral library search, we did not get any accurate hits for NRPs from Paenibacillus. 
Therefore, we created an in-house database of lipopeptides from Paenibacillus and used it to 
annotate the known metabolites based on the exact mass and MS/MS spectra of the detected 
features. We were able to annotate the lipopeptides belonging to the families of fusaricidins, 
polymyxins, and tridecaptins (Table S3, Figure 2, Figures S1-S3). These dereplicated mass 
features were used to propagate the annotation to other connected mass features. Despite 
the identification of a substantial number of putative congeners of known lipopeptides in the 
network, the majority of the produced metabolites remained unidentified.

Figure 2. Molecular network of the mass features detected in the bacterial extracts from a collection of 227 plant-
associated Paenibacillus isolates. Each node represents a parent ion detected in one or more strains. The annotated 
molecular families have been amplified. The colors of the nodes highlight molecular families that have at least one 
node annotated by an in-house database search (red node). 

Targeting known cationic lipopeptides using MassQL-assisted fragment search
Several detected classes of lipopeptides exhibited potent bioactivities that are often associated 
with the overall positive charge of the molecules (Table S3). The positive charge enhances 
electrostatic interactions with the negatively charged components on the surface of bacterial 
cells, such as the cell membrane or lipopolysaccharides (LPSs). This leads to membrane 
disruption, permeabilization, and, ultimately, destruction of bacterial cells (Straus & Hancock, 
2006). Therefore, we sought to detect the lipopeptides with potential bioactive properties 
that contained one or multiple positively charged amino acid residues. To accomplish this, a 
feature-based spectral similarity network was paired with a MassQL (Jarmusch et al., 2022) 



Chapter 3

34

search query to target the MS/MS spectra that contained the most common positively charged 
amino acids. The fragment search of b ions of 2,4-diaminobuturic acid (Dab) (m/z 101.0709), 
ornithine (Orn) (m/z 115.0871), lysine (Lys) (m/z 129.1027), arginine (Arg) (m/z 157.1089) 
and the immonium ion of histidine (His) (m/z 110.0718) was conducted with the accuracy of 
m/z 0.005 and at minimum intensity of 5% (Figure 3). 

Figure 3. MassQL-annotated molecular network of the ions detected in the bacterial extracts from the collection 
of 227 plant-associated Paenibacillus isolates. The colors of the nodes highlight parent ions that contain basic 
amino acid residues in the structures.

MassQL search of Dab-containing parent ions highlighted previously dereplicated polymyxin 
and tridecaptin spectral families (Figure 4). The identification of different polymyxin 
(Vogler & Studer, 1966, Jian Li et al., 2006) and tridecaptin (Bann et al., 2021) congeners 
within numerous Paenibacillus spp. extracts underscored the chemical diversity of our strain 
collection. Despite the structural heterogeneity of polymyxins and tridecaptins, a shared 
characteristic is the occurrence of multiple Dab amino acid residues.
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MassQL search of Dab-containing parent ions highlighted previously dereplicated polymyxin 

and tridecaptin spectral families (Figure 4). The identification of different polymyxin (Vogler & 

Studer, 1966, Jian Li et al., 2006) and tridecaptin (Bann et al., 2021) congeners within 

numerous Paenibacillus spp. extracts underscored the chemical diversity of our strain 

collection. Despite the structural heterogeneity of polymyxins and tridecaptins, a shared 

characteristic is the occurrence of multiple Dab amino acid residues. 

Figure 4. Molecular families of polymyxins (A) and tridecaptins (B) were highlighted with MassQL 
search as Dab-containing lipopeptides (left).  
On the same molecular family, pie charts were mapped to the nodes to represent the relative precursor 

ion intensities within each extract (right). Note that both polymyxins and tridecaptins contain multiple 

Dab amino acid residues in their structures.  

Figure 4. Molecular families of polymyxins (A) and tridecaptins (B) were highlighted with MassQL search as 
Dab-containing lipopeptides. On the same molecular family, pie charts were mapped to the nodes to represent the 
relative precursor ion intensities within each extract. Note that both polymyxins and tridecaptins contain multiple 
Dab amino acid residues in their structures. 

Furthermore, MassQL search revealed a spectral family of compounds that contained two 
distinct amino acid residues, namely ornithine and lysine (Figure 5A). This cluster represented 
triply-charged ions with a mass range of 1500–1650 Da. Interestingly, the compounds from 
this cluster were produced exclusively by two isolates from the entire strain collection, 
namely Paenibacillus sp. JJ-602 and Paenibacillus sp. JJ-1115. These compounds could not be 
dereplicated by spectral library and in-house database search. Extensive literature search and 
manual MS/MS dereplication resulted in the annotation of these compounds as paenibacterin 
A congeners (Li et al., 2018) (Figure 5B).
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Figure 5. A. MassQL-annotated molecular family of paenibacterins. B. Chemical structure of 
paenibacterin A. 

Multiple positively charged lysine and ornithine amino acid residues contribute to the overall 

charge of paenibacterins and enhance interactions with negatively charged LPS from the outer 

membrane of Gram-negative bacteria (Knolhoff et al., 2015). Altogether, these results 

demonstrated the power of MassQL-assisted search of positively charged amino acids for the 

detection of bioactive cationic lipopeptides. 

Molecular family of Lys-containing compounds contained new paenilipoheptin 
lipopeptides 

In addition to the annotated lipopeptide classes, we identified multiple unknown molecular 

families, that contained compounds with basic amino acids such as lysine, ornithine, and 

histidine (Figure 3). We have focused on a molecular family of Lys-containing compounds, the 

Figure 5. A. MassQL-annotated molecular family of paenibacterins. B. Chemical structure of paenibacterin A.

Multiple positively charged lysine and ornithine amino acid residues contribute to the overall 
charge of paenibacterins and enhance interactions with negatively charged LPS from the 
outer membrane of Gram-negative bacteria (Knolhoff et al., 2015). Altogether, these results 
demonstrated the power of MassQL-assisted search of positively charged amino acids for the 
detection of bioactive cationic lipopeptides.

Molecular family of Lys-containing compounds contained new 
paenilipoheptin lipopeptides
In addition to the annotated lipopeptide classes, we identified multiple unknown molecular 
families, that contained compounds with basic amino acids such as lysine, ornithine, and 
histidine (Figure 3). We have focused on a molecular family of Lys-containing compounds, 
the production of which was specific to a limited number of isolates (Figure S4). The Lys-
containing molecular family could be distinguished into three sub-families (Figure 6A).

Sub-family 1 represents doubly-charged ions with a mass range of 1080 to 1150 Da. A 
literature search revealed similarities between these compounds and the recently discovered 
lipopeptide paenilipoheptin A, produced by P. polymyxa E681 (Vater et al., 2018). One of the 
nodes has an m/z 562.3133, which corresponds to the exact mass of paenilipoheptin. However, 
the MS/MS fragmentation pattern indicated differences in the amino acid sequences. The 
discrepancy lies in amino acid residues 2 and 4, which were annotated in the article as Dab 
and Val, while we identified them as Lys and Ala, respectively. In our high-resolution MS/MS 
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spectra, we did not observe fragment ions corresponding to Dab or Val, while we detected a 
clear ion corresponding to a Lys residue (m/z 129.1021), together with the fragment ions Ala-
Trp (m/z 258.1224) and Ala-Phe (m/z 219.1122) (Figure S5). Further analysis of the b ions 
of the parent mass with m/z 562.3133 corroborated our finding and yielded the lipopeptide 
sequence FA(C13H26)–Ser–Lys–Trp–Ala–Phe–Tyr–Glu (Figure S5). It is worth noting that low-
resolution masses were used to assign the structure of paenilipoheptin A (Vater et al., 2018), 
which might result in misassignments. Other nodes in sub-family 1 had mass differences 
relative to m/z 562.3133 that indicate different fatty acid chain lengths.
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Figure 6. Molecular family of the Lys-containing specialized metabolites highlighted by MassQL search. 
Exploring the mass features from sub-family 1 and 2 led to the discovery of paenilipoheptin A and D, respectively 
(A). The BGCs of paenilipoheptin A from the genome of Paenibacillus sp. JJ-21 (B) and paenilipoheptin D from 
the genome of Paenibacillus sp. JJ-1722 (C) were compared to the reference BGC from P. polymyxa E681. Note that 
the NRPS assembly line of paenilipoheptin D differs from the one of the paenilipoheptin A in modules 5 and 7 
(highlighted in red). 
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The node with m/z 555.305 in sub-family 1 of the Lys-containing molecular family was 
linked to sub-family 2 via the node with m/z 523.8231. A mirror plot of the MS/MS spectra 
revealed that the two mass features shared numerous peaks in the low mass region (Figure 
S6). The common fragment ions correspond to the amino acid residues Lys, Tyr and Trp; 
together with the dipeptide fragments Ser-Lys, Lys-Trp and Trp-Ala. Interestingly, in 
addition to Lys, a fragment ion of Dab was detected in the MS/MS spectrum of the mass 
feature with m/z 523.8231. At the same time, no fragment ions for Glu or Phe were detected. 
These observations suggested that compounds from the second sub-family contained two 
positively charged amino acids, namely Lys and Dab, thereby representing new congeners 
of paenilipoheptin. Upon further investigation of the b ions of the parent mass with m/z 
530.8307 our analysis yielded the lipopeptide sequence FA(C13H26)–Ser–Lys–Trp–Ala–
Leu–Tyr–Dab (Figure S7).

Characterization of new paenilipoheptins 
Paenibacillus sp. JJ-21 and Paenibacillus sp. JJ-1722 stood out by producing substantial 
amounts of paenilipoheptins, and we, therefore, used these strains for the up-scale 
fermentation and isolation of new paenilipoheptins. Paenibacillus sp. JJ-21 and 
Paenibacillus sp. JJ-1722 were grown in 10 L of MHB medium and the biomass was 
collected by centrifugation. Further, specialized metabolites were extracted from the cells 
with isopropyl alcohol (IPA) supplemented with 0.1% (v/v) formic acid. The most abundant 
compounds, with m/z 562.3133 and m/z 530.8307, were isolated from the extracts of 
Paenibacillus sp. JJ-21 and JJ-1722 through multiple rounds of high-performance liquid 
chromatography (HPLC) and designated as paenilipoheptin A (1) and D (2), respectively. 
Compound 1 showed a molecular ion peak for an [M+H]+ ion having m/z 1123.6180 (calcd. 
for C59H83N10O12, 1123.6192 ) in the ESI-HRMS spectrum (Figure S8). Analysis of 1D and 
2D NMR spectra of compound 1 indicated the presence of seven amino acids: Ser, Lys, Trp, 
Ala, Phe, Tyr, Glu, and β-amino fatty acyl chain (Table S4, Figure 7A, Figures S9–S15). The 
β-amino fatty acid was identified as a 3-amino-10-methyldodecanoic acid upon detailed 
NMR analysis. The NMR structure confirmed that paenilipoheptin had in the structure Ala 
instead of Val and Lys instead of Dab. ESI-HRMS of compound 2 showed a molecular ion 
peak for an [M+H]+ ion having m/z 1060.6555 (calcd. for C55H86N11O10, 1060.6559) (Figure 
S16). The 1H NMR spectra of 1 and 2 were similar, indicating similar structures. Due to the 
low yield of 2, the NMR signals were quite weak. Nevertheless, it was possible to confirm 
the presence of Leu and Dab instead of Phe and Glu in the amino acid positions 5 and 7, 
respectively, in comparison with 1 (Table S5, Figure 7B, Figures S17–S22). 
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Figure 7. Correlations obtained by COSY, HMBC, and NOESY measurements in NMR of paenilipoheptin A (A) 
and paenilipoheptin D (B).

The inhibitory activity of the isolated specialized metabolites was evaluated against a panel 
of indicator strains by broth dilution assays (Table 1). Paenilipoheptin A and D showed 
moderate bioactivity against the Gram-positive E. faecium E980, S. aureus ATCC 29213 and 
B. subtilis 168 with an MIC of 32 μg/mL. The isolated compounds did not inhibit the growth 
of the Gram-negative strain at any tested concentration (MIC values of >32 μg/mL). 

Table 1. In vitro minimum inhibitory concentrations (MICs) of paenilipoheptin A (1) and 
paenilipoheptin D (2).

  MIC (µg/mL)
Indicator strain (1) (2) Van/PmxB
E. faecium E980 32 32 0.5a

S. aureus ATCC 29213 32 32 0.5a

B. subtilis 168 32 32 0.25a

E. coli ATCC 25922 >32 >32 2b

a MIC value for vancomycin (Van)
b MIC value for polymyxin (PmxB)

Identification of the BGCs for paenilipoheptins
To characterize the paenilipoheptin BGCs the genomes of Paenibacillus sp. JJ-21 and 
Paenibacillus sp. JJ-1722 were sequenced using the PacBio platform. Assembly of the PacBio 
reads with Falcon (version 1.8.1) (Chin et al., 2016) resulted in single contigs of 6.2 and 6.1 
Mb for Paenibacillus sp. JJ-21 and Paenibacillus sp. JJ-1722, respectively. The genomes of 
Paenibacillus sp. JJ-21 and Paenibacillus sp. JJ-1722 were analyzed using antiSMASH 7.1.0 
(Blin et al., 2023) to identify the paenilipoheptin BGCs. The architecture of the paenilipoheptin 
BGCs in the genomes of Paenibacillus sp. JJ-21 and Paenibacillus sp. JJ-1722 was similar to 
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that of the P. polymyxa E681, from which paenilipoheptin A was previously identified (Vater 
et al., 2018). An in silico analysis of the A domain substrate specificity of these BGCs was 
conducted with antiSMASH 7.1.0 (Blin et al., 2023). The predicted amino acid composition of 
paenilipoheptin A of Paenibacillus sp. JJ-21 was identical to the one of P. polymyxa E681, which 
was d-Ser–d-Dab–d-Trp–d-Val–l-Phe–l-Tyr–l-Glu (Figure 6B). We also used antiSMASH 
7.1.0 to predict which modules in the BGC of paenilipoheptin contained epimerization 
domains, i.e. domains that catalyze the conversion from l- to d-amino acids. Modules 1, 2, 3, 
and 4 were predicted to contain epimerization domains. The amino acid sequence predicted 
for paenilipoheptin D differed from the one predicted for paenilipoheptin A in positions 5 
and 7, and was d-Ser–d-Dab–d-Trp–d-Val–l-Leu–l-Tyr–l-Dab (Figure 6C). 

Discovery of potent bacitracin congeners within the molecular family of 
the lysine-containing peptides
The third sub-family comprises doubly-charged molecular ions with significantly larger 
masses compared to paenilipoheptins (Figure 8A). The edge connecting a node in sub-family 
3 (m/z 712.8836) with the node due to paenilipoheptin D (2, m/z 530.8307) has a cosine score 
of 0.6, indicating low similarity. A mirror plot comparing the MS/MS spectra of the two mass 
features showed no matching dipeptide fragment ions, and the only shared ions were due to 
a Lys residue and fragments of Trp (Figure S23). 

Notably, MS/MS spectra of all the mass features within this sub-family exhibited an 
ion with an m/z 199.0897. Manual dereplication efforts were undertaken to annotate these 
compounds, however, these mass features could not be matched to any of the previously 
reported microbial natural products. Analysis of the MS/MS spectrum of the parent mass with 
m/z 712.8836 revealed that the fragment ion with an m/z 199.0897 has a molecular formula of 
C9H15N2OS, which corresponds to a thiazoline-containing substructure commonly found in 
the peptide antibiotic bacitracin, so far exclusively identified from the Bacillus genus (Qin et 
al., 2020). The common b2, b3, b4,  and b5 ions between the parent mass with m/z 712.8836 and 
bacitracin A (Suleiman et al., 2017) revealed that their pentapeptide side chains are identical. 
The differences observed in b6-b11 ions indicate that the structural distinctions between the 
two metabolites lie in the heptapeptide ring. We did not observe fragment ions corresponding 
to Orn, Phe or His, which are found in the structure of bacitracin A, while we detected a 
clear ion corresponding to a Trp residue (m/z 187.0864). Moreover, the dipeptide fragment 
ions Trp-Leu (m/z 300.171), Trp-Thr (m/z 288.1352), and Leu-Leu (m/z 227.1764) were 
detected. By tracing the series of both b and y ions, we elucidated the amino acid sequence of 
the compound with m/z 712.8836 as (Ile-Cys)–Leu/Ile–Glu–Leu/Ile–Lys–Leu/Ile–Leu/Ile–
Trp–Thr–Asp–Asn (Figure S24). The MS/MS studies used did not allow us to discriminate 
between Leu and Ile in positions 3, 5, 7 and 8 of the peptide amino acid sequence. Notably, 
this sequence diverges from any known bacitracin analogues, indicating that we are dealing 
with a new variant of bacitracin.
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Figure 8. Molecular family of the Lys-containing specialized metabolites highlighted by MassQL search. A. 
Exploring the mass features from sub-family 3 led to the discovery of new bacitracin analog, designated as paenitracin. 
B. The BGC and its predicted amino acid substrates of new paenitracin from the genome of Paenibacillus sp. JJ-778 
was compared to the reference BGC from B. licheniformis ATCC 10716. Comparison of the amino acid sequence of 
paenitracin with the sequences found in previously characterized bacitracin structures. The colored amino acid units 
show amino acids that are present solely in the structure of paenitracin. C. MIC data of paenitracin A and B, and 
commercial bacitracin against a panel of human pathogenic bacteria.

Next, to isolate the new bacitracin analog, Paenibacillus sp. JJ-778 was cultured in a 10-liter 
volume of MHB and subjected to extraction using Diaion® HP-20 beads, followed by elution 
with 100% IPA supplemented with 0.1% (v/v) formic acid. The crude extract was subjected to 
multiple rounds of chromatographic separation, resulting in the isolation of compounds (3) 
and (4) with the same exact mass (Figures S25, S26). A molecular formula of  C67H106N15O17S 
was deduced for 3 and 4, based on their exact mass ([M+H]+ found m/z 1424.7584, calcd. 
1424.7611). 1D and 2D NMR analysis of 3 confirmed the amino acid sequence obtained 
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through MS/MS analysis (Figure 9), and together with the molecular formula dictated by the 
accurate mass, the structure of 3 was determined as a new congener of bacitracin (Table S6, 
Figure 8A, Figures S27-S33). The 1H NMR spectra of 3 and 4 were almost identical, suggesting 
that they are diastereomers (Figure S34). Accordingly, the new compounds were designated 
as paenitracin A (3) and B (4). 
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Figure 9. Correlations obtained by COSY, HMBC, and NOESY measurements in NMR of paenitracin A (3).

Bacitracin, originally isolated from Bacillus licheniformis and B. subtilis, targets primarily 
Gram-positive bacteria such as Staphylococcus, Streptococcus, Enterococcus and Clostridium 
difficile (André, 2005). Bacitracin and its congeners are synthesized by a nonribosomal peptide 
synthetase (NRPS) complex encoded by the bacitracin synthetase operon, which consists of 
bacA, bacB, and bacC genes. To explore the biosynthesis of new paenitracin, the genome of 
Paenibacillus sp. JJ-778 was sequenced and assembled using Falcon (version 1.8.1) (Chin et 
al., 2016). Analysis using antiSMASH 7.1.0 (Blin et al., 2023) readily identified a 12-modular 
gene cluster with 77% similarity to the bacitracin BGC of B. licheniformis ATCC 10716. 
In silico analysis of the A domain substrate specificity of BacA, BacB, and BacC predicted 
variations in amino acid composition at positions 7, 9, and 10 compared to the well-known 
bacitracin A. All known bacitracin congeners isolated and identified so far exhibit similar 
amino acid composition, with the Ile residues occasionally replaced by Val (Figure 8B). In 
contrast, paenitracin contains Leu, Trp and Thr instead of Orn, Phe and His at the amino acid 
positions 7, 9 and 10, respectively. 

Bioactivity of new paenitracins
Antibacterial properties of new paenitracin A and B were assessed in a minimum inhibitory 
concentration (MIC) assay run against a panel of representative pathogenic strains. The 
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media used in the MIC assay was supplemented with 0.3 mM ZnSO4 to provide the divalent 
metal ion required for bacitracin’s activity (Buijs et al., 2022). The activity of the paenitracin 
diastereomers was compared to that of commercially sourced bacitracin A, which served as 
a positive control. The results of the MIC assay revealed that paenitracin B exhibited activity 
against Gram-positives, with MICs ranging from 1 to 8 μg/mL that was comparable with 
the commercial bacitracin (Figure 8C). Importantly, paenitracin B exhibited activity against 
vancomycin-resistant E. faecium E155 with MICs of 2 μg/mL, which is lower compared to the 
MIC of the commercially available bacitracin A of natural origin. Considering the divergent 
structure of paenitracin as compared to the previously reported congeners the mode of action 
should be investigated further.

Conclusions
Extensive metabolomic analysis of 227 extracts derived from the plant-associated 
Paenibacillus isolates revealed underscored chemical diversity of the specialized metabolites 
and led to the discovery of novel paenitracin with potent bioactivity. Paenitracin possesses 
activity against Gram-positive ESKAPE pathogens, including vancomycin-resistant E. 
faecium E155. Molecular networking analysis, enhanced by the MassQL search of basic amino 
acids, revealed previously undescribed paenilipoheptins and paenitracins in the cultures 
of Paenibacillus environmental isolates. This substructure information facilitated the early 
prioritization and targeted isolation of bioactive natural products. This study illustrates that 
the integration of FBMN and MassQL represents an powerful approach for the elucidation of 
mass fragmentation patterns and the identification of novel bioactive natural products. 
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Materials and Methods

General experimental procedures
NMR spectra were recorded on a Bruker Ascend 850 MHz NMR spectrometer (Bruker 
BioSpin GmbH). Data were analyzed using MestReNova 14 software (Mestrelab Research, 
Santiago de Compostela, Spain). High-performance liquid chromatography (HPLC) 
purification was performed on a Waters preparative HPLC system composed of a 1525 
pump, a 2707 autosampler, a 2998 PDA detector, and a Water fraction collector III or BESTA-
Technik preparative HPLC system equipped with an ECOM Flash UV detector. All solvents 
and chemicals were of HPLC or LC-MS grade, depending on the experiment.

Isolation and identification of bacterial strains
Paenibacillus strains were obtained from the Auburn University Plant-Associated Microbial 
strain collection and had previously been isolated from the root surface of field-grown corn 
(Zea mays) and soybean (Glycine max) plants grown in Dunbar (Nebraska), Carrol (Iowa), 
Whitewater (Wisconsin), Sparta (Illinois), Troy (Ohio) and Tallassee (Alabama) (Table S1).

The phylogenetic tree was constructed using 16S rRNA gene sequences obtained 
through PCR amplification with universal bacterial primers 27F and 1492R (Lane, 1991). 
Each PCR amplicon was purified and used for Sanger sequencing. Subsequently, 16S rRNA 
gene sequences were assembled into consensus sequences and aligned with reference 
sequences. These include 220 sequences from our study, 41 sequences from type strains of 
Paenibacillus spp. downloaded from GenBank (Table S2) and sequence of Bacillus subtilis 
IAM 12118 (GenBank accession NR_112116.2). The alignment is done using ClustalOmega 
(v 1.2.2) (Sievers & Higgins, 2018). Aligned sequences are trimmed to the length of 1,452 bp to 
remove extending regions from a few sequences and also to preserve as many variable regions 
as possible. The trimmed alignment is re-aligned and a neighbor-joining consensus tree is 
generated using Geneious (v 2024.0.3) tree function, with Tamura-Nei genetic distance model 
and B. subtilis as outgroup. The generated tree is then uploaded to ITOL for visualization 
(Letunic & Bork, 2021).

Growth of Paenibacillus spp. and natural product extraction
Our method for cultivation and extraction of specialized metabolites was adapted from 
previously described procedures (Nguyen et al., 2016)2016. Briefly, frozen stocks of 227 
Paenibacillus spp. from the Auburn University strain collection were inoculated into 1600 µL 
of Tryptic Soy Agar (TSA, Bacto Soybean-Casein Digest Medium, 30 g/L) in 2.0 mL 96 deep 
well plates (Thermo Scientific, Nunc 2.0 mL DeepWell Plate). After 72 h, cultures were used to 
inoculate 200 µL Tryptic Soy Broth (TSB, Bacto Soybean-Casein Digest Medium, 30 g/L) with 
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a pin replicator in 96 well plates. These cultures were incubated overnight at 30 °C and used 
as an inoculum for the second 2.0 mL 96-deep well plate containing 600 µL TSA. Plates were 
sealed with 96 Well-Cap Mats (Thermo Scientific, Nunc 96 Well-Cap Mats), and incubated 
at 30 °C for 72 h. The cultures were extracted with 300 µL 100% isopropanol acidified with 
0.1% formic acid. The plates were resealed with the same 96 Well-Cap Mats, sonicated for 10 
min, and extracted for an additional 50 min. 200 µL of these crude extracts were transferred 
into a pre-washed 96 well plate (Agilent Technologies, 96 well plates, 0.5 mL, polypropylene) 
and lyophilized to dryness. The extraction protocol was repeated once more for a total extract 
volume of 400 µL. Dried samples were redissolved in 160 µL of methanol:water (1:1 v/v).

Genome sequencing, assembly and annotation 
Paenibacillus sp. JJ-21, Paenibacillus sp. JJ-778, and Paenibacillus sp. JJ-1722 were grown in 
TSB at 30 °C and 220 rpm for 24 h. DNA was extracted as described (Kieser, 2000). DNA 
quality was verified by agarose gel electrophoresis. PacBio sequencing and assembly was 
performed by Novogene (UK). Generally, libraries were prepared using SMRTbell template 
prep kit (PacBio, USA) according to manufacturer instructions. Sequencing was then 
performed using PacBio Sequel platform in continuous long reads mode. Assembly was done 
using Falcon (version 1.8.1) (Chin et al., 2016). BGCs in these genomes were annotated using 
AntiSMASH (version 7.1.0) (Blin et al., 2023).

Data-dependent LC-ESI-HRMS/MS 
LC-MS/MS acquisition was performed using Shimadzu Nexera X2 ultra-high-performance 
liquid chromatography (UPLC) system, with an attached photodiode array detector (PDA), 
coupled to Shimadzu 9030 QTOF mass spectrometer, equipped with a standard electrospray 
ionization (ESI) source unit. A total of 2 µL was injected into a Waters Acquity HSS C18 

column (1.8 μm, 100 Å, 2.1 × 100 mm) and data acquisition was performed as previously 
described (van Bergeijk et al., 2022). Briefly, the gradient used was 5% B for 1 min, 5–85% 
B for 9 min, 85–100% B for 1 min, and 100% B for 4 min. The column was re-equilibrated 
to 5% B for 3 min before the next run was started. All the samples were analyzed in positive 
polarity, using data-dependent acquisition mode. In this regard, full scan MS spectra (m/z 
100–1700, scan rate 10 Hz, ID enabled) were followed by two data-dependent MS/MS spectra 
(m/z 100–1700, scan rate 10 Hz, ID disabled) for the two most intense ions per scan. The ions 
were fragmented using collision-induced dissociation (CID) with fixed collision energy (CE 
20 eV) and excluded for 1 s before being re-selected for fragmentation. The parameters used 
for the ESI source were: interface voltage 4 kV, interface temperature 300 °C, nebulizing gas 
flow 3 L/min, and drying gas flow 10 L/min.



Chapter 3

46

MZmine 2 parameters
Prior to statistical analysis, mzXML files were imported into Mzmine 2.53 (Pluskal et al., 2010) 
and processed as previously described (van Bergeijk et al., 2022). Briefly, mass ion peaks were 
detected for MS1 and MS2 at a noise level of 2.0E2 and 0.0E0, respectively (positive polarity, 
mass detector: centroid), and their chromatograms were built using ADAP chromatogram 
builder. The detected peaks were smoothed, and the chromatograms were deconvoluted 
(algorithm: local minimum search; chromatographic threshold: 90; search minimum in RT 
range: 0.05; minimum relative height: 1%; minimum ratio of peak top/edge: 2; peak duration: 
0.03–3.00 min). The detected peaks were deisotoped (monotonic shape; maximum charge: 3; 
representative isotope: most intense). Peak lists from different samples were aligned (weight 
for RT = weight for m/z = 50; compare the isotopic pattern with a minimum score of 50%). 
Missing peaks detected in at least one of the samples were filled with the gap-filling algorithm 
(RT tolerance: 0.1 min, m/z tolerance was set to 0.002 m/z or 15 ppm). Duplicate peaks were 
filtered. Only the features with MS/MS data were exported to a GNPS-FBMN.

	In addition, all features that originate from the culture medium were removed by 
retaining only features with an average peak intensity of at least 100 times greater in the 
bacterial extracts than in the culture medium extracts. Features that are present in the blanks 
with an intensity higher than 5000 were also removed. In the end, features with m/z less than 
300 were filtered out. 

Molecular network analysis and MassQL search 
The resulting feature quantification table (CSV file) and MS/MS spectrum files (in mgf 
format) were uploaded to the GNPS webserver (http://gnps.ucsd.edu) (Wang et al., 2016). 
The LC-MS/MS data for the 227 Paenibacillus isolates were analyzed using the Feature-Based 
Molecular Networking tool (FBMN) (Nothias et al., 2020). Briefly, the precursor ion mass 
tolerance was set to 0.005 Da and the MS/MS fragment ion tolerance to 0.05 Da. A molecular 
network was then created where edges were filtered to have a cosine score above 0.5 and more 
than 3 matched peaks. The molecular networks were visualized using Cytoscape software 
version 3.9.1 (Shannon et al., 2003) and displayed using an unweighted force-directed 
layout. The data are publicly accessible in the MassIVE repository (MSV000094386) and the 
networking results and parameters can be found at https://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=2f1e0ae1728142249ac4e841d5a72ef4 . The MassQL tool version 31.4 (Jarmusch 
et al., 2022) was employed to search for specific MS/MS fragments that correspond to the 
b or immonium ions of positively charged amino acids. The fragment search of b ions of 
2,4-diaminobuturic acid (m/z 101.0709), ornithine (m/z 115.0871), lysine (m/z 129.1027), 
and arginine (m/z 157.1089); together with the immonium ion of histidine (m/z 110.0718), 
was conducted with an accuracy of m/z 0.005 and minimum intensity of 5%.
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Up-scale fermentation, extraction, and isolation 
Paenibacillus sp. JJ-21, JJ-1722 and JJ-778 were grown at 30 °C on tryptic soy agar (TSA) 
for 72 h and three colonies were inoculated into TSB and incubated at 30 °C overnight. This 
inoculum (1%) was used to inoculate thirteen 2 L Erlenmeyer flasks containing 0.75 L of 
sterile MHB and fermented at 30 °C while shaking at 200 rpm for 72 h. 

	To extract the specialized metabolites produced by Paenibacillus sp. JJ-21 and JJ-
1722, cells were collected by centrifugation (8000 rpm, 30 min, 4 °C) and washed with H2O. 
Then, the cells were sonicated for 30 min and extracted with 100% isopropyl alcohol (IPA) 
supplemented with 0.1% (v/v) formic acid (FA) for 6 h. The crude extracts were collected, 
concentrated under reduced pressure and reconstituted in 50% ACN. The crude extract of 
Paenibacillus sp. JJ-21 was subjected to the preparative HPLC BESTA-Technik system with 
a Dr. Maisch Reprosil Gold 120 C18 column (25 × 250 mm, 10 µm), run at 12  mL/min, 
and eluted using an H2O–ACN gradient of 30–70% in 49 min to yield paenilipoheptin A (1, 
1 mg). The crude extract of Paenibacillus sp. JJ-1722 was subjected to the Waters preparative 
HPLC system with SunFire C18 column (10 μm, 100 Å, 19×150 mm) eluted with a H2O–ACN 
gradient of 10–60% in 30 min, at a flow rate of 15 mL/min. The third fraction was further 
purified on a semi-preparative SunFire C18 column (5 μm, 100 Å, 10×250 mm), run at 3 mL/
min, and eluted using a H2O–ACN gradient of 25–35% in 30 min, to yield paenilipoheptin D 
(2, 0.3 mg).

	To extract the specialized metabolites produced by Paenibacillus sp. JJ-778 
supernatant was collected by centrifugation and subjected to extraction using Diaion® HP-20 
(Resindion, Mitsubishi), followed by elution with 100% IPA supplemented with 0.1% (v/v) 
formic acid. The crude extract was adsorbed onto silica gel (pore size 60 Å, 70–230 mesh, 
Sigma Aldrich), and loaded on a silica column, which was eluted using varying gradients 
of EtOAc/MeOH. The fractions eluted with EtOAc-MeOH (1:3) supplemented with 0.1% 
(v/v) formic acid were combined, reconstituted in 50% ACN and injected into the preparative 
SunFire column (19 × 150 mm), which was eluted with H2O:ACN gradient of 15–60% in 30 
min, at a flow rate of 15 mL/min, to yield three fractions. Fraction 3 was further separated on 
the semi-preparative SunFire column (10 × 250 mm) at 3 mL/min using a H2O–ACN gradient 
of 30–50% in 30 min to yield paenitracin A (3, 0.3 mg) and paenitracin B (4, 0.2 mg). 

Antibacterial activity assays and MIC determination
For E. coli ATCC 25922 and S. aureus ATCC 29213, single colonies were inoculated into 
20 mL of MHII broth medium in 250 mL Erlenmeyer flask and incubated overnight at 37 
°C with shaking at 220 rpm and then diluted to obtain an assay inoculum of 5 x 105 CFU/
mL. Aztreonam and vancomycin were used as reference positive controls for each pathogen. 
Absorbance at OD612 nm was measured at T0 (zero time) using an EnVision™ Microplate 
Reader (PerkinElmer), and assay plates were incubated at 37 °C. After that, absorbance at 
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OD612 nm was measured at Tf (final time) using the same microplate reader equipment. The 
percentage of growth inhibition was calculated using the following normalization:

T0Sample, the absorbance of the strain growth in the presence of sample measured at zero time; 
TfSample, the absorbance of the strain growth in the presence of sample measured at final time; 
T0Growth, the absorbance of the strain growth in the absence of sample measured at zero time;
TfGrowth, the absorbance of the strain growth in the absence of sample measured at the final 
time;
T0Blank, the absorbance of the broth medium (blank) measured at zero time;
TfBlank, the absorbance of the broth medium (blank) measured at the final time.

The Genedata Screener software (Genedata, Inc., Basel, Switzerland) was used to process and 
analyze the data. The activity of the samples was expressed as a percentage of growth inhibition, 
where (-100%) represented the total growth inhibition of the target microorganism and 0% 
represented the total growth of the target microorganism in the assay. The Z’ factor predicts 
the robustness of an assay by considering the mean and standard deviation of both positive 
and negative controls (Zhang et al., 1999). The robust Z’ factor (RZ’ factor) is based on the Z’ 
factor, but standard deviations and means are replaced by the robust standard deviations and 
medians, respectively. In all experiments performed in this work, the RZ’ factor obtained was 
between 0.9173 and 0.9684.

	For MIC tests, blood agar plates were inoculated with glycerol stocks of E. coli 
ATCC 25922, S. aureus ATCC 29213, S. aureus USA300 (clinical isolate from Texas Children’s 
Hospital, USA), B. subtilis 168, E. faecium E155 and E. faecium E980 and incubated overnight 
at 37 °C. Following incubation, 3 mL of tryptic soy broth (TSB) was inoculated with an 
individual colony and incubated at 37 °C with shaking at 220 rpm until the cultures reached 
the exponential phase. The bacterial suspensions were then diluted 100-fold in cation-
adjusted Mueller-Hinton broth (MHB) or Luria-Bertani (LB) broth supplemented with 0.3 M 
ZnSO4  to reach a bacterial cell density of 106  CFU/mL. In parallel, test compounds were 
2-fold serially diluted with cation-adjusted MHB or LB supplemented with 0.3 M ZnSO4 in 
polypropylene 96-well plates to achieve a final volume of 50 μL per well. An equal volume 
of bacterial suspension (106 CFU/mL) was added to the wells. The well plates were sealed 
with an adhesive membrane and incubated for 20 hours at 37 °C. The reported MIC values 
are based on three technical triplicates and are defined as the lowest concentration of the 
compound that prevented the visible growth of bacteria.



49

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

Acknowledgments 
We thank D. van der Horst for technical assistance with LC-MS analysis. We are grateful to 
Jesús Martín for assistance in compound annotation and for stimulating discussions. The 
work was supported by the NACTAR program of The Netherlands Organization for Scientific 

Research (NWO), Grant 16440 to G.P.vW., M.H.M. and N.I.M. 



Chapter 3

50

Su
pp

le
m

en
ta

ry
 in

fo
rm

at
io

n
Ta

bl
e 

S1
. O

ve
rv

ie
w

 o
f 2

27
 P

ae
ni

ba
ci

llu
s s

pp
. f

ro
m

 th
e 

A
ub

ur
n 

U
ni

ve
rs

ity
 P

la
nt

-A
ss

oc
ia

te
d 

M
ic

ro
bi

al
 st

ra
in

 c
ol

le
ct

io
n.

Isolate

Top hit

Pairwise 
similarity

(%)

Crop

Rhizoplane/ 
Endophyte

Root #

City

State

Bioactivity 
against 

 E.coli ATCC
 25922

Bioactivity 
against  

S. aureus 
ATCC 29213

JJ
-6

P.
 x

yl
an

ex
ed

en
s

99
.3

9
C

or
n

En
do

ph
yt

e
1

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-7

P.
 ty

ph
ae

98
.7

0
C

or
n

En
do

ph
yt

e
1

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-1
5

P.
 a

m
yl

ol
yt

ic
us

99
.5

9
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-1

6
P.

 p
eo

ria
e

99
.5

9
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
+

–
JJ

-1
8*

P.
 a

lg
in

ol
yt

ic
us

99
.2

2
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-2

1*
P.

 p
eo

ria
e

99
.6

6
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
+

–
JJ

-2
9

P.
 il

lin
oi

se
ns

is
99

.6
5

C
or

n
En

do
ph

yt
e

4
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

3
P.

 la
ut

us
99

.3
7

C
or

n
En

do
ph

yt
e

4
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

9
P.

 te
rr

ig
en

a
99

.2
5

C
or

n
En

do
ph

yt
e

6
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

2
P.

 p
ec

tin
ily

tic
us

98
.7

8
C

or
n

En
do

ph
yt

e
6

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
7

P.
 ci

ne
ris

10
0.

00
C

or
n

En
do

ph
yt

e
7

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
9

P.
 la

ut
us

99
.1

6
C

or
n

En
do

ph
yt

e
7

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-5
6

P.
 a

m
yl

ol
yt

ic
us

99
.4

5
C

or
n

En
do

ph
yt

e
9

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-5

9
P.

 a
ce

ris
98

.6
1

C
or

n
En

do
ph

yt
e

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-6

0
P.

 et
he

ri
99

.6
5

C
or

n
En

do
ph

yt
e

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-7

2
P.

 a
m

yl
ol

yt
ic

us
99

.8
0

C
or

n
En

do
ph

yt
e

12
D

un
ba

r
N

eb
ra

sk
a

– 
–



51

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

JJ
-7

3
P.

 te
rr

ig
en

a
99

.0
4

C
or

n
En

do
ph

yt
e

12
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-7

7
P.

 a
ce

ris
99

.6
5

C
or

n
En

do
ph

yt
e

12
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-9

0
P.

 ty
ph

ae
98

.7
0

C
or

n
En

do
ph

yt
e

14
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-9

2
P.

 la
ut

us
99

.3
0

C
or

n
En

do
ph

yt
e

14
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-9

3
P.

 a
ce

ris
98

.7
5

C
or

n
En

do
ph

yt
e

14
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-9

5
P.

 a
ce

ris
99

.2
9

C
or

n
En

do
ph

yt
e

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-9

9
P.

 a
ce

ris
98

.7
5

C
or

n
En

do
ph

yt
e

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-1

02
P.

 x
yl

an
ex

ed
en

s
99

.3
9

C
or

n
En

do
ph

yt
e

16
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-1

06
P.

 m
ar

in
es

ed
im

in
is

99
.5

9
So

yb
ea

n
En

do
ph

yt
e

1
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-1

21
P.

 la
ut

us
99

.2
3

So
yb

ea
n

En
do

ph
yt

e
5

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-1
48

P.
 a

ce
ris

98
.6

8
So

yb
ea

n
En

do
ph

yt
e

11
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-1

59
P.

 la
ut

us
99

.2
3

So
yb

ea
n

En
do

ph
yt

e
13

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-1
74

P.
 a

m
yl

ol
yt

ic
us

99
.2

5
So

yb
ea

n
En

do
ph

yt
e

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-1

80
P.

 a
ce

ris
98

.7
5

So
yb

ea
n

En
do

ph
yt

e
16

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-1
93

P.
 te

rr
ig

en
a

99
.5

2
C

or
n

En
do

ph
yt

e
1

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-1
94

P.
 a

m
yl

ol
yt

ic
us

99
.3

2
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-1

95
P.

 p
eo

ria
e

99
.7

2
C

or
n

En
do

ph
yt

e
3

D
un

ba
r

N
eb

ra
sk

a
+

+
JJ

-2
16

P.
 p

oc
he

on
en

sis
99

.0
4

C
or

n
Rh

iz
op

la
ne

1
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-2

23
P.

 x
yl

an
ily

tic
us

98
.3

7
C

or
n

Rh
iz

op
la

ne
1

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-2
26

P.
 p

eo
ria

e
99

.7
9

C
or

n
Rh

iz
op

la
ne

2
D

un
ba

r
N

eb
ra

sk
a

+
–

JJ
-2

27
P.

 p
eo

ria
e

99
.7

9
C

or
n

Rh
iz

op
la

ne
2

D
un

ba
r

N
eb

ra
sk

a
+

+
JJ

-2
28

P.
 p

eo
ria

e
99

.7
9

C
or

n
Rh

iz
op

la
ne

2
D

un
ba

r
N

eb
ra

sk
a

+
–

JJ
-2

31
P.

 il
lin

oi
se

ns
is

99
.8

6
C

or
n

Rh
iz

op
la

ne
3

D
un

ba
r

N
eb

ra
sk

a
– 

–



Chapter 3

52

JJ
-2

32
P.

 d
on

gd
on

en
sis

99
.1

9
C

or
n

Rh
iz

op
la

ne
3

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-2
35

P.
 a

m
yl

ol
yt

ic
us

99
.6

6
C

or
n

Rh
iz

op
la

ne
3

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-2
37

P.
 a

m
yl

ol
yt

ic
us

99
.6

6
C

or
n

Rh
iz

op
la

ne
3

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-2
46

P.
 o

en
ot

he
ra

e
98

.6
3

C
or

n
Rh

iz
op

la
ne

5
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-2

53
P.

 p
ec

tin
ily

tic
us

98
.7

8
C

or
n

Rh
iz

op
la

ne
6

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-2

68
P.

 tr
iti

ci
99

.7
3

C
or

n
Rh

iz
op

la
ne

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-2

70
P.

 tr
iti

ci
10

0.
00

C
or

n
Rh

iz
op

la
ne

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-2

72
P.

 tr
iti

ci
98

.9
0

C
or

n
Rh

iz
op

la
ne

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-2

87
P.

 a
ga

rid
ev

or
an

s
97

.4
1

C
or

n
Rh

iz
op

la
ne

13
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

05
P.

 il
lin

oi
se

ns
is

99
.7

2
C

or
n

Rh
iz

op
la

ne
16

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-3

10
P.

 en
do

ph
yt

ic
us

99
.5

2
So

yb
ea

n
Rh

iz
op

la
ne

1
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

11
P.

 a
m

yl
ol

yt
ic

us
98

.6
4

So
yb

ea
n

Rh
iz

op
la

ne
1

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-3

17
P.

 ‘t
ao

hu
as

ha
ne

ns
e’

99
.8

6
So

yb
ea

n
Rh

iz
op

la
ne

1
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

24
P.

 la
ut

us
99

.3
7

So
yb

ea
n

Rh
iz

op
la

ne
2

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-3
29

P.
 ‘y

on
gi

ne
ns

is’
97

.4
7

So
yb

ea
n

Rh
iz

op
la

ne
3

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-3

31
P.

 ‘t
ao

hu
as

ha
ne

ns
e’

98
.6

6
So

yb
ea

n
Rh

iz
op

la
ne

3
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

32
P.

 ca
ta

lp
ae

99
.5

9
So

yb
ea

n
Rh

iz
op

la
ne

3
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

33
P.

 ja
m

ila
e

99
.8

6
So

yb
ea

n
Rh

iz
op

la
ne

3
D

un
ba

r
N

eb
ra

sk
a

– 
+

JJ
-3

37
P.

 il
lin

oi
se

ns
is

99
.7

9
So

yb
ea

n
Rh

iz
op

la
ne

4
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

38
P.

 la
ut

us
99

.3
7

So
yb

ea
n

Rh
iz

op
la

ne
4

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-3
40

P.
 th

ia
m

in
ol

yt
ic

us
99

.7
9

So
yb

ea
n

Rh
iz

op
la

ne
4

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-3

42
P.

 te
rr

ig
en

a
99

.5
2

So
yb

ea
n

Rh
iz

op
la

ne
4

D
un

ba
r

N
eb

ra
sk

a
– 

–



53

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

JJ
-3

52
P.

 a
ce

ris
98

.6
1

So
yb

ea
n

Rh
iz

op
la

ne
6

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-3
55

P.
 il

lin
oi

se
ns

is
99

.7
2

So
yb

ea
n

Rh
iz

op
la

ne
6

D
un

ba
r

N
eb

ra
sk

a
– 

–

JJ
-3

64
P.

 u
rin

al
is

99
.3

5
So

yb
ea

n
Rh

iz
op

la
ne

7
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

65
P.

 o
do

rif
er

99
.5

1
So

yb
ea

n
Rh

iz
op

la
ne

7
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

72
P.

 a
ce

ris
99

.3
0

So
yb

ea
n

Rh
iz

op
la

ne
8

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-3
80

P.
 ri

gu
i

98
.1

8
So

yb
ea

n
Rh

iz
op

la
ne

10
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

85
P.

 si
la

ge
i

97
.0

9
So

yb
ea

n
Rh

iz
op

la
ne

11
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

91
P.

 il
lin

oi
se

ns
is

99
.6

5
So

yb
ea

n
Rh

iz
op

la
ne

12
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-3

93
P.

 te
rr

ig
en

a
99

.1
7

So
yb

ea
n

Rh
iz

op
la

ne
13

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
02

P.
 te

rr
ig

en
a

99
.7

9
So

yb
ea

n
Rh

iz
op

la
ne

14
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

08
P.

 te
rr

ig
en

a
99

.0
4

So
yb

ea
n

Rh
iz

op
la

ne
15

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
10

P.
 tr

iti
ci

99
.9

3
So

yb
ea

n
Rh

iz
op

la
ne

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

11
P.

 a
ce

ris
98

.6
8

So
yb

ea
n

Rh
iz

op
la

ne
15

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
12

P.
 la

ut
us

99
.2

3
So

yb
ea

n
Rh

iz
op

la
ne

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

13
P.

 ‘t
ao

hu
as

ha
ne

ns
e’

98
.8

0
So

yb
ea

n
Rh

iz
op

la
ne

16
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

15
P.

 ca
ta

lp
ae

99
.5

9
So

yb
ea

n
Rh

iz
op

la
ne

16
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

47
P.

 eh
im

en
sis

96
.5

6
C

or
n 

Rh
iz

op
la

ne
12

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
50

P.
 p

ec
tin

ily
tic

us
99

.2
0

So
yb

ea
n

Rh
iz

op
la

ne
5

D
un

ba
r

N
eb

ra
sk

a
– 

–
JJ

-4
60

P.
 p

ec
tin

ily
tic

us
99

.7
8

C
or

n 
En

do
ph

yt
e

9
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

67
P.

 p
ec

tin
ily

tic
us

98
.8

5
So

yb
ea

n
Rh

iz
op

la
ne

5
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

71
P.

 sa
bi

na
e

99
.4

6
So

yb
ea

n
Rh

iz
op

la
ne

15
D

un
ba

r
N

eb
ra

sk
a

– 
–

JJ
-4

83
P.

 p
an

ac
iso

li
99

.6
5

C
or

n
Rh

iz
op

la
ne

2
C

ar
ro

l
Io

w
a

– 
–

JJ
-4

97
P.

 a
m

yl
ol

yt
ic

us
99

.5
9

C
or

n
Rh

iz
op

la
ne

3
C

ar
ro

l
Io

w
a

– 
–

JJ
-5

14
P.

 d
on

gd
on

en
sis

99
.1

2
C

or
n

Rh
iz

op
la

ne
4

C
ar

ro
l

Io
w

a
– 

–



Chapter 3

54

JJ
-5

26
P.

 la
ut

us
99

.2
1

C
or

n
Rh

iz
op

la
ne

6
C

ar
ro

l
Io

w
a

– 
–

JJ
-5

34
P.

 b
ar

ci
no

ne
ns

is
99

.1
1

C
or

n
Rh

iz
op

la
ne

7
C

ar
ro

l
Io

w
a

– 
–

JJ
-5

39
P.

 cu
cu

m
is

10
0.

00
C

or
n

Rh
iz

op
la

ne
8

C
ar

ro
l

Io
w

a
– 

–
JJ

-5
41

P.
 p

an
ac

iso
li

99
.7

2
C

or
n

Rh
iz

op
la

ne
8

C
ar

ro
l

Io
w

a
– 

–
JJ

-6
02

P.
 a

lv
ei

99
.1

9
C

or
n

En
do

ph
yt

e
5

C
ar

ro
l

Io
w

a
– 

–
JJ

-6
24

P.
 a

lk
al

ite
rr

ae
99

.3
3

C
or

n
En

do
ph

yt
e

7
C

ar
ro

l
Io

w
a

– 
–

JJ
-6

31
P.

 la
ut

us
99

.0
9

C
or

n
En

do
ph

yt
e

8
C

ar
ro

l
Io

w
a

– 
–

JJ
-6

33
P.

 la
ut

us
99

.0
9

C
or

n
En

do
ph

yt
e

8
C

ar
ro

l
Io

w
a

– 
–

JJ
-6

67
P.

 a
ce

ris
98

.6
8

C
or

n
Rh

iz
op

la
ne

3
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-6
76

P.
 ‘t

ao
hu

as
ha

ne
ns

e’
98

.5
9

C
or

n
Rh

iz
op

la
ne

5
W

hi
te

w
at

er
W

isc
on

sin
– 

–

JJ
-6

90
P.

 la
ut

us
99

.5
8

C
or

n
Rh

iz
op

la
ne

7
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
02

P.
 tu

nd
ra

e
99

.4
6

C
or

n
Rh

iz
op

la
ne

8
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
18

P.
 ‘t

ao
hu

as
ha

ne
ns

e’
98

.7
3

C
or

n
Rh

iz
op

la
ne

10
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
54

P.
 p

an
ac

iso
li

99
.5

9
C

or
n

En
do

ph
yt

e
5

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-7

64
P.

 ca
st

an
ea

e
97

.7
0

C
or

n
En

do
ph

yt
e

6
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
73

P.
 a

m
yl

ol
yt

ic
us

99
.5

9
C

or
n

En
do

ph
yt

e
7

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-7

78
*

P.
 a

m
yl

ol
yt

ic
us

99
.8

0
C

or
n

En
do

ph
yt

e
8

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-7

79
P.

 la
ct

is
99

.5
1

C
or

n
En

do
ph

yt
e

8
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
82

P.
 a

m
yl

ol
yt

ic
us

99
.7

3
C

or
n

En
do

ph
yt

e
8

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-7

88
P.

 a
m

yl
ol

yt
ic

us
99

.5
2

C
or

n
En

do
ph

yt
e

9
W

hi
te

w
at

er
W

isc
on

sin
– 

–

JJ
-7

94
P.

 la
ut

us
99

.4
4

C
or

n
En

do
ph

yt
e

10
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-7
98

P.
 ‘t

ao
hu

as
ha

ne
ns

e’
98

.8
7

C
or

n
En

do
ph

yt
e

10
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-8
16

P.
 b

ar
ci

no
ne

ns
is

99
.1

1
C

or
n

Rh
iz

op
la

ne
3

C
ar

ro
l

Io
w

a
– 

–
JJ

-8
20

P.
 tu

nd
ra

e
99

.5
9

C
or

n
Rh

iz
op

la
ne

6
C

ar
ro

l
Io

w
a

– 
–



55

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

JJ
-8

24
P.

 il
lin

oi
se

ns
is

99
.8

6
C

or
n

Rh
iz

op
la

ne
9

C
ar

ro
l

Io
w

a
– 

–

JJ
-8

45
P.

 ja
m

ila
e

99
.5

2
C

or
n

En
do

ph
yt

e
10

W
hi

te
w

at
er

W
isc

on
sin

+
–

JJ
-8

70
P.

 ca
st

an
ea

e
99

.3
2

So
yb

ea
n

Rh
iz

op
la

ne
4

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-8

90
P.

 co
nt

am
in

an
s

99
.9

3
So

yb
ea

n
Rh

iz
op

la
ne

7
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-9
55

P.
 si

la
ge

i
98

.8
4

So
yb

ea
n

En
do

ph
yt

e
7

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-9

60
P.

 a
es

tu
ar

ii
95

.0
4

So
yb

ea
n

En
do

ph
yt

e
8

W
hi

te
w

at
er

W
isc

on
sin

– 
–

JJ
-9

61
P.

 m
ar

in
ise

di
m

in
is

99
.5

2
So

yb
ea

n
En

do
ph

yt
e

8
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-9
63

P.
 tr

iti
ci

99
.5

7
So

yb
ea

n
En

do
ph

yt
e

8
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-9
64

P.
 la

ut
us

99
.4

4
So

yb
ea

n
En

do
ph

yt
e

8
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-9
85

P.
 ca

st
an

ea
e

99
.3

9
So

yb
ea

n
Rh

iz
op

la
ne

2
W

hi
te

w
at

er
W

isc
on

sin
– 

–
JJ

-1
00

0
P.

 x
yl

an
ex

ed
en

s
99

.8
6

C
or

n
Rh

iz
op

la
ne

1
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

00
4 

P.
 b

ar
ci

no
ne

ns
is

98
.6

9
C

or
n

Rh
iz

op
la

ne
1

Sp
ar

ta
Ill

in
oi

s
– 

–
JJ

-1
05

7 
P.

 a
m

yl
ol

yt
ic

us
99

.8
0

C
or

n
Rh

iz
op

la
ne

8
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

05
9

P.
 la

ut
us

99
.2

3
C

or
n

Rh
iz

op
la

ne
8

Sp
ar

ta
Ill

in
oi

s
– 

–
JJ

-1
06

9
P.

 b
ar

ci
no

ne
ns

is
98

.6
9

C
or

n
En

do
ph

yt
e

1
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

07
4

P.
 a

m
yl

ol
yt

ic
us

99
.8

6
C

or
n

En
do

ph
yt

e
1

Sp
ar

ta
Ill

in
oi

s
– 

–

JJ
-1

09
9

P.
 o

do
rif

er
98

.5
8

C
or

n
En

do
ph

yt
e

6
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

10
3

P.
 x

yl
an

ily
tic

us
10

0.
00

C
or

n
En

do
ph

yt
e

6
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

11
5

P.
 a

m
yl

ol
yt

ic
us

99
.5

9
C

or
n

En
do

ph
yt

e
9

Sp
ar

ta
Ill

in
oi

s
– 

–
JJ

-1
18

1
P.

 te
rr

ig
en

a
99

.1
7

So
yb

ea
n

Rh
iz

op
la

ne
8

Sp
ar

ta
Ill

in
oi

s
– 

–
JJ

-1
18

7
P.

 il
lin

oi
se

ns
is

99
.7

9
So

yb
ea

n
Rh

iz
op

la
ne

8
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

27
7

P.
 d

on
gd

on
en

sis
99

.1
2

C
or

n
Rh

iz
op

la
ne

5
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

28
3

P.
 p

oc
he

on
en

sis
98

.9
7

C
or

n
En

do
ph

yt
e

9
Sp

ar
ta

Ill
in

oi
s

– 
–



Chapter 3

56

JJ
-1

31
1

P.
 a

m
yl

ol
yt

ic
us

99
.5

8
So

yb
ea

n
En

do
ph

yt
e

6
Sp

ar
ta

Ill
in

oi
s

– 
–

JJ
-1

31
9

P.
 b

ar
ci

no
ne

ns
is

99
.1

7
So

yb
ea

n
Rh

iz
op

la
ne

2
C

ar
ro

l
Io

w
a

– 
–

JJ
-1

34
3

P.
 b

ar
ci

no
ne

ns
is

99
.2

1
So

yb
ea

n
Rh

iz
op

la
ne

5
C

ar
ro

l
Io

w
a

– 
–

JJ
-1

37
1

P.
 ca

ta
lp

ae
99

.6
6

So
yb

ea
n

Rh
iz

op
la

ne
9

C
ar

ro
l

Io
w

a
– 

–
JJ

-1
40

2
P.

 su
so

ng
en

sis
99

.1
7

So
yb

ea
n

En
do

ph
yt

e
2

C
ar

ro
l

Io
w

a
– 

–
JJ

-1
40

5
P.

 su
so

ng
en

sis
99

.1
7

So
yb

ea
n

En
do

ph
yt

e
2

C
ar

ro
l

Io
w

a
– 

–
JJ

-1
41

0
P.

 o
do

rif
er

98
.7

8
So

yb
ea

n
En

do
ph

yt
e

3
C

ar
ro

l
Io

w
a

– 
–

JJ
-1

41
5

P.
 se

le
ni

tir
ed

uc
en

s
99

.2
3

So
yb

ea
n

En
do

ph
yt

e
4

C
ar

ro
l

Io
w

a
– 

–

JJ
-1

42
5

P.
 g

ra
ni

vo
ra

ns
96

.7
1

So
yb

ea
n

En
do

ph
yt

e
5

C
ar

ro
l

Io
w

a
– 

–
JJ

-1
46

1
P.

 b
ar

ci
no

ne
ns

is
99

.2
4

C
or

n
Rh

iz
op

la
ne

1
Tr

oy
O

hi
o

– 
–

JJ
-1

46
5

P.
 cu

cu
m

is
99

.9
3

C
or

n
Rh

iz
op

la
ne

1
Tr

oy
O

hi
o

– 
–

JJ
-1

47
0

P.
 a

m
yl

ol
yt

ic
us

99
.4

5
C

or
n

Rh
iz

op
la

ne
2

Tr
oy

O
hi

o
– 

–
JJ

-1
47

6
P.

 m
as

sil
ie

ns
is

99
.8

6
C

or
n

Rh
iz

op
la

ne
2

Tr
oy

O
hi

o
– 

–
JJ

-1
48

7
P.

 p
oc

he
on

en
sis

98
.9

7
C

or
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
– 

–
JJ

-1
50

1
P.

 la
ut

us
99

.3
7

C
or

n
Rh

iz
op

la
ne

6
Tr

oy
O

hi
o

– 
–

JJ
-1

51
6

P.
 su

so
ng

en
sis

99
.2

4
C

or
n

Rh
iz

op
la

ne
8

Tr
oy

O
hi

o
– 

–
JJ

-1
52

2
P.

 b
ar

ci
no

ne
ns

is
99

.3
1

C
or

n
En

do
ph

yt
e

2
Tr

oy
O

hi
o

– 
–

JJ
-1

52
4

P.
 tr

iti
ci

99
.7

1
C

or
n

En
do

ph
yt

e
2

Tr
oy

O
hi

o
– 

–
JJ

-1
52

5
P.

 o
do

rif
er

99
.9

3
C

or
n

En
do

ph
yt

e
2

Tr
oy

O
hi

o
– 

–
JJ

-1
53

1
P.

 rh
iz

op
la

na
e

98
.2

1
C

or
n

En
do

ph
yt

e
3

Tr
oy

O
hi

o
– 

–
JJ

-1
54

4
P.

 b
ar

ci
no

ne
ns

is
99

.1
7

C
or

n
En

do
ph

yt
e

5
Tr

oy
O

hi
o

– 
–

JJ
-1

54
9

P.
 m

as
sil

ie
ns

is
99

.7
3

C
or

n
En

do
ph

yt
e

5
Tr

oy
O

hi
o

– 
–

JJ
-1

55
3

P.
 cu

cu
m

is
99

.7
9

C
or

n
En

do
ph

yt
e

6
Tr

oy
O

hi
o

– 
–

JJ
-1

55
5

P.
 b

ar
ci

no
ne

ns
is

99
.3

1
C

or
n

En
do

ph
yt

e
6

Tr
oy

O
hi

o
– 

–



57

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

JJ
-1

56
4

P.
 cu

cu
m

is
99

.5
9

C
or

n
En

do
ph

yt
e

7
Tr

oy
O

hi
o

– 
–

JJ
-1

57
0

P.
 su

so
ng

en
sis

99
.1

7
C

or
n

En
do

ph
yt

e
8

Tr
oy

O
hi

o
– 

–
JJ

-1
58

0
P.

 p
eo

ria
e

99
.7

2
So

yb
ea

n
Rh

iz
op

la
ne

1
Tr

oy
O

hi
o

+
–

JJ
-1

58
2

P.
 p

eo
ria

e
99

.6
5

So
yb

ea
n

Rh
iz

op
la

ne
1

Tr
oy

O
hi

o
– 

–
JJ

-1
58

6
P.

 cu
cu

m
is

10
0.

00
So

yb
ea

n
Rh

iz
op

la
ne

2
Tr

oy
O

hi
o

– 
–

JJ
-1

58
7

P.
 il

lin
oi

se
ns

is
99

.7
2

So
yb

ea
n

Rh
iz

op
la

ne
2

Tr
oy

O
hi

o
– 

–
JJ

-1
58

8
P.

 a
m

yl
ol

yt
ic

us
99

.5
2

So
yb

ea
n

Rh
iz

op
la

ne
2

Tr
oy

O
hi

o
– 

–
JJ

-1
59

1
P.

 ta
ic

hu
ng

en
sis

99
.7

3
So

yb
ea

n
Rh

iz
op

la
ne

2
Tr

oy
O

hi
o

– 
–

JJ
-1

59
5

P.
 o

do
rif

er
98

.4
8

So
yb

ea
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
– 

–
JJ

-1
59

6
P.

 b
ar

ci
no

ne
ns

is
99

.1
7

So
yb

ea
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
– 

–
JJ

-1
59

8
P.

 o
do

rif
er

99
.8

0
So

yb
ea

n
Rh

iz
op

la
ne

3
Tr

oy
O

hi
o

– 
–

JJ
-1

60
1

P.
 il

lin
oi

se
ns

is
99

.7
9

So
yb

ea
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
– 

–

JJ
-1

60
2

P.
 ty

ph
ae

98
.1

8
So

yb
ea

n
Rh

iz
op

la
ne

3
Tr

oy
O

hi
o

– 
–

JJ
-1

60
3

P.
 p

eo
ria

e 
99

.8
6

So
yb

ea
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
+

–
JJ

-1
60

4
P.

 p
ol

ym
yx

a
10

0.
00

So
yb

ea
n

Rh
iz

op
la

ne
3

Tr
oy

O
hi

o
+

–
JJ

-1
61

1
P.

 ty
ph

ae
97

.0
8

So
yb

ea
n

Rh
iz

op
la

ne
4

Tr
oy

O
hi

o
– 

–
JJ

-1
61

2
P.

 b
ar

ci
no

ne
ns

is
99

.2
4

So
yb

ea
n

Rh
iz

op
la

ne
4

Tr
oy

O
hi

o
– 

–
JJ

-1
61

4
P.

 p
eo

ria
e 

99
.6

5
So

yb
ea

n
Rh

iz
op

la
ne

4
Tr

oy
O

hi
o

+
–

JJ
-1

61
5

P.
 ty

ph
ae

99
.4

5
So

yb
ea

n
Rh

iz
op

la
ne

4
Tr

oy
O

hi
o

– 
–

JJ
-1

62
0

P.
 m

as
sil

ie
ns

is
99

.8
6

So
yb

ea
n

Rh
iz

op
la

ne
5

Tr
oy

O
hi

o
– 

–
JJ

-1
62

3
P.

 d
on

gd
on

en
sis

99
.1

2
So

yb
ea

n
Rh

iz
op

la
ne

5
Tr

oy
O

hi
o

– 
–

JJ
-1

63
1

P.
 d

on
gd

on
en

sis
99

.2
7

So
yb

ea
n

Rh
iz

op
la

ne
6

Tr
oy

O
hi

o
– 

–
JJ

-1
63

8
P.

 p
eo

ria
e 

99
.7

2
So

yb
ea

n
Rh

iz
op

la
ne

7
Tr

oy
O

hi
o

+
+

JJ
-1

63
9

P.
 cu

cu
m

is
10

0.
00

So
yb

ea
n

Rh
iz

op
la

ne
7

Tr
oy

O
hi

o
– 

–



Chapter 3

58

JJ
-1

64
0

P.
 p

eo
ria

e
99

.7
2

So
yb

ea
n

Rh
iz

op
la

ne
7

Tr
oy

O
hi

o
+

–
JJ

-1
64

8
P.

 tu
ric

en
sis

97
.3

6
So

yb
ea

n
Rh

iz
op

la
ne

8
Tr

oy
O

hi
o

– 
–

JJ
-1

65
0

P.
 ja

m
ila

e
99

.8
8

So
yb

ea
n

Rh
iz

op
la

ne
8

Tr
oy

O
hi

o
+

–
JJ

-1
65

2
P.

 p
eo

ria
e

99
.7

2
So

yb
ea

n
Rh

iz
op

la
ne

9
Tr

oy
O

hi
o

+
–

JJ
-1

65
3

P.
 cu

cu
m

is
10

0.
00

So
yb

ea
n

Rh
iz

op
la

ne
9

Tr
oy

O
hi

o
– 

–
JJ

-1
66

7
P.

 o
do

rif
er

99
.8

6
So

yb
ea

n
En

do
ph

yt
e

1
Tr

oy
O

hi
o

– 
–

JJ
-1

66
9

P.
 o

do
rif

er
98

.5
8

So
yb

ea
n

En
do

ph
yt

e
1

Tr
oy

O
hi

o
– 

–
JJ

-1
67

8
P.

 cu
cu

m
is

10
0.

00
So

yb
ea

n
En

do
ph

yt
e

2
Tr

oy
O

hi
o

– 
–

JJ
-1

67
9

P.
 cu

cu
m

is
10

0.
00

So
yb

ea
n

En
do

ph
yt

e
2

Tr
oy

O
hi

o
– 

–
JJ

-1
68

0
P.

 m
as

sil
ie

ns
is

99
.8

6
So

yb
ea

n
En

do
ph

yt
e

2
Tr

oy
O

hi
o

– 
–

JJ
-1

68
3*

P.
 ja

m
ila

e
99

.7
3

So
yb

ea
n

En
do

ph
yt

e
3

Tr
oy

O
hi

o
+

–
JJ

-1
68

4
P.

 cu
cu

m
is

99
.3

1
So

yb
ea

n
En

do
ph

yt
e

3
Tr

oy
O

hi
o

– 
–

JJ
-1

68
8

P.
 m

as
sil

ie
ns

is
99

.8
6

So
yb

ea
n

En
do

ph
yt

e
3

Tr
oy

O
hi

o
– 

–
JJ

-1
69

2
P.

 ty
ph

ae
99

.5
9

So
yb

ea
n

En
do

ph
yt

e
4

Tr
oy

O
hi

o
– 

–
JJ

-1
69

3
P.

 a
m

yl
ol

yt
ic

us
99

.5
2

So
yb

ea
n

En
do

ph
yt

e
4

Tr
oy

O
hi

o
– 

–
JJ

-1
70

1
P.

 ty
ph

ae
99

.6
6

So
yb

ea
n

En
do

ph
yt

e
5

Tr
oy

O
hi

o
– 

–
JJ

-1
70

3
P.

 ty
ph

ae
99

.5
9

So
yb

ea
n

En
do

ph
yt

e
5

Tr
oy

O
hi

o
– 

–
JJ

-1
70

9
P.

 m
as

sil
ie

ns
is

99
.9

3
So

yb
ea

n
En

do
ph

yt
e

5
Tr

oy
O

hi
o

– 
–

JJ
-1

71
5

P.
 p

eo
ria

e 
99

.7
2

So
yb

ea
n

En
do

ph
yt

e
6

Tr
oy

O
hi

o
+

+
JJ

-1
72

0
P.

 p
eo

ria
e 

99
.7

2
So

yb
ea

n
En

do
ph

yt
e

6
Tr

oy
O

hi
o

+
+

JJ
-1

72
2*

P.
 p

eo
ria

e 
99

.7
2

So
yb

ea
n

En
do

ph
yt

e
7

Tr
oy

O
hi

o
+

+
JJ

-1
72

3
P.

 d
on

gd
on

en
sis

99
.2

7
So

yb
ea

n
En

do
ph

yt
e

7
Tr

oy
O

hi
o

– 
–

JJ
-1

72
4

P.
 p

eo
ria

e
99

.7
2

So
yb

ea
n

En
do

ph
yt

e
7

Tr
oy

O
hi

o
+

+
JJ

-1
72

5
P.

 a
m

yl
ol

yt
ic

us
99

.6
6

So
yb

ea
n

En
do

ph
yt

e
7

Tr
oy

O
hi

o
– 

–



59

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

JJ
-1

72
9

P.
 p

ol
ym

yx
a

10
0.

00
So

yb
ea

n
En

do
ph

yt
e

8
Tr

oy
O

hi
o

– 
–

JJ
-1

73
6

P.
 ty

ph
ae

99
.5

9
So

yb
ea

n
En

do
ph

yt
e

8
Tr

oy
O

hi
o

– 
–

JJ
-1

74
2

P.
 cu

cu
m

is
10

0.
00

So
yb

ea
n

En
do

ph
yt

e
9

Tr
oy

O
hi

o
– 

–
JJ

-1
74

3
P.

 p
ol

ym
yx

a
99

.9
3

So
yb

ea
n

En
do

ph
yt

e
9

Tr
oy

O
hi

o
+

–
JJ

-1
74

4
P.

 ty
ph

ae
99

.6
5

So
yb

ea
n

En
do

ph
yt

e
9

Tr
oy

O
hi

o
– 

–
JJ

-1
74

7
P.

 p
ol

ym
yx

a
99

.6
5

So
yb

ea
n

En
do

ph
yt

e
10

Tr
oy

O
hi

o
+

+
JJ

-1
75

5
P.

 g
ra

m
in

is
10

0.
00

So
yb

ea
n

Rh
iz

op
la

ne
5

C
ar

ro
l

Io
w

a
– 

–
JJ

-1
75

9
P.

 ca
ta

lp
ae

99
.6

6
So

yb
ea

n
Rh

iz
op

la
ne

8
C

ar
ro

l
Io

w
a

– 
–

JJ
-1

76
2

P.
 a

lg
in

ol
yt

ic
us

99
.2

9
So

yb
ea

n
En

do
ph

yt
e

4
C

ar
ro

l
Io

w
a

– 
–

JJ
-1

77
4

P.
 su

so
ng

en
sis

99
.2

1
C

or
n

Rh
iz

op
la

ne
2

Tr
oy

O
hi

o
– 

–
JJ

-1
78

1
P.

 b
ar

ci
no

ne
ns

is
99

.0
3

C
or

n
Rh

iz
op

la
ne

5
Tr

oy
O

hi
o

– 
–

JJ
-1

78
3

P.
 so

nc
hi

98
.6

4
C

or
n

Rh
iz

op
la

ne
6

Tr
oy

O
hi

o
– 

–
JJ

-1
78

9
P.

 d
on

gd
on

en
sis

99
.2

7
So

yb
ea

n
Rh

iz
op

la
ne

2
Tr

oy
O

hi
o

– 
–

JJ
-1

81
7

P.
 rh

iz
op

la
na

e
98

.3
5

C
or

n
En

do
ph

yt
e

6
Tr

oy
O

hi
o

– 
–

JJ
-1

81
9

P.
 co

nt
am

in
an

s
99

.9
3

So
yb

ea
n

En
do

ph
yt

e
1

Tr
oy

O
hi

o
– 

–

JJ
-1

83
1

P.
 ty

ph
ae

97
.3

3
So

yb
ea

n
En

do
ph

yt
e

9
Tr

oy
O

hi
o

– 
–

JM
-9

29
P.

 o
do

rif
er

99
.5

1
C

ot
to

n
En

do
ph

yt
e

n.
a

Ta
lla

ss
ee

A
la

ba
m

a
– 

–
JM

-1
33

7
P.

 cu
cu

m
is

99
.8

6
n.

a
En

do
ph

yt
e

n.
a

Ta
lla

ss
ee

A
la

ba
m

a
– 

–
JM

-1
35

5
P.

 b
ar

ci
no

ne
ns

is
99

.1
6

n.
a

En
do

ph
yt

e
n.

a
Ta

lla
ss

ee
A

la
ba

m
a

– 
–

JM
-1

36
8

P.
 b

ar
ci

no
ne

ns
is

99
.0

7
n.

a
En

do
ph

yt
e

n.
a

Ta
lla

ss
ee

A
la

ba
m

a
– 

–
JM

-1
41

9
P.

 cu
cu

m
is

99
.8

6
n.

a
En

do
ph

yt
e

n.
a

Ta
lla

ss
ee

A
la

ba
m

a
– 

–
JM

-1
42

0
P.

 cu
cu

m
is

99
.8

6
n.

a
En

do
ph

yt
e

n.
a

Ta
lla

ss
ee

A
la

ba
m

a
– 

–
A

P-
66

P.
 si

lv
ae

99
.5

0
n.

a
n.

a
n.

a
n.

a
n.

a
– 

–

* W
ho

le
 g

en
om

e 
se

qu
en

ce
 is

 av
ai

la
bl

e



Chapter 3

60

Table S2. List of Paenibacillus type strains used for the phylogenetic tree construction.

Strain GenBank accession number
P. massiliensis subsp. panacisoli DSM 21345 AB245384.1
P. ehimensis DSM 11029 AY116665.1
P. illinoisensis DSM 11733 NR_115624.1
P. selenitireducens  KCTC 33157 NR_133807.1
P. cucumis DSM 101601 NR_149778.1
P. thiaminolyticus DSM 7262 AB073197.1
P. terrigena DSM 21567 AB248087.1
P. granivorans AF237682.1
P. turicensis DSM 14349 AF378694.1
P. agaridevorans DSM 1355 AJ345023.1
P. cineris DSM 16945 AJ575658.1
P. barcinonensis DSM 15478 AJ716019.1
P. lactis DSM 15596 AY257868.1
P. xylanilyticus DSM 17255 AY427832.1
P. alkaliterrae DSM 17040 AY960748.1
P. urinalis DSM 22281 EF212892.1
P. contaminans BCRC 17728 EF626690.1
P. taichungensis DSM 19942 EU179327.1
P. peoriae DSM 8320 EU391157.1
P. xylanexedens DSM 21292 EU558281.1
P. tundrae DSM 21291 EU558284.1
P. typhae DSM 25190 NR_109462.1
P. pocheonensis DSM 23906 NR_112565.1
P. alginolyticus DSM 5050 NR_115595.1
P. sonchi CCBAU 83901 NR_115751.1
P. aestuarii  DSM 23861 NR_116365.1
P. catalpae DSM 24714 NR_118012.1 
P. taohuashanense DSM 25809 NR_118393.1
P. sabinae T27 NR_121732.2
P. dongdonensis DSM 27607 NR_134112.1
P. susongensis JCM 19951 NR_134118.1
P. endophyticus LMG 27297 NR_135705.1
P. oenotherae JCM 19573 NR_136822.1 
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P. etheri DSM 29760 NR_148622.1 
P. aceris DSM 24950 NR_156841.1
P. rhizoplanae  DSM 103963 NR_156842.1
P. tritici CECT 9125 NR_157638.1
P. solisilvae JCM 32513 NR_175458.1
P. lautus DSM 3035 NZ_BIMF01000051.1
P. amylolyticus NBRC 15957 NZ_BIMJ01000009.1
P. rigui WPCB173 NZ_NMQW01000006.1
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Table S4. NMR data of p aenilipoheptin A (1), measured in DMSO-d6 at 298 K*.
Residue NH Hα (Cα, type) Hβ (Cβ, type) Other

1 Fatty acid 7.20 2.21 (41.7, CH2) 4.00 (47.2, CH) 1 C: (170.4)
4 CH2: 1.39, 1.33 (35.11)
5-8 CH2: 1.05-1.25 (25.5)
9 CH2: 1.20, 1.00 (36.30)
10 CH: 1.25 (33.8)
11 CH2: 1.26, 1.07 (29.0)
12 CH3: 0.81 (11.18)
13 CH3: 0.79 (19.07)

2 1-Ser 7.74 4.48 (54.4, CH) 3.44, 3.41 (61.63, CH2) 1C: ND
OH: 4.80

3 2-Lys 8.42 3.90 (54.7, CH) 1.49 (30.0, CH2) 1C: ND
4 CH2: 1.16, 1.05 (22.3)
5 CH2: 1.39 (26.66)
6 CH2: 2.62 (38.8)
NH2: ND

4 3-Trp 8.02 4.48 (54.4, CH) 3.13, 3.06 (27.17, CH2) 1 C: ND
4 C: (110.5)
5 CH: 7.14 (123.5)
6 C: (136.1)
7 CH: 7.33 (111.3)
8 CH: 7.06 (120.9)
9 CH: 6.98 (118.27)
10 CH: 7.54 (118.3)
11 C: (127.2)
NH: 10.81

5 4-Ala 7.70 4.03 (49.14, CH) 1.09 (17.85, CH3) 1 C: (172.1)
6 5-Phe 7.92 4.33 (54.7, CH) 3.05, 2.90 (37.2, CH2) 1 C: ND

4 C: 138.1
5 & 9 CH: 7.29 (129.5)
6 & 8 CH: 7.22 (128.0)
7 CH: 7.14 (126.1)

7 6-Tyr 8.24 4.25 (55.9, CH) 2.89, 2.85 (36.0, CH2) 1 C: (170.75)
4 C: (127.05)
5 & 9 CH: 7.05 (130.1)
6 & 8 CH: 6.67 (115.0)
7 C: (156.3)
OH: 9.22

8 7-Glu 7.95 4.11 (51.8, CH) 1.88, 1.57 (26.6, CH2) 1 C: ND
4 CH2: 2.00 (29.9)
5 C: (174.0)

* 1H 850 MHz and 13C 212.5 MHz

ND: not determined under these experimental conditions.
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Table S5. NMR data of p aenilipoheptin D (2), measured in DMSO-d6 at 298 K*.
Residue NH Hα(Cα, type) Hβ(Cβ, type) Other

1 Fatty 
acid

8.20 2.23, 2.17 (43.5, CH2) 3.87 (47.1, CH) 4 CH2: 1.49 (34.9)
5-8 CH2: 1.23 (28.7)
9 CH2: 1.24 (35.7)
10 CH: 1.28 (33.5)
11 CH2: 1.26, 1.07 (29.0)
12 CH3: 0.83 (10.9)
13 CH3: 0.82 (18.8)

2 1-Ser 7.58 4.53 (55.3, CH) 3.79, 3.65 (62.0, CH2)  
3 2-Lys ND 3.83 (56.3, CH) 1.59, 1.53 (29.5, CH2) 4 CH2: 1.21, 1.12 (22.2)

5 CH2: 1.34 (29.6)
6 CH2: ND
NH2: ND

4 3-Trp 8.60 4.23 (54.8, CH) 3.16, 3.09 (25.7, CH2) 4 C: ND
5 CH: 7.26, (123.5)
6 NH: 10.8
7 C: 135.8
8 CH: 7.32 (111.1)
9 CH: 7.04 (120.6)
10 CH: 6.96 (118.1)
11 CH: 7.50 (117.9)
12 C: 126.9

5 4-Ala 7.16 4.15 (47.7, CH) 1.12 (16.9, CH3)  
6 5-Leu 7.23 3.89 (52.1, CH) 1.35, 1.05 (40.0, CH2) 4 CH: 1.45 (23.8)

5 CH3: 0.68 (20.8)
6 CH3: 0.78 (22.4)

7 6-Tyr 7.65 4.53 (51.7, CH) 2.85, 2.65 (37.3, CH2) 4 C: 127.7
5 & 9 CH: 6.92 (129.8)
6 & 8 CH: 6.56 (114.3)
7 C: 155.5

8 7-Dab ND 3.91 (52.8, CH) 1.65 (33.2, CH2) 4 CH2: 2.56 (37.4)
NH2: ND

* 1H 850 MHz and 13C chemical shifts inferred from HSQC and HMBC spectra

ND: not determined under these experimental conditions (and also all carbonyl carbons).
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Table S6. NMR data of paenitracin A (3), measured in DMSO-d6 at 298 K*.
Residue NH Hα(Cα, type) Hβ(Cβ, type) Other

1 1-Ile ND 3.55,d (57.0, CH) 1.66 (39.5, CH) 1 C: ND
4 CH2: 1.41, 1.15 (25.5)
5 CH3: 0.84 (11.3)
6 CH3: 0.81 (13.3)

2 2-Cys 5.13 (78.5, CH) 3.41 (32.7, CH2)

3 3-Leu 7.75 4.35 (51.9, CH) 1.52, 1.46 (41.0, CH2) 4 CH: 1.54 (24.0)
5 CH3: 0.85 (21.2)
6 CH3: 0.89 (22.8)

4 4-Glu 8.18 4.06 (53.6, CH) 1.81, 1.75 (27.7, CH2) 4 CH2: 2.19 (32.8, CH2)

5 5-Ile 7.22 3.95 (57.6, CH) 1.75 (35.4, CH) 4 CH2: 1.46, 1.17 (24.3)
5 CH3: 0.78 (10.8)
6 CH3: 0.94 (15.0)

6 6-Lys 8.46 4.49 (52.9, CH) 1.42, 1.15 (25.5, CH2) 4 CH2: 1.54 (24.0)
5 CH2: 1.47 (24.3)
6 CH2: 2.95, 2.82 (36.8)
NH: 7.52

7 7-Leu 10.37 4.22 (49.8, CH) 1.61, 1.36 (38.7, CH2) 4 CH: 1.51 (24.1)
5 CH3: 0.77 (20.4)
6 CH3: 0.85 (22.9)

8 8-Ile 7.09 4.26 (55.6, CH) 1.68 (37.5, CH) 4 CH2: 1.28, 0.70 (23.9)
5 CH3: 0.70 (11.5)
6 CH3: 0.66 (14.1) 

9 9-Trp 8.98 5.18 (52.2, CH) 3.11, 2.83 (28.5, CH2) 4 C: ND
5 CH: 7.18 (123.2)
6 NH: 10.9
7 C: 135.5
8 CH: 7.26 (110.7)
9 CH: 7.01 (120.3)
10 CH: 6.95 (117.7)
11 CH: 7.48 (117.8)
12 C: 126.7

10 10-Thr 10.78 3.66 (60.4, CH) 4.02 (66.8, CH)   4 CH3: 0.67 (18.5)

11 11-Asp 8.84 4.09 (50.2, CH) 2.43, 2.01 (38.2, CH2)   

12 12-Asn 7.82 3.94 (51.8, CH) 2.38, 2.18 (35.2, CH2) NH2: 7.58, 6.74
* 1H 850 MHz and 13C chemical shifts inferred from HSQC and HMBC spectra

ND: not determined under these experimental conditions (and also all carbonyl carbons).
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Figure S1. MS/MS spectrum of fusaricidin B (precursor ion [M + 2H]2+ m/z  449.2909). The assignment of the 
sequence of amino acid residues is based on the mass differences between the consecutive b ions.

Figure S2. MS/MS spectrum of polymyxin E (precursor ion [M + 3H]3⁺ m/z  390.596). The assignment of the 
sequence of amino acid residues is based on the mass differences between the consecutive b ions.
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Figure S3. MS/MS spectrum of tridecaptin M (precursor ion [M + 3H]3⁺ m/z  496.9524). The assignment of the 
sequence of amino acid residues is based on the mass differences between the consecutive b ions.

Figure S4. A. The MassQL-annotated molecular family of lysine-containing natural products. B. On the same 
molecular family, pie charts were mapped to the nodes to represent the relative precursor ion intensities within each 
extract.
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Figure S5. MS/MS spectrum of paenilipoheptin A (precursor ion [M + 2H]2⁺ m/z  562.3130). The assignment of 
the sequence of amino acid residues is based on the mass differences between the consecutive b ions.

Figure S6. Direct MS/MS spectra comparison of the mass feature having m/z of 555.305 (red) with the mass 
feature having m/z of 523.8231 (blue). 
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Figure S7. MS/MS spectrum of paenilipoheptin D (precursor ion [M + 2H]2⁺ m/z  530.8309). The assignment of 
the sequence of amino acid residues is based on the mass differences between the consecutive b ions.

Figure S8. HRMS spectrum of 1.
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Figure S9. 1H NMR spectrum of 1 (850 MHz, in DMSO-d6). 

 
Figure S10. APT spectrum of 1 (850 MHz, in DMSO-d6).  

Figure S9. 1H NMR spectrum of 1 (850 MHz, in DMSO-d6).

Figure S10. APT spectrum of 1 (850 MHz, in DMSO-d6). 
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Figure S11. 1H–1H COSY spectrum of 1 (850 MHz, in DMSO-d6).

Figure S12. HSQC spectrum of 1 (850 MHz, in DMSO-d6).
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Figure S13. 1H–1H TOCSY spectrum of 1 (850 MHz, in DMSO-d6).

Figure S14. NOESY spectrum of 1 (850 MHz, in DMSO-d6).
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Figure S15. HMBC spectrum of 1 (850 MHz, in DMSO-d6).

Figure S16. HRMS spectrum of 2.
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Figure S17. 1H NMR spectrum of 2 (850 MHz, in DMSO-d6). 
 

 
Figure S18. 1H–1H COSY spectrum of 2 (850 MHz, in DMSO-d6). 

Figure S17. 1H NMR spectrum of 2 (850 MHz, in DMSO-d6).

              
Figure S18. 1H–1H COSY spectrum of 2 (850 MHz, in DMSO-d6).
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Figure S19. HSQC spectrum of 2 (850 MHz, in DMSO-d6).

Figure S20. 1H–1H TOCSY spectrum of 2 (850 MHz, in DMSO-d6).
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Figure S19. HSQC spectrum of 2 (850 MHz, in DMSO-d6). 

 
Figure S20. 1H–1H TOCSY spectrum of 2 (850 MHz, in DMSO-d6). 
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Figure S19. HSQC spectrum of 2 (850 MHz, in DMSO-d6). 

 
Figure S20. 1H–1H TOCSY spectrum of 2 (850 MHz, in DMSO-d6). 
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Figure S21. NOESY spectrum of 2 (850 MHz, in DMSO-d6).

Figure S22. HMBC spectrum of 2 (850 MHz, in DMSO-d6).
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Figure S23. Direct MS/MS spectra comparison of the mass feature with m/z 712.8836 (blue) with the mass 
feature with m/z 530.8307 (red). 

Figure S24. MS/MS spectrum of paenitracin A (precursor ion [M + 2H]2⁺ m/z 712.8843). The assignment of the 
sequence of amino acid residues is based on the mass differences between the consecutive b ions.
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Figure S25. HRMS spectrum of 3.

Figure S26. HRMS spectrum of 4.



81

Phylogeny and antibiotic producing potential of plant-associated Paenibacillus

Figure S27. 1H NMR spectrum of 3 (850 MHz, in DMSO-d6).

Figure S28. 1H–1H COSY spectrum of 3 (850 MHz, in DMSO-d6).
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Figure S29. NOESY spectrum of 3 (850 MHz, in DMSO-d6).

Figure S30. 1H–1H TOCSY spectrum of 3 (850 MHz, in DMSO-d6).
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Figure S31. HSQC spectrum of 3 (850 MHz, in DMSO-d6).

Figure S32. HBMC spectrum of 3 (850 MHz, in DMSO-d6).
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Figure S33. 1H NMR spectrum of 4 (850 MHz, in DMSO-d6).

 
Figure S34. Stacked 1H NMR spectra of 3 and 4 (850 MHz, in DMSO-d6).
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Abstract
Actinobacteria are a major source of novel bioactive natural products. A challenge in the 
screening of these microorganisms lies in finding favorable growth conditions for secondary 
metabolite production and dereplication of known molecules. Here, we report that Streptomyces 
sp. MBT27 produces 4-quinazolinone alkaloids in response to elevated levels of glycerol, 
whereby quinazolinones A (1) and B (2) form a new sub-class of this interesting family of 
natural products. Global Natural Product Social molecular networking (GNPS) resulted in a 
quinazolinone-related network that included anthranilic acid (3), anthranilamide (4), 4(3H)-
quinazolinone (5) and 2,2-dimethyl-1,2-dihydroquinazolin-4(3H)-one (6). Actinomycins D 
(7) and X2 (8) were also identified in the extracts of Streptomyces sp. MBT27. The induction of 
quinazolinone production by glycerol combined with biosynthetic insights provides evidence 
that glycerol is integrated into the chemical scaffold. The unprecedented 1,4-dioxepane ring 
that is spiro-fused into the quinazolinone backbone, is most likely formed by intermolecular 
etherification of two units of glycerol. Our work underlines the importance of varying the 
growth conditions for the discovery of novel natural products and for understanding their 
biosynthesis. 



89

Discovery of novel glycerolated quinazolinones from Streptomyces sp. MBT27

Introduction
Actinobacteria are a major source of bioactive compounds, producing some two-thirds 
of all antibiotics as well as molecules with a wide variety of activities such as anticancer, 
antifungal and immunosuppressant (Barka et al., 2016, Bérdy, 2005). Traditionally, microbial 
natural product (NP) discovery has been done via high-throughput screening followed by 
iterative bioassay-guided fractionation and structure elucidation. While such pipelines were 
extremely successful and delivered a plethora of therapeutic agents, in the modern era the 
large pharmaceutical companies moved out of NP-discovery programs due to high cost and 
chemical redundancy (Baltz, 2008, Cooper & Shlaes, 2011, Payne et al., 2007). At the same 
time, the power of genome sequencing brought the recognition that microorganisms harbor 
a vast and yet untapped biosynthetic potential, and it rapidly became clear that the potential 
for metabolic diversity of even the best-studied model organisms as producers of natural 
products had been grossly underestimated (Bentley et al., 2002, Cruz-Morales et al., 2013, 
Ikeda et al., 2003). How could these compounds have been missed by the very extensive high-
throughput (HT) screening campaigns of the twentieth century? The answer is that many of 
the biosynthetic gene clusters (BGCs) discovered by genome mining are poorly expressed or 
cryptic under laboratory conditions (Kolter & van Wezel, 2016, Nett et al., 2009). A drug-
discovery pipeline that is rapidly gaining momentum involves combining genome mining 
with fluctuating the culturing conditions to achieve differential synthesis of NPs, followed by 
the metabolic profiling-based identification of the bioactivity of interest (Du & van Wezel, 
2018, Wu et al., 2015a). A major challenge thereby lies in finding the appropriate chemical 
triggers or ecological cues to elicit the production of cryptic antibiotics (Rutledge & Challis, 
2015, Yoon & Nodwell, 2014, Zhu et al., 2014a). The use of chemical elicitors is thereby a 
promising approach (Craney et al., 2012, Zhu et al., 2014a). 

Manipulation of fermentation conditions for promising producer strains, known as 
the “one strain many compounds” (OSMAC) approach, is an effective way of enhancing the 
production of secondary metabolites (Romano et al., 2018, Bode et al., 2002). The regulatory 
networks that control the production of bacterial natural products respond strongly to 
changes in carbon, nitrogen or phosphate concentration (van der Heul et al., 2018, Urem 
et al., 2016). The re-isolation of known metabolites is a major bottleneck in the discovery 
of new bioactive natural products. A crucial step in this regard is the early identification of 
already known substances, to concentrate the efforts on the discovery of new ones, a process 
known as dereplication (Gaudencio & Pereira, 2015). Current dereplication strategies include 
hyphenated techniques, such as LC-MS, LC-NMR, LC-NMR-MS, and LC-SPE-NMR. 
Bioactivity fingerprinting has also been used to dereplicate natural products based on their 
biological modes of action (Schulze et al., 2013), while molecular networking is a powerful 
tool for the visualization and dereplication of natural products (Yang et al., 2013, Winnikoff 
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et al., 2014). Mass spectrometry-based molecular networking relies on the clustering of 
molecules based on similarities in their MS/MS fragmentation patterns, which depends 
on the structural features of the ionized molecules. The resulting clusters allow scientists to 
visually explore the metabolites produced by a given strain under a specific growth condition, 
allowing rapid dereplication of known compounds by automated spectral library searches, 
and to visualize their unknown structural analogs (Wang et al., 2016). 

In this work, we analyzed the potential of Streptomyces sp. MBT27 as a producer 
of natural products in response to changes in the carbon source. The strain had previously 
been identified as a promising producer of NPs (Zhu et al., 2014b). Extensive fluctuations in 
the secondary metabolite profiles were observed depending on the carbon source used, and 
statistical methods combined with GNPS molecular networking identified a family of known, 
as well as novel quinazolinone compounds, in response to high concentrations of glycerol. 
Quinazolinones are heterocyclic compounds with a wide range of medical applications, such 
as antimicrobial, antiviral, antituberculosis and, as enzyme inhibitors (Kshirsagar, 2015, 
Hameed et al., 2018, Jafari et al., 2016). A combination of MS and NMR methods identified 
the novel quinazolinones A (1) and B (2), which further expands the chemical space of this 
rich family of natural products.
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Results and Discussion

The influence of carbon sources on secondary metabolite production
Previous screening of our in-house actinomycete collection, obtained from remote mountain 
soils, showed that it is a promising source of new bioactive compounds (Zhu et al., 2014b). 
Under specific growth conditions, these isolates exert potent inhibitory activity against 
the so-called ESKAPE pathogens Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa and Enterobacter spp. (Zhu 
et al., 2014b) In the current study, the potential of one of the Streptomyces strains in our 
collection, namely Streptomyces sp. MBT27, was analyzed to study the effect of carbon sources 
on its metabolite profile. Traditional approaches, such as changes in fermentation conditions, 
are known to induce significant changes in the microbial metabolome. Culture medium 
components, and particularly the carbon source, have major effects on the production of 
secondary metabolites (van Wezel et al., 2009, Sanchez et al., 2010, Martin et al., 2011, Bode 
et al., 2002). The differential production of small molecules is ideal for metabolomics studies, 
whereby metabolic variations are correlated statistically with bioactivity, thus facilitating the 
identification of the bioactive molecule of interest (Wu et al., 2015a, Zhu et al., 2014a). To 
establish the potential of Streptomyces sp. MBT27, the strain was grown in liquid minimal 
media containing different carbon sources, namely (percentages in w/v): 1% of both 
mannitol and glycerol, 1% mannitol, 2% mannitol, 1% glycerol, 2% glycerol, 1% glucose, 2% 
glucose, 1% fructose, 1% arabinose, or 1% N-acetylglucosamine (GlcNAc). The latter is an 
elicitor of antibiotic production, via metabolic interference with the global nutrient sensory 
network controlled by DasR (Swiatek-Polatynska et al., 2015, Rigali et al., 2008). Phosphate 
buffer was omitted from the MM as it repressed the production of secondary metabolites 
by Streptomyces sp. MBT27 (data not shown). To identify the secondary metabolites in the 
cultures, supernatants were extracted with EtOAc, and the resulting crude extracts were 
subjected to LC-MS analysis. Using the LC-MS data, a heat map with added hierarchical 
clustering was generated, to visualize the production of different metabolites under different 
culture conditions (Figure 1). 

Hierarchical clustering analysis of the LC-MS data allows effective comparative 
analysis of metabolomics data, and the heat map revealed major differences in the metabolic 
profiles of Streptomyces sp. MBT27, whereby different groups of metabolites were enhanced 
depending on the carbon source used. Interestingly, not only the type of carbon source, but 
especially also the concentration resulted in large changes in the metabolic profiles. Doubling 
the concentration of either glycerol or glucose from 1 to 2% had a profound effect on the 
metabolic profile. Thin layer chromatography (TLC) was conducted to compare metabolic 
profiles of the 1% and 2% glycerol-grown cultures. Interestingly, this revealed that several 
fluorescent compounds were differentially produced in the extracts of 2% glycerol-grown 
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cultures relative to those produced in 1% glycerol (Figure 2A). To provide statistical relevance 
to the data, the metabolic profiles of 1% and 2% glycerol-grown cultures were compared 
using a volcano plot (Figure 2B). The volcano plot was then searched for the mass features 
which increased in production in 2% glycerol as compared to 1%. A compound with m/z  of 
281.1151 (1) stood out as its intensity had increased by around 7000 fold (p-value = 0.002) in 
cultures fermented in 2% glycerol as compared to 1%.

Figure 1. Analysis of secondary metabolites produced by Streptomyces sp. MBT27. The heat map depicts the 
relative abundance of the metabolites (rows) produced under different growth conditions (columns).
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Figure 2. Secondary metabolite profiles found in 1% and 2% glycerol-grown cultures of Streptomyces sp. MBT27. 
A. Thin layer chromatography of extracts from the cultures grown in MM with either 1% or 2% glycerol as the 
carbon source. B. Volcano plot highlighting the differences in metabolite profiles. The x and y axes of the volcano plot 
represent the log2 fold changes and the corresponding  -log10 FDR-adjusted p-value of all metabolites, respectively. 
Pink circles represent metabolites with an intensity difference of more than fourfold (p-value ≤ 0.05). Ions present 
in the left and right quadrants are associated with the 1% and 2% glycerol-grown cultures, respectively. Metabolites 
situated towards the left and right top quadrants represent values of large magnitude fold changes as well as high 
statistical significance.

Global Natural Product Social (GNPS) molecular networking (Wang et al., 2016) was employed 
to detect the MS/MS structural relatedness among molecules in an automated manner; the 
software generates a molecular network wherein molecules with related scaffolds cluster 
together (Wang et al., 2016). A network representing the ions detected in the crude extract 
of Streptomyces sp. MBT27 grown with 2% glycerol was constructed, revealing 183 nodes 
clustered in 19 spectral families (Figure 3). GNPS dereplication based on matching with its 
MS/MS spectral database highlighted some known metabolites. These included anthranilic 
acid (3), anthranilamide (4) (Shaaban et al., 2012b), actinomycin D (7), and actinomycin 
X2 (8) (Vater et al., 2014). The annotation of the compounds was supported by comparison 
of the exact mass, fragmentation pattern, and UV spectra, with reference data. Moreover, 
crude extracts of MBT27 possessed antimicrobial activity against B. subtilis, which was most 
likely due to the expression of actinomycins (data not shown). Additional metabolites could 
be dereplicated through manual comparison of their spectral data against the microbial 
natural products database Antibase. These previously described metabolites were 4(3H)-
quinazolinone (5) (Kornsakulkarn et al., 2015) and 2,2-dimethyl-1,2-dihydroquinazolin-
4(3H)-one (6) (Conti et al., 2016).
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Figure 3. GNPS molecular network of the ions detected in the crude extract of Streptomyces sp. MBT27 grown 
in MM with 2% glycerol. Enlargement is made to the cluster including new metabolites. Orange nodes represent all 
the ions detected in the extract. Green nodes represent the dereplicated metabolites, while blue nodes represent the 
ions upregulated when glycerol concentration was increased from 1 to 2%.

Besides known molecules, the network also contained many mass features that could not 
be assigned to any of the previously identified metabolites. One of these was an ion with an 
m/z value of 281.1151 (1), which was very highly increased in intensity (7000-fold, p-value 
= 0.002) when the glycerol concentration was increased from 1% to 2%. It was closely 
connected (cosine score 0.91) to another upregulated ion with an m/z value of 209.0932 
(2), which was also not previously reported. Both ions were part of the large spectral family 
comprising the annotated anthranilic acid (3), anthranilamide (4), and the 4-quinazolinones 
5 and 6, suggesting that they are structurally related metabolites. It is important to note that 
the concentrations of these compounds did not change significantly when the concentration 
of glucose was doubled from 1 to 2%, which suggests that the effect of glycerol is not due to 
growth stimulation (Figure S1).
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The relationship between the increase in glycerol concentration and the strong increase in 
the production of the compounds 1 and 2 was investigated further by expanding the range of 
glycerol concentrations and analyzing the metabolic profiles. For this, Streptomyces sp. MBT27 
was cultured in glycerol concentrations ranging from 1 to 4% (w/v). ANOVA, followed by a 
post hoc Tukey’s HSD test, was performed to trace the variation in the production of 1 and 
2 among the different culturing conditions. A box plot was used to visualize such variation 
(Figure S2). As observed earlier, the production of 1 and 2 was significantly increased when 
the glycerol concentration was increased from 1 to 2%. However, further increase in glycerol 
concentration (3% and 4%) did not lead to any significant increase in the production of 1 
and 2. Accordingly, MM with 2% glycerol was used to culture the bacteria, for the purpose of 
purification and identification of the new metabolites 1 and 2.

Isolation and structure elucidation of novel quinazolinones
To elucidate the structure of 1 and 2, large-scale fermentation was done to obtain larger 
quantities of the compounds. For this, Streptomyces sp. MBT27 was fermented in a total of 4 L 
of liquid MM supplemented with 2% glycerol, and the supernatant was extracted with EtOAc. 
Following repeated chromatographic isolation, compounds 1 and 2 were obtained as pure, 
colorless, amorphous powders. Both compounds were fluorescent, showing UV absorption 
maxima at 224 and 322 nm and at 226 and 347 nm, respectively. The final structures of 1 and 
2 were determined by the combination of NMR and high-resolution MS (Figure 4, Figures 
S3–S8, S11–S16).

Figure 4. Chemical structures of quinazolinones A (1) and B (2).

The high resolution mass of m/z 281.1151 for an [M+H]+ established a molecular formula 
of C13H16N2O5, with seven degrees of unsaturation,  for 1 (yield 0.25 mg/L). The deduced 
molecular formula was corroborated by the 13C NMR attached proton test (APT) spectrum 
that exhibited 13 carbons in total. On the other hand, the 1H NMR spectrum of 1 (Table 1) 
presented four coupling aromatic signals at δH 7.88 (dd, J = 7.8, 1.2, H-5), 7.07 (t, J = 7.8, 
H-6), 7.46 (td, J = 7.8, 1.2, H-7), and 7.23 (brd, J = 7.8, H-8), indicating an o-disubstituted 
aromatic benzene system. The HMBC correlation (Figure 5) from H-5 to C-4 (δC 166.1) 



Chapter 4

96

confirmed one of the substituents on the benzene ring to be an ester/amide carbonyl group, 
while the downfield chemical shift of C-8a at δC 143.7 indicated that it was nitrogenated. 
Four O-bearing methylene groups at δH 4.43 (d, J = 9.0, H-1’a) and 4.24 (d, J = 9.0, H-1’b); 
3.59 (d, J = 11.4, H-2’a) and 3.47 (d, J = 11.4, H-2’b); 3.86 (d, J = 12.6, H-1’’a) and 3.80 (d, J = 
12.6, H-1’’b); and 3.66 (d, J = 3.0, H2-3’’) were resolved by HSQC experiments. Three of these 
methylene groups were part of a 1,4-dioxepane ring system, which was established based on 
the HMBC correlations observed from H-1’ to C-2 (δC 79.0) and C-2’ (δC 64.6), from H-2’ to 
C-1’’ (δC 65.7), and from H-1’ to the hemiacetal C-2’’ (δC 102.9). The remaining oxymethylene 
group CH2-3’’ was connected to C-2’’ based on the HMBC correlations observed from H2-3’’ 
to C-1’’ and C-2’’. The two substructures obtained accounted for all of the oxygens and six out 
of the seven degrees of unsaturation required by the molecular formula of 1. Accordingly, an 
additional ring including two nitrogen atoms was deduced to connect the two substructures, 
forming a 4-quinazolinone ring. Consequently, compound 1 was identified to be a di-
glycerolated 4-quinozolinone, and was named quinazolinone A.

The [M+H]+ molecular ion at m/z 209.0932 in the ESI-HRMS spectrum resulted in a 
molecular formula of C10H12N2O3 for 2 (yield 0.3 mg/L). The 13C NMR spectrum presented 10 
signals, which was consistent with the molecular formula (Table 1). The 1H NMR spectrum of 
2 resembled that of 1 in the downfield aromatic region, and the major difference is the absence 
of a set of signals for the additional glycerol unit. Further, HMBC experiment confirmed that 
2 is a mono-glycerolated 4-quinazolinone (Figure 5). Compound 2 was named quinazolinone 
B.
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Figure 5. Key COSY ( ) and HMBC ( ) correlations for 1 and 2.

The 4-quinazoline alkaloids represent an important class of nitrogen-containing heterocyclic 
compounds (Michael, 2007), which have highly diverse biological activities, such as antitumor, 
anti-inflammatory, antihypertensive, antimicrobial, anticonvulsant and antifungal activities 
(He et al., 2017). Though the basic bicyclic core (the fused benzene ring and pyrimidine ring) 
is normally conserved in most of the naturally occurring 4-quinazoline derivatives (Michael, 
2007), a variety of structural substitutions have oftentimes been found on the pyrimidine 
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ring of the 4-quinazolinone. The chemical structures of quinazolinones A and B and the 
glycerol-dependent production suggest that glycerol participates in the construction of the 
ring system. We propose that quinazolinones A and B form a new sub-branch in the family 
of quinazolines. Particularly, quinazolinone A contains an exciting seven-membered ring 
that, we believe, may be formed by intermolecular etherification of two units of glycerol, and 
this ring is further linked with the quinazolinone backbone by a spiro atom at C-2, which is 
unprecedented. Antimicrobial activities of compounds 1 and 2 were tested against B. subtilis 
and E. coli. None of the compounds showed antimicrobial activity against these indictor 
strains (data not shown). 

Biosynthesis of quinazolinones A and B
In our study, the production of 1 and 2 was dramatically enhanced in the cultures with 2% 
glycerol. Elicitation by glycerol is an indication that glycerol may play a key role during their 
biosynthesis. The aromatic ring system of quinazoline alkaloids is known to be derived from 
anthranilic acid, which in turn is biosynthesized through the shikimate pathway (Dewick, 
2009). Detection of anthranilamide in the extract of Streptomyces sp. MBT27 leads to the 
assumption that the biosynthesis of the isolated quinazolinones starts from anthranilic acid, 
which is then converted into anthranilamide (Figure 6). Further successive attachments of 
two molecules of glycerol then result in the formation of 2, followed by 1. 
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Figure 6. Proposed biosynthetic pathway for quinazolinone A (1) and B (2).

However, multiple biosynthetic routes have been proposed for quinazolinones, because the 
C-2 residue of the quinazoline ring may originate from various precursors. For example, the 
C-2 and the remaining non-aromatic part of the quinazolinone alkaloid chrysogine, produced 
by Penicillium chrysogenum, are biosynthesized from pyruvic acid via an nonribosomal 
peptide synthetase (NRPS) assembly line (Wollenberg et al., 2017), while the non-aromatic 
part of the quinazoline alkaloid peganine, produced by the plant Peganum harmala, is 
derived from ornithine (Dewick, 2009). Furthermore, fumiquinazoline F originates from a 
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fungal nonribosomal peptide synthetase (TqaA) and is biosynthesized from anthranilic acid, 
l-tryptophan and l-alanine (Gao et al., 2011).

In conclusion, the metabolic potential of Streptomyces sp. MBT27 was analyzed under 
different nutritional conditions, showing major changes in the metabolome, depending on the 
carbon source used. In particular, the relatively unspectacular change from 1 to 2% glycerol 
resulted in a surprisingly global change in the secondary metabolome, with some compounds 
changing by almost four orders of magnitude. The use of GNPS molecular networking, 
together with LC-MS-based dereplication, allowed us to annotate a cluster of quinazolinone-
family molecules that connect to anthranilic acid and anthranilamide. Isolation and structure 
elucidation revealed the novel alkaloid natural products quinazolinone A and B. Based on 
the structures, the biosynthesis of the compounds most likely involves the conversion of 
anthranilic acid into anthranilamide, which is subsequently attached to two glycerol units to 
produce compounds 1 and 2. Identification of the biosynthetic gene cluster and subsequent 
analysis of the individual enzymatic reactions should reveal the precise biosynthetic pathway 
for these exciting novel molecules.
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Materials and Methods

Bacterial strain, growth conditions 
Streptomyces sp. MBT27 was obtained from the Leiden University strain collection and had 
previously been isolated from the Qingling Mountains, Shanxi province, China (Zhu et al., 
2014b). Cultures were grown in triplicate in 100 mL Erlenmeyer flasks with 30 mL of liquid 
minimal medium (MM) (Kieser, 2000), supplemented with various carbon sources, and 
inoculated with 10 µL of 109/mL spore suspension. The carbon sources (percentages in w/v) 
were: 1% mannitol + 1% glycerol, 1% mannitol, 2% mannitol, 1% glycerol, 2% glycerol, 1% 
glucose, 2% glucose, 1% fructose, 1% arabinose or 1% N-acetylglucosamine (GlcNAc). The 
cultures were incubated in a rotary shaker at 30 °C at 220 rpm for seven days. 

General experimental procedures
NMR spectra were recorded in deuterated methanol (CD3OD) on a Bruker 600 MHz, and 
were referenced using the residual 1H signal of deuterated solvent at 3.30 ppm. FT-IR was 
measured on Perkin-Elmer FT-IR Spectrometer Paragon 1000. UV measurements were 
performed using a Shimadzu UV mini-1240. Optical rotations were measured on a JASCO 
P-1010 polarimeter. HPLC purification was performed on Waters preparative HPLC system 
comprised of 1525 pump, 2707 autosampler, 2998 PDA detector, and Water fraction collector 
III. The columns used were SunFire C18 column (5 µm, 100 Å, 10 × 250 mm) and SunFire C18 
column (10 µm, 100 Å, 19 × 150 mm). TLC was performed using aluminum plates coated 
with silica gel 60 F254 (Merck). All organic solvents and chemicals were of analytical or LCMS 
grade, depending on the experiment.

Metabolite profiling 
Following fermentation, culture supernatants were extracted with ethyl acetate (EtOAc) and 
evaporated under reduced pressure. For LC-ESI-QTOFMS analyses, extracts were dissolved 
in MeOH to a final concentration of 1 mg/mL, and 1 μL was injected into Waters Acquity 
UPLC system equipped with Waters Acquity HSS C18 column (1.8 μm, 100 Å, 2.1 × 100 mm), 
which is coupled to Agilent 6530 QTOF MS equipped with Agilent Jet Stream ESI source 
(Agilent Technologies, Inc., Palo Alto, CA, USA). For the LC, solvent A was 95% H2O, 5% 
acetonitrile (ACN) and 0.1% formic acid; solvent B was 100% ACN and 0.1% formic acid. 
The gradient used was 2% B for 1 min, 2–85% for 9 min, 85–100% for 1 min, and 100% for 3 
min. The flow rate used was 0.5 mL/min. As for the MS, the following ESI source parameters 
were used: capillary voltage 3 kV, source temperature 325 °C, drying gas flow rate 10 L/
min, and fragmentor 175 V. Full MS spectra were acquired in positive mode in the range 
of 100–1700 m/z, in the extended dynamic range mode. Internal reference masses of purine 
and Agilent HP-921 were continuously delivered to the ESI source through an Agilent 1260 



Chapter 4

100

isocratic pump. Thermo Instruments MS system (LTQ Orbitrap XL, Bremen, Germany) 
equipped with an electrospray ionization source (ESI) was used for LC-MS/MS analysis. The 
Waters Acquity UPLC system equipped with Waters Acquity PDA was run using a SunFire 
Waters C18 column (3.5 µm, 100 Å, 4.6 × 150 mm), at a flow rate of 0.9 mL/min. Solvent A 
was 95% H2O, 5% acetonitrile (ACN) and 0.1% formic acid; solvent B was 100% ACN and 
0.1% formic acid. The gradient used was 2% B for 1 min, 2–85% for 15 min, 85–100% for 3 
min, and 100% for 3 min. As for the MS, the following ESI parameters were used: capillary 
voltage 5 V, spray voltage 3.5 kV, capillary temperature 300 °C, auxiliary gas flow rate 10 
arbitrary units, and sheath gas flow rate 50 arbitrary units. Full MS spectra were acquired in 
the Orbitrap in positive mode at a mass range of 100–2000 m/z, and FT resolution of 30,000. 
Data-dependent MS2 spectra were acquired in the ion trap for the three most intense ions 
using collision-induced dissociation (CID). The resulting chemical data were compared with 
those in SciFinder and Antibase (Laatsch, 2012a).

Large-scale fermentation and isolation of metabolites (1) and (2)
For large-scale fermentation, Streptomyces sp. MBT27 was grown in eight 2 L Erlenmeyer 
flasks, each containing 500 mL liquid MM supplemented with 2% w/v glycerol at 30 °C for 
seven days. The metabolites were extracted from the spent media of culture filtrates using 
EtOAc, and the solvent was subsequently evaporated under reduced pressure at 40 °C. The 
crude extract (1.4 g) was adsorbed onto 1.4 g silica gel (pore size 60 Å, 70–230 mesh, Sigma 
Aldrich), and loaded on silica column, which was eluted using gradient mixtures of n-hexane, 
acetone, and MeOH. The fractions eluted with acetone 100% were combined, reconstituted in 
MeOH, and injected into the preparative SunFire column (19 x 150 mm), which was eluted 
with H2O:MeOH gradient of 7–100% in 30 min, at a flow rate of 15 mL/min, to yield five 
fractions. Quinazolinones A and B were further purified on the semi-preparative SunFire 
column (10 x 250 mm), run at 3 mL/min. Fraction 2 was eluted using H2O:MeOH gradient 
of 20–40% in 20 min, to yield quinazolinone A (1, 1 mg). On the other hand, Fraction 3 was 
eluted using H2O:MeOH gradient of 30–40% in 20 min, to yield quinazolinone B (2, 1.5 mg).
Quinazolinone A (1): colorless, amorphous powder; [α] 

D
20 2.3 (c 0.1, MeOH); UV (MeOH) 

λmax (log ε) 224 (4.09), 322 (2.98) nm; IR νmax 3334, 2922, 1652, 1475, 1052 cm−1; 1H and 
13C NMR data, see Table 1; HRESIMS (positive mode) m/z 281.1130 [M+H]+ (calcd. for 
C13H17N2O5, 281.1132). 
Quinazolinone B (2): colorless, amorphous powder, UV (MeOH) λmax (log ε) 226 (4.18), 347 
(3.03) nm; IR νmax 3350, 2950, 1649, 1526, 1049, 751 cm−1; 1H and 13C NMR data, see Table 1; 
HRESIMS (positive mode) m/z 209.0915 [M+H]+ (calcd. for C10H13N2O3, 209.0921). 
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Table 1. 1H and 13C NMR data for compounds 1 and 2a.

NO. 
1 2
δC δH (mult., J in Hz) δC δH (mult., J in Hz)

2 79.0 73.3
4 166.1 166.7
4a 121.8 114.5
5 128.8 7.88 (dd, J = 7.8, 1.2) 128.5 7.66 (dd, J = 7.8, 1.2)
6 123.0 7.07 (t, J = 7.8) 118.5 6.69 (td, J = 7.8, 1.2)
7 134.6 7.46 (td, J = 7.8, 1.2) 135.3 7.26 (td, J = 7.8, 1.2)
8 122.3 7.23 (brd, J = 7.8) 115.8 6.73 (brd, J = 7.8)
8a 143.7 148.6
1’ 73.9 4.43 (d, J = 9.0); 

4.24 (d, J = 9.0)
64.5 3.67 (d, J = 10.8); 

3.62 (d, J = 10.8)
2’ 64.6 3.59 (d, J = 11.4); 

3.47 (d, J = 11.4)
64.5 3.67 (d, J = 10.8); 

3.62 (d, J = 10.8)
1’’ 65.7 3.86 (d, J = 12.6); 

3.80 (d, J = 12.6)
2’’ 102.9
3’’ 61.9 3.66 (d, J = 3.0)

a 1 and 2 were recorded in CD3OD, at 298 K. All chemical shift assignments were done on the basis of 1D and 2D 
NMR techniques.

Computation of mass spectral networks
MS/MS raw data were converted into a 32-bit mzXML file using MSConvert (ProteoWizard) 
(Chambers et al., 2012) and spectral networks were assembled using Global Natural Product 
Social molecular networking (GNPS) (https://gnps.ucsd.edu) as described (Wang et al., 
2016). For both parent and MS/MS fragment ions, the mass tolerance was set to 0.5 Da, 
while the minimum cosine score was set to 0.7. The data were clustered using MSCluster 
with a minimum cluster size of three spectra. The spectra in the network were also searched 
against GNPS spectral libraries. A minimum score of 0.5 was set for spectral library search, 
with at least two fragment peaks matching. Cytoscape 3.5.1. was used for visualization of 
the generated molecular network (Shannon et al., 2003). The edge thickness was set to 
represent the cosine score, with thicker lines indicating higher similarity between nodes. 
LC-MS/MS data were deposited in the MassIVE Public GNPS data set (MSV000082988). 
The molecular networking job in GNPS can be found at https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=8fd1fcfa0ff744a9808e80bc7be12115. The annotated MS/MS spectra were 
deposited in the GNPS spectral library for quinazolinone A (CCMSLIB00004684355), and B 
(CCMSLIB00004684354).
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Statistical analysis
Prior to statistical analysis, mzXML files were imported into Mzmine 2.31 (Pluskal et al., 
2010) for data processing. Mass ion peaks were detected using the exact mass algorithm with 
a noise level set to 1.0 × 104. Afterward, chromatograms were built for the detected masses 
with a minimum time span of 0.05 min, m/z tolerance of 0.001 m/z and minimum height of 
1.0 × 104. Chromatogram deconvolution was then performed using local minimum search 
algorithm (search minimum in RT range 0.1 min, chromatographic threshold 90%, minimum 
relative height 1%, minimum absolute height 1.0 × 104, minimum ratio of peak top/edge 2 
and peak duration range 0.05–3 min). In the generated peak lists, isotopes were identified 
using isotopic peaks grouper (m/z tolerance 0.001 m/z and retention time tolerance 0.1 min), 
and variations in retention time were reduced using retention time normalizer (m/z tolerance 
0.001 m/z and retention time tolerance 1 min). All the peak lists were subsequently aligned 
using join aligner (m/z tolerance 0.001 m/z, m/z weight 20, retention time tolerance 0.1 min, 
and retention time weight 20), and missing peaks were detected through gap filling using 
peak finder (intensity tolerance 1.0%, m/z tolerance 0.001 m/z, and retention time tolerance 
of 0.2 min). Finally, the aligned peak list was exported as a comma-separated file for statistical 
analysis.

Statistical analysis was performed using MetaboAnalyst (Chong et al., 2018), where 
log transformation and pareto scaling was initially applied to the data. A heat map of all 
detected masses, among the different growth conditions, was generated in MetaboAnalyst, 
to which additional hierarchical clustering analysis (HCA) was performed using Euclidean 
distance measure and Ward clustering algorithm. Student’s t-tests with multiple testing 
corrections (Benjamini-Hochberg-false discovery rate or FDR) were used to determine 
significant differences in the intensities of the metabolites, under two different growth 
conditions. The thresholds set for statistically significant differences were a fold change ≥ 4, 
together with FDR corrected p-value ≤ 0.05. Based on these criteria, a volcano plot was 
generated. To identify the difference in intensity of a single mass feature among multiple 
growth conditions, one-way ANOVA was performed, followed by a post hoc Tukey’s honest 
significant difference (HSD) test.
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Supplementary information

Figure S1.  Effect of carbon source utilization on secondary metabolite profiles of Streptomyces sp. MBT27. 
Box plots show the relative intensities of quinazolinones A (1) and B (2) in cultures grown in MM with different 
carbon sources, namely: 1. mannitol 1% + glycerol 1%; 2. GlcNAc 1%; 3. glycerol 1%; 4. glycerol 2%; 5. mannitol 
1%; 6. mannitol 2%; 7. glucose 1%; 8. glucose 2%; 9. arabinose 1%; 10. fructose 1%. Note the spectacular increase in 
production when the glycerol concentration is doubled.

Figure S2.  Changes in the secondary metabolite profiles of Streptomyces sp. MBT27 depending on the glycerol 
concentration. Changes in the secondary metabolite profiles of Streptomyces sp. MBT27 depending on the glycerol 
concentration. Box plots show the relative intensities of quinazolinones A (1) and B (2) in the cultures with added 
1%, 2%, 3% or 4% (w/v) glycerol.
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Figure S3. 1H NMR spectrum of quinazolinone A (1) in CD3OD.

Figure S4. APT spectrum of quinazolinone A (1) in CD3OD.
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Figure S5. 1H-1H COSY spectrum of quinazolinone A (1) in CD3OD.

Figure S6. HSQC spectrum of quinazolinone A (1) in CD3OD.

Figure S3. 1H NMR spectrum of quinazolinone A (1) in CD3OD.

Figure S4. APT spectrum of quinazolinone A (1) in CD3OD.
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Figure S7. HMBC spectrum of quinazolinone A (1) in CD3OD.

Figure S8. 1H-1H NOSEY spectrum of quinazolinone A (1) in CD3OD.
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Figure S9. HRMS spectrum of quinazolinone A (1).

Figure S10. UV spectrum of quinazolinone A (1).
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Figure S11. 1H NMR spectrum of quinazolinone B (2) in CD3OD.

Figure S12. APT spectrum of quinazolinone B (2) in CD3OD.
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Figure S13. 1H-1H COSY spectrum of quinazolinone B (2) in CD3OD.

Figure S14. HSQC spectrum of quinazolinone B (2) in CD3OD.
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Figure S15. HMBC spectrum of quinazolinone B (2) in CD3OD.

Figure S16. 1H-1H NOSEY spectrum of quinazolinone B (2) in CD3OD.
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Figure S17. HRMS spectrum of quinazolinone B (2).

Figure S18. UV spectrum of quinazolinone B (2).
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Abstract
Streptomycetes are major producers of bioactive natural products, including the majority of 
the naturally produced antibiotics. While much of the low-hanging fruit has been discovered, 
it is predicted that less than 5% of the chemical space of natural products has been mined. 
Here, we describe the discovery of the novel actinomycins L1 and L2 produced by Streptomyces 
sp. MBT27, via application of metabolic analysis and molecular networking. Actinomycins 
L1 and L2 are diastereomers, and the structure of actinomycin L2 was resolved using NMR 
and single-crystal X-ray crystallography. Actinomycin L is formed via spirolinkage of 
anthranilamide to the 4-oxoproline moiety of actinomycin X2, prior to the condensation of the 
actinomycin halves. Such a structural feature has not previously been identified in naturally 
occurring actinomycins. Adding anthranilamide to cultures of the actinomycin X2 producer 
Streptomyces antibioticus, which has the same biosynthetic gene cluster as Streptomyces sp. 
MBT27, resulted in the production of actinomycin L. This supports a biosynthetic pathway 
whereby actinomycin L is produced from two distinct metabolic routes, namely those 
for actinomycin X2 and for anthranilamide. Actinomycins L1 and L2 showed significant 
antimicrobial activity against Gram-positive bacteria. Our work shows how new molecules 

can still be identified even in the oldest of natural product families.
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Introduction
Considering the emerging crisis of antibiotic resistance that spreads among bacterial pathogens 
and increasing incidence of cancer, the search for new, efficient and less toxic drugs remains a 
priority (Wright, 2015, Silver, 2011). Actinobacteria have been the source for the majority of 
the antibiotics in use today (Barka et al., 2016, Bérdy, 2005). Of the Actinobacteria, members 
of the genus Streptomyces produce over half of all currently characterized antibiotics (Barka 
et al., 2016). Genome sequencing revealed that Actinobacteria have much more biosynthetic 
potential to produce bioactive molecules than originally anticipated, with even the model 
organisms harboring many so-called cryptic or silent biosynthetic gene clusters (BGCs) that 
specify yet unknown compounds (Bentley et al., 2002, Cruz-Morales et al., 2013, Ikeda et al., 
2003). Triggering the expression of silent BGCs by genetic and cultivation-based techniques 
should facilitate unlocking this yet unexplored chemical diversity, allowing the discovery 
of novel molecules (Rutledge & Challis, 2015, van Bergeijk et al., 2020). This strategy relies 
on altering the regulatory networks of the producing organism in response to fluctuating 
culturing conditions, such as carbon, nitrogen or phosphate concentration (Urem et al., 2016, 
van der Heul et al., 2018, Sanchez et al., 2010). Manipulation of fermentation conditions of 
promising producer strains, known as “one strain many compounds” (OSMAC) approach, 
is effective in enhancing secondary metabolites production (Bode et al., 2002, Romano et 
al., 2018). Novel secondary metabolites have been discovered via modification of cultivation 
parameters, including nutrients (Yoon & Nodwell, 2014, Zhu et al., 2014a), and the addition 
of chemical elicitors (Craney et al., 2012, Rigali et al., 2008). 

Metabolic profiling of crude extracts obtained under different growth conditions 
represents a challenging analytical task since these mixtures are composed of hundreds of 
natural products. Therefore, metabolomics, particularly those based on mass spectrometry 
(MS), became more and more valuable and greatly increased the efficiency of such screenings 
(Demarque et al., 2020). Supervised statistical methods are able to classify a response like 
a biological activity, and to determine the most discriminant metabolite(s) related to such 
response (O’Leary et al., 2016). Moreover, simultaneous dereplication of differentially 
expressed compounds is implemented into the drug-discovery pipelines in order to 
avoid rediscovery of already known compounds (Gaudencio & Pereira, 2015). MS-based 
metabolomics provides important information on the distribution of the metabolites that 
are present in complex mixtures, but the identification of their structures is complicated. For 
this purpose, the Global Natural Products Social molecular networking (GNPS MN) was 
developed, applying both molecular networking and automated searches of tandem mass 
spectrometry (MS/MS) fragmentation spectra against spectral libraries, to identify structural 
relationships between metabolites (Nguyen et al., 2013, Wang et al., 2016). This greatly 
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facilitates the annotation and dereplication of known molecules.
Actinomycin is a DNA-targeting antibiotic and anticancer compound discovered 

in 1940 by Waksman and Woodruff and in fact, the first antibiotic that was isolated from 
an Actinobacteria (Waksman & Woodruff, 1940). Actinomycins are produced by various 
Streptomyces strains and are composed of a chromophore group and two pentapeptide chains 
with a variable composition of amino acids (Figure S1) (Katz, 1967). Actinomycins D, X0β 
and X2 are usually simultaneously produced and differ from each other by substitutions on 
the proline residue in their pentapeptide lactone rings, while members of the actinomycin C 
complex vary in their d-valine residues (Crnovcic et al., 2017). The pentapeptide precursors are 
biosynthesized by a nonribosomal peptide synthetase (NRPS) assembly line, and actinomycins 
are formed through oxidative condensation of two 3-hydroxy-4-methylanthranilic acid (4-
MHA) pentapeptide lactones (PPLs) (Crnovčić et al., 2014). 

In this work, we report the discovery of new actinomycin analogs, actinomycin L1 
and L2, from the extracts of Streptomyces sp. MBT27. Multivariate data analysis combined 
with molecular networking indicated that the antimicrobial activity of the extracts correlated 
with novel actinomycins L1 and L2 and known actinomycins D, X0β and X2. NMR and single-
crystal X-ray crystallography revealed that an anthranilamide moiety was linked through a 
spiro-center to a proline residue in the structure of actinomycins L1 and L2. Such a structural 
feature has not previously been identified in naturally occurring actinomycins.
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Results

The influence of carbon sources on bioactivity and actinomycin production
Streptomyces sp. MBT27 is a gifted natural product producer that was isolated from Qinling 
mountains in China, with potent antibacterial activity against various MDR (multi-drug 
resistant) bacteria (Zhu et al., 2014a). We previously showed that the strain, among others 
produces the novel quinazolinones A and B (Machushynets et al., 2019). To investigate 
the antibiotic activity of Streptomyces sp. MBT27 the strain was fermented in minimal 
medium (MM) with either of the following carbon sources (percentages in w/v): 1% of both 
mannitol and glycerol, 1% mannitol, 2% mannitol, 1% glycerol, 2% glycerol, 1% glucose, 2% 
glucose, 1% fructose, 1% arabinose, or 1% N-acetylglucosamine (GlcNAc). Supernatants of 
Streptomyces sp. MBT27 cultures were extracted with ethyl acetate and bioactivity assays were 
performed against Bacillus subtilis 168. Interestingly, the carbon sources had a huge effect on 
the antimicrobial activity (Figure S2). Particularly strong antimicrobial activity was observed 
when the culture medium was supplemented with glycerol + mannitol, glucose 1%, glycerol, 
fructose or GlcNAc; as compared to when mannitol or arabinose were used as the carbon 
sources.

In order to investigate the metabolic differences due to nutritional supplementation 
and correlate that to the antimicrobial activity, LC-MS-based metabolomics was performed. 
Initially, the LC-MS data were explored by unsupervised Principal Component Analysis 
(PCA). The first two PCs accounted for 37% and 16%, respectively, of the total data variation. 
PCA analysis failed to show significant metabolic separation in relation to the observed 
bioactivity (Figure 1A). The supervised Orthogonal Partial Least Squares Discriminant 
Analysis (OPLS-DA) was then applied to discriminate the samples based on their ability to 
inhibit B. subtilis (Figure 1B). The cross-validation metrics of the model (R2Y = 0.748 and Q2Y 
= 0.676) indicated that the model has good reliability and ability of prediction. A permutation 
test was performed (n = 100) and the resulting R2Y and Q2Y values were significantly lower (p 
values < 0.01 for both), which indicated that there was no overfitting in the model (Figure S3) 
(Chong et al., 2019). The OPLS-DA loadings S-plot revealed the most discriminative features 
between active and inactive groups (Figure 1C).
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Figure 1. Differential production of metabolites depending on the carbon source. 
A. PCA score plot of Streptomyces sp. MBT27 metabolites produced in cultures with different carbon sources, 
namely, 1% arabinose, 1% fructose, 1% GlcNAc, 1% glucose, 2% glucose, 1% glycerol, 2% glycerol, 1% mannitol, 1% 
mannitol + 1% glycerol and 2% mannitol (%ages in w/v). B. OPLS-DA score plot. Triangles and crosses represent 
samples of active and inactive groups respectively, circular areas represent the 95% confidence region of each group. 
C. OPLS-DA loadings S-plot. Arrows indicate the most discriminative features that positively correlate with the 
bioactive group.

The mass features that correlated best to the bioactivity were m/z 1387.6706 (8.8 min), m/z 
1255.6353 (8.53 min), m/z 1277.6175 (8.52 min), m/z 1271.631 (7.56 min) and m/z 1293.612 
(7.56 min) (Figure 1C). Dereplication of those features was performed through comparison 
of the UV spectra, accurate masses, isotope distribution and fragmentation patterns obtained 
in MS/MS analysis against the chemistry databases Reaxys, ChemSpider, and the microbial 
natural products database Antibase (Laatsch, 2012b). This allowed us to annotate the mass 
features with m/z 1255.6353 and 1277.6175 as the [M+H]+ and [M+Na]+ adduct ions of 
actinomycin D, respectively, while the mass features with m/z 1271.631 and 1293.612 were 
annotated as [M+H]+ and [M+Na]+ adduct ions of actinomycin X0β, respectively (Crnovčić 
et al., 2014). However, the mass feature with an m/z value of 1387.6706 [M+H]+ could not be 
matched to any of the previously reported microbial natural products.

Global Natural Product Social (GNPS) molecular networking (Wang et al., 2016) 
was subsequently employed to detect MS/MS-based structural relatedness among features 
in an automated manner. The web-based platform generates a molecular network wherein 
features with related scaffolds cluster together. Cytoscape 3.7.2 was used for visualization 
of the generated molecular networks (Shannon et al., 2003). A network representing the 
ions detected in the crude extract of Streptomyces sp. MBT27 grown with 1% glycerol was 
constructed, revealing 172 nodes clustered in 10 spectral families (Figure 2). The molecular 
network revealed an actinomycin spectral family containing actinomycin D, X2 and X0β. 
Moreover, the same spectral family included a yet unidentified compound with m/z 1387.67. 
It was closely connected (cosine score > 0.7) to the known actinomycins, suggesting that the 
molecule was a novel actinomycin. Statistical analysis showed that the extracts with stronger 
antimicrobial activity contained higher concentrations of actinomycins X2, X0β, D and the 
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new compound, in comparison with the less active ones (ANOVA, p < 0.05; Figure 2). It is 
important to note that actinomycins were only detected in the bioactive extracts. 

Figure 2. GNPS molecular network of the ions detected in the crude extract of Streptomyces sp. MBT27. Cultures 
were grown for seven days in MM with 1% glycerol. Orange nodes represent ions of the metabolites produced 
by Streptomyces sp. MBT27, while blue nodes represent those of the media components. The actinomycin spectral 
family is enlarged. Results of ANOVA statistical analysis were mapped onto the molecular network to illustrate the 
differential production of actinomycin cluster members under various growth conditions. Box plots represent relative 
intensities of actinomycins X2, X0β, and D after log transformation and pareto scaling; together with a compound with 
an m/z value of 1387.67, in cultures grown in MM with the following carbon sources: 1. 1% arabinose; 2. 1% fructose; 
3. 1% GlcNAc; 4. 1% glucose; 5. 2% glucose; 6. 1% glycerol; 7. 2% glycerol; 8. 1% mannitol; 9. 1% mannitol + 1% 
glycerol; 10. 2% mannitol (%ages in w/v).

Large scale fermentation and NMR 
To allow identification and structural analysis of the likely novel actinomycin analog, we 
performed large-scale fermentation of Streptomyces sp. MBT27 followed by bioactivity-
guided fractionation. The purification process resulted in the isolation of two compounds 
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(1) and (2), with the same mass (Figures S4, S5). The NMR spectra of the two compounds 
were very similar, suggesting that they were diastereomers (Figures S6-S12). Based on 1D 
and 2D NMR analysis of 1, together with the molecular formula and degrees of unsaturation 
dictated by the accurate mass, the structure of the isolated diastereomers was determined 
as a variant of actinomycin D, whereby an aminal was formed between the amino group of 
anthranilamide moiety and keto group at the γ position of the proline residues (Figure 3). The 
prolyl substitution position is the same as that of the hydroxyl and keto groups in actinomycins 
X0β and X2, respectively. The new actinomycin analog was designated actinomycin L (with L 
standing for Leiden, the city of its discovery).
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Figure 3. Chemical structures of the new actinomycins. Shown are actinomycin L1 (10′S) (1) and L2 (10′R) (2) (A) 
and the key COSY, HMBC and NOESY correlations for 1 (B). 

The second stereoisomer (2) was crystallized successfully. Single-crystal X-ray diffraction 
confirmed the structure obtained for (1) based on NMR, and established the absolute 
configuration to be 2′S, 2″S, 4′R, 4″R, 10′R, 12′S, 12″S, 18′S, 18″S, 23′R, 23″R by anomalous-
dispersion effects in diffraction measurements on the crystal (Figure 4).

Figure 4. X-ray ORTEP drawing of the crystal structure of compound 2. 
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As the absolute configuration of the amino acid residues in 2 was consistent with that of 
previously reported actinomycins (Wang et al., 2017), and considering that the two isomers 
stemmed from the aminal formation at C-10′, compound 1 is inevitably the 10′S isomer of 
actinomycin L.

Biosynthesis of actinomycin L
Actinomycins D (or X1), X2, and X0β detected in the extracts of Streptomyces sp. MBT27 are 
members of the actinomycin X complex. Recently it was shown that actinomycins X0β and X2 
are formed through the sequential oxidation of the γ-prolyl carbon by the cytochrome P450 
enzyme saAcmM (Semsary et al., 2018, Liu et al., 2017). Based on its structure, actinomycin 
L is most likely formed through an aminalization reaction between the two amino groups of 
anthranilamide and the γ‐keto group on the proline residue of actinomycin X2. Accordingly, 
its production should be arrested when one of the precursors is not available. Interestingly, 
Streptomyces sp. MBT27 produced actinomycin L in very low amounts when grown with 
fructose (1% w/v) as the sole carbon source. Moreover, ANOVA statistical analysis showed 
that anthranilamide was produced in equally low amounts under the same growth conditions 
(ANOVA, p < 0.05; Figure 5). Under conditions where Streptomyces sp. MBT27 produced 
actinomycin L, namely when grown in MM with 1% GlcNAc, 1% glucose, 1% glycerol, 2% 
glycerol or in 1% mannitol + 1% glycerol, the strain invariably produced both actinomycin X2 
and anthranilamide. However, under conditions where actinomycin X2 was produced but not 
anthranilamide, the strain failed to produce actinomycin L (Figure 5). 

We, therefore, wondered if anthranilamide may be a precursor for the biosynthesis 
of actinomycin L. To test this hypothesis, we performed a feeding experiment, whereby 
anthranilamide was added to cultures of Streptomyces sp. MBT27 grown in MM with 1% 
fructose, where virtually no actinomycin L was produced. Analysis of the supernatant of the 
cultures via LC-MS revealed that actinomycin L was readily produced when anthranilamide 
was added, but not without it (Figure 6A). This strongly suggested that anthranilamide is 
required for the production of actinomycin L. However, extracts of Streptomyces sp. MBT27 
fermented with 1% fructose and additional anthranilic acid contained both anthranilamide 
and actinomycin L (Figure 6A). This suggests that indeed anthranilic acid is converted into 

anthranilamide, which in turn is incorporated into actinomycin L.
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Figure 5. Box plots showing the relative intensities of actinomycin L1, L2 and X2 and anthranilamide after log 
transformation and pareto scaling. Cultures of Streptomyces sp. MBT27 were grown for seven days in MM with the 
following carbon sources: 1. 1% arabinose; 2. 1% fructose; 3. 1% GlcNAc; 4. 1% glucose; 5. 2% glucose; 6. 1% glycerol; 
7. 2% glycerol; 8. 1% mannitol; 9. 1% mannitol +1 % glycerol; 10. 2% mannitol (% ages in w/v). Red box indicates 
the abundance of actinomycin L1, L2 and X2 and anthranilamide in the cultures grown with fructose (1% w/v). Note 
that Streptomyces sp. MBT27 produced actinomycin L and anthranilamide in very low amounts when fermented with 
fructose (1% w/v) as the sole carbon source.

Figure 6. Anthranilamide is required for the biosynthesis of actinomycins L1 and L2. Box plots show the relative 
intensities of actinomycin L1 and L2 after log transformation and pareto scaling in the cultures of Streptomyces sp. 
MBT27 (A) and S. antibioticus (B) fermented for seven days in MM with fructose (1% w/v) (1), fed with 0.7 mM 
anthranilamide (2) and 0.7 mM anthranilic acid (3). Note that S. antibioticus  produces actinomycin L exclusively in 
the presence of anthranilamide and not with anthranilic acid; conversely, Streptomyces sp. MBT27 is able to convert 
anthranilic acid into anthranilamide, enabling the production of actinomycin L.
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In order to unambiguously verify that actinomycin L was the product of anthranilamide 
and actinomycin X2, we conducted another biotransformation experiment, now feeding 
anthranilamide to S. antibioticus IMRU 3720, which is a known producer of actinomycins 
X2 and X0β, but fails to produce actinomycin L under any condition tested. In line with our 
hypothesis, S. antibioticus IMRU 3720 also failed to produce anthranilamide under any of 
the growth conditions (Figure S13). Excitingly, LC-MS analysis revealed the production of 
actinomycin L by S. antibioticus IMRU 3720 when anthranilamide was fed to the cultures, but 
never without anthranilamide (Figure 6B). This validates the concept that anthranilamide is a 
key precursor of actinomycin L. Conversely, when anthranilic acid instead of anthranilamide 
was added to cultures of S. antibioticus IMRU 3720, we failed to detect actinomycin L and 
anthranilamide (Figure 6B). 

The oxidation of the proline residue in actinomycins X0β and X2 occurs following 
the formation of the two halves of actinomycin, known as 4-MHA PPLs, and prior to the 
condensation of these halves to form actinomycin (Semsary et al., 2018). Taking this into 
account, we reasoned that anthranilamide should be incorporated into the actinomycin 
halves prior to condensation. To check this, 3-hydroxy-4-methylbenzoic acid (4-MHB) was 
added to cultures of Streptomyces sp. MBT27 and of S. antibioticus IMRU 3720. 4-MHB is 
a structural analog of 4-MHA that replaces 4-MHA as a starter unit in the nonribosomal 
assembly of the actinomycin halves (Semsary et al., 2018). When 4-MHB replaces 4-MHA, 
4-MHB containing PPLs accumulate because they cannot react with each other to give a 
phenoxazinone ring, as is the case with 4-MHA PPLs (Keller, 1984). LC-MS analysis of the 
4-MHB-supplemented extracts showed the appearance of the previously reported 4-MHB-
containing pentapeptide lactones PPL 1, PPL 0, and PPL 2, and new PPL, designated as PPL 3 
(Figures S14–S17, Table S1). The exact mass and fragmentation pattern of PPL 3 was consistent 
with a 4-MHB containing PPL wherein an anthranilamide moiety had been attached to the 
proline residue (Figure S17).

Taken together, the feeding experiments convincingly show that actinomycin L is 
formed through the reaction of anthranilamide with the 4-keto group on the proline residue 
in the pentapeptide lactone. Moreover, results of the feeding experiments with 3-hydroxy-
4-methylbenzoic acid show that this reaction occurs prior to the condensation of the 
pentapeptide lactones into actinomycin L (Figure 7).
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Figure 7. Proposed biosynthetic pathway for actinomycin L. We propose that actinomycin L is formed through the 
reaction of anthranilamide (blue) with the 4-oxoproline moiety of actinomycin X2 prior to the condensation of two 
4-MHA PPLs into the actinomycin L.

Identification of the actinomycin BGC in Streptomyces sp. MBT27
To characterize the BGC responsible for actinomycin biosynthesis and compare the genes 
with those found in known actinomycin BGCs, Streptomyces sp. MBT27 was sequenced using 
the PacBio platform (GenBank accession number: PRJNA602665). Assembly of the PacBio 
reads resulted in two contigs of 8.4 Mb and 0.13 Mb in length. Analysis using AntiSMASH 6 
(Blin et al., 2021) readily identified the actinomycin BGC in the 8.4 Mb contig. A comparison 
with the actinomycin X2 BGC from S. antibioticus showed that all genes were highly conserved 
between the two clusters (Table S2, Figure S18). This strongly suggests that the actinomycin 
BGC does not specify the observed modifications in the actinomycin structure, and is not 
responsible for the production of anthranilamide. We have not yet identified the enzyme for 
the predicted conversion of anthranilic acid to anthranilamide.

Bioactivity of isolated compounds (MIC)
Bioactivity assays were carried out for the actinomycins, to test their ability to act as antibiotics. 
As expected, the compounds showed selective antibacterial activity against Gram-positive 
pathogens, and none of the actinomycins presented any activity against E. coli ATCC 25922 or 
K. pneumoniae ATCC 700603 (Table 1). All tested compounds showed antibacterial activity 
against Gram-positive bacteria with MIC values ranging from 1 to 16 µg/mL. Actinomycin 
L1 showed somewhat higher bioactivity than actinomycin L2, while both compounds showed 
slightly higher MICs than actinomycin D and Actinomycin X2.
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Table 1. Antibacterial activities of compounds expressed as minimal inhibitory 
concentrations (MIC)#.

Strain Actinomycin 
X2

Actinomycin 
D

Actinomycin 
L1

Actinomycin 
L2

S. aureus MB5393
 (methicillin-resistant) 2-4 1-2 4-8 8-16

S. aureus ATCC 29213 
(methicillin-sensitive) 1-2 1-2 2-4 n.a.

E. faecium               
(vancomycin-sentitive)* 1-2 1-2 4-8 8-16

E. faecium VanB 
(vancomycin-resistant)* 1-2 1-2 4-8 8-16

S. epidermidis * 2-4 2-4 4-8 n.a.
E. coli ATCC 25922 >128 >128 >128 n.a
K. pneumoniae 
ATCC 700603 >128 >128 >128 n.a

(*), clinical isolates; n.a.: data not available. # all concentrations given in μg/mL.
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Discussion
Actinomycin was the first antibiotic identified in Actinobacteria (Waksman & Woodruff, 
1940). The well-established actinomycin structure is composed of a heterocyclic 
chromophore and two cyclic PPLs. Biosynthetically, PPL is biosynthesized by an NRPS 
assembly line with the 4-MHA as the initiating unit (Jones, 1987, Pfennig et al., 1999). 
4-MHA is derived from 3-hydroxy-4-methylkynurenine (4-MHK), which is formed by 
methylation of 3-hydroxykynurenine (3-HK) (Crnovcic et al., 2017). Our work surprisingly 
revealed a novel structure within the extensively studied actinomycin family, namely that of 
actinomycin L, which arises via attachment of an anthranilamide moiety to the γ-carbon of 
one of the proline residues through aminal formation. ANOVA statistical analysis proved 
that production of anthranilamide is the limiting factor in the biosynthesis of actinomycin L. 
Feeding experiments with anthranilamide suggested that actinomycin L is formed through 
the spontaneous reaction of anthranilamide with the 4-oxoproline site of actinomycin X2 
prior to the condensation of the two 4-MHA PPLs into actinomycin L. To the best of our 
knowledge, the attachment of anthranilamide to a 4-oxoproline moiety is a novel observation.

The actinomycin BGC of Streptomyces sp. MBT27 harbors the same genes as that 
of S. antibioticus, with high homology between the genes, which strongly suggests that the 
modification of actinomycin X2 to actinomycin L is not encoded by the BGC itself. Indeed, 
we anticipate that anthranilamide is derived from anthranilic acid in Streptomyces sp. MBT27, 
whereby anthranilic acid in turn is biosynthesized through the shikimate pathway (Dewick, 
2009). Anthranilic acid is a commonly produced primary metabolite in Streptomyces, while 
anthranilamide is less common (Shaaban et al., 2012a, Biabani et al., 1998, Ham & Kim, 
2018). The actinomycin X2 producer S. antibioticus IMRU 3720 fails to convert anthranilic 
acid into anthranilamide, which explains why actinomycin L was also not detected in the 
extracts. However, actinomycin L was produced when we fed cultures of S. antibioticus IMRU 
3720 with additional anthranilamide, which is fully in line with our proposed biosynthetic 
pathway. Thus, actinomycin L is an example of a natural product that requires the joining 
of two separate metabolic pathways, and this is a concept that needs more attention. After 
all, scientists rely increasingly on heterologous expression and synthetic biology approaches 
(Kolter & van Wezel, 2016), and these will likely fail if genes are required that do not fall 
within the main BGC.

The production of actinomycins by Streptomyces spp. is strongly influenced by the 
carbon source, whereby the preferred carbon source varies from strain to strain (Katz et al., 
1957, Haque et al., 1995, Theobald et al., 2000, Dalili & Chau, 1988, Williams & Katz, 1977). 
D-galactose favors actinomycin production in Streptomyces antibioticus over arabinose, 
xylose, glucose, fructose and rhamnose (Katz et al., 1957), while glycerol was the optimal 
carbon source for actinomycin production by S. antibioticus Tü 6040 and S. antibioticus SR15.4 
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(Theobald et al., 2000, Haque et al., 1995). In the case of Streptomyces sp. MBT27, growth on 
MM with glycerol, GlcNAc, fructose and glucose (all 1% w/v) as sole carbon sources were 
the best carbon sources to promote the production of actinomycins. However, increasing the 
glucose concentration to 2% blocked the production of actinomycins. Glucose was previously 
reported to repress the transcription of the gene for hydroxykynureninase, which is involved 
in the formation of the main actinomycin precursor 4-MHA (Katz et al., 1957). Importantly, 
in our experiments the carbon source not only promoted the overall production levels, but 
also contributed to the chemical diversity of the actinomycins, including the production of 
actinomycin L. This coincided with the production of anthranilamide, an essential substrate 
to form this novel actinomycin variant. 

In the 21st century, genome mining and renewed drug discovery efforts have 
revealed that Actinobacteria may produce many more molecules than was expected (Nett 
et al., 2009). What is important to note is that this also applies to well-known families of 
molecules and in extensively studied model organisms. Examples are the highly rearranged 
cryptic polyketide lugdunomycin that belongs to the family of angucyclines (Wu et al., 2019), 
the new glycopeptide corbomycin with a novel mode of action (Culp et al., 2020), as well 
as the discovery of coelimycin (Gomez-Escribano et al., 2012) and a novel branch of the 
actinorhodin biosynthetic pathway (Wu et al., 2017) in the model organism Streptomyces 
coelicolor. The discovery of actinomycin L provides another interesting example that we have 
not yet exhausted the known part of the chemical space. Indeed, the isolation of these novel 
actinomycins underlines that the biosynthetic potential of Actinobacteria still has major 
surprises in store, and that we can expect that new molecules can be discovered even within 
extensively studied microbes and compound classes.
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Materials and Methods

General experimental procedures
Optical rotation, FT-IR and UV were measured as previously described (Elsayed et al., 2020). 
NMR spectra were recorded on a Bruker Ascend 850 MHz NMR spectrometer (Bruker 
BioSpin GmbH). Data was analyzed using MestReNova 14 software (Mestrelab Research, 
Santiago de Compostela, Spain). The structures of molecules were drawn using ChemDraw 
Professional version 16.0 (Perkin-Elmer Informatics). HPLC purification was performed on 
Waters preparative HPLC system as described (Machushynets et al., 2019). All solvents and 
chemicals were of HPLC or LC-MS grade, depending on the experiment. 

Bacterial strains, growth conditions and metabolite extraction 
Streptomyces sp. MBT27 was obtained from the Leiden University strain collection and had 
previously been isolated from the Qingling Mountains, Shanxi province, China (Zhu et al., 
2014a). Cultures were grown in triplicate in 100 mL Erlenmeyer flasks containing 30 mL of 
liquid minimal medium (MM) (Kieser, 2000), supplemented with various carbon sources, 
and inoculated with 10 µL of 109/mL spore suspension. The carbon sources (percentages 
in w/v) were: 1% mannitol + 1% glycerol, 1% mannitol, 2% mannitol, 1% glycerol, 2% 
glycerol, 1% glucose, 2% glucose, 1% fructose, 1% arabinose or 1% N-acetylglucosamine 
(GlcNAc). The cultures were incubated in a rotary shaker at 30 °C and 220 rpm for seven 
days. Following fermentation, culture supernatants were extracted with ethyl acetate (EtOAc) 
and evaporated under reduced pressure. In the series of feeding experiments Streptomyces sp. 
MBT27, S. antibioticus IMRU 3720 and S. chrysomallus ATCC11523 were fermented in MM 
supplemented with 1% fructose and 0.7 mM anthranilamide. For the directed biosynthesis 
of non-natural actinomycin X halves Streptomyces sp. MBT27 and S. antibioticus IMRU 3720 
were grown in MM with 1% w/v fructose, 0.7 mM anthranilamide and 0.7 mM 3-hydroxy-4-
methylbenzoic acid (4-MHB) and extracted with EtOAc. 

Genome sequencing, assembly and annotation 
Streptomyces sp. MBT27 was grown in YEME at 30 °C and 220 rpm for 48 hours. DNA 
was extracted from Streptomyces sp. MBT27 as described (Kieser, 2000). DNA quality was 
verified by agarose gel electrophoresis. PacBio sequencing and assembly was performed by 
Novogene (UK). Generally, library was prepared using SMRTbell template prep kit (PacBio, 
USA) according to manufacturer instructions. Sequencing was then performed using PacBio 
Sequel platform in continuous long reads mode. Assembly was done using Flye (version 
2.8.1) (Kolmogorov et al., 2019). Biosynthetic gene clusters (BGCs) in this genome were 
annotated using AntiSMASH 6.0 (Blin et al., 2021). The actinomycin BGC was then extracted 
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and compared with the same cluster from S. antibioticus IMRU 3720 using clinker version 
0.0.20) with default settings (Gilchrist & Chooi, 2021). 

Up-scale fermentation, extraction and fractionation
Large-scale fermentation, extraction end fractionation were performed as previously 
described (Machushynets et al., 2019). The fractions eluted with n-hexane–acetone (1:1) was 
subjected to a SunFire C18 column (10 μm, 100 Å, 19 × 150 mm) eluted with a H2O–MeOH 
gradient of 50–100% in 20 min, at a flow rate of 15 mL/min. The fraction containing the 
actinomycins was collected and further purified on semi-preparative SunFire C18 column (5 
μm, 100 Å, 10 × 250 mm), run at 3 mL/min, and eluted using a H2O–MeOH gradient of 
70–100% in 20 min, to yield actinomycins L1 (1, 2.9 mg), L2 (2, 1.3 mg), X2 (3, 1 mg), X0β 
(4, 2.9 mg), and D (5, 3.2 mg). 
Actinomycin L1 (1): red amorphous powder; [α] D

25 -38 (c 0.2, MeOH); UV (MeOH) λmax (log 
ε) 211 (1.957), 312 (0.124), 427.5 (0.152), 438 (0.151) nm; IR νmax 3301, 2963, 2921, 2859, 
1740, 1662, 1644, 1585, 1521, 1465, 1405, 1300, 1262, 1191, 1097 cm−1;  1H and  13C NMR 
data, see Table 2; HRESIMS (positive mode) m/z 1387.6681 [M+H]+ (calcd. for C69H91N14O17, 
1387.6681).
Actinomycin L2 (2): red amorphous powder; [α] D

25 -54 (c 0.2, MeOH); UV (MeOH) λmax (log 
ε) 226 (2.189), 364 (0.186) nm, 426.5 (0.367) nm; IR νmax    3308, 2943, 2929, 2831, 1748, 
1662, 1644, 1585, 1448, 1406, 1302, 1262, 1191, 1113 cm−1; HRESIMS (positive mode) m/z 
1387.6674 [M+H]+ (calcd. for C69H91N14O17, 1387.6681). The X-ray diffraction experiment on 
a crystal grown from MeOH further confirmed the structure and determined the absolute 
configuration of compound 2 (Figure 4) (CCDC 2110000). Structure visualization and image 
preparation was done using Mercury version 4.3.0 (Macrae et al., 2020). 
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Table 2. 1H and 13C NMR data of 1 in CDCl3 at 298 K[a].
Position δC, type δH, mult. (J in Hz) Position δC, type δH, mult. (J in Hz)
1 129.5, C 22′ 167.4, C
2 130.9, C 23′ 74.5, CH 5.29, qd (6.3, 3.1)
3 125.9 7.75, m 24′ 17.5, CH3 1.23, d (6.3)
4 130.0, CH 7.44, dd (7.6, 0.9) 25′ 163.1, C
5 128.5, C 26′ 114.3, C
6 140.6, C 27′ 128.6, CH 7.90, dd (7.9, 1.6)
7 144.7, C 28′ 118.7, CH 6.81, dt (0.9, 7.9)
8 113.6, C 29′ 133.6, CH 7.30, dt (1.6, 7.9)
9 178.9, C 30′ 113.9, CH 6.67, dd (7.9, 0.9)
10 ND 31′ 146.7, C
11 ND 1″ 166.4, C
12 ND 2″ 55.5, CH 4.69, dd (6.6, 2.7)
13 15.1, CH3 2.58, d (0.9) NH-2″ 7.64, d (6.6)
14 7.7, CH3 2.26, s 3″ 168.6, C
1′ 166.1, C 4″ 58.6, CH 3.57, m
2′ 54.7, CH 4.45, dd (6.4, 3.1) NH-4″ 7.75, m
NH-2′ 7.38, d (6.4) 5″ 31.8, CH 2.10, m
3′ 168.7, C 6″ 18.9, CH3 1.10, d (6.7)
4′ 57.9, CH 3.56, m 7″ 19.2, CH3 0.91, d (6.7)
NH-4′ 8.28, d (5.4) 8″ ND
5′ 31.0, CH 2.17, m 9″ 47.5, CH2 3.82, m

3.75, m
6′ 18.8, CH3 1.13, d (6.7) 10″ 22.8, CH2 2.29, m

2.07, m
7′ 19.1, CH3 0.87, d (6.7 11″ 31.1, CH2 2.84, m

1.86, dd (11.9, 6.9)
8′ ND 12″ 56.3, CH 5.95, d (9.2)
9′ 60.5, CH2 4.49, d (13.4)

4.07, d (13.4)
13″ 172.9, C

10′ 76.8, C 14″ 34.9, CH3 2.89, s
11′ 43.1, CH2 2.94, m

2.25, m
15″ 51.3, CH2 4.72, d (17.1)

3.65, d (17.1)
12′ 56.7, CH 6.27, d (10.5) 16″ 165.4, C
13′ 173.1, C 17″ 39.4, CH3 2.93, s
14′ 35.1, CH3 2.93, s 18″ 71.4, CH 2.70, m
15′ 51.1, CH2 4.36, d (17.1)

3.58, d (17.1)
19″ 27.0, CH 2.69, m

16′ 166.3, C 20″ 19.0, CH3 0.75, d (6.3)
17′ 39.1, CH3 2.95, s 21″ 21.7, CH3 0.98, d (6.0)
18′ 71.3, CH 2.67, m 22″ 167.2, C
19′ 26.9, CH 2.65, m 23″ 75.2, CH 5.22, qd (6.3, 2.7)
20′ 19.0, CH3 0.75, d (6.8) 24″ 17.9, CH3 1.30, d (6.3)
21′ 21.6, CH3 0.96, d (6.4)

[a] 1H 850 MHz and 13C NMR resonances inferred from HSQC and HMBC spectra.
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Single crystal X-ray crystallography
All reflection intensities were measured at 100(2) K using a SuperNova diffractometer 
(equipped with Atlas detector) with Cu Kα radiation (λ = 1.54178 Å) under the program 
CrysAlisPro (Version CrysAlisPro 1.171.39.29c, Rigaku OD, 2017). The same program was 
used to refine the cell dimensions and for data reduction. The structure was solved with the 
program SHELXS-2018/3 and was refined on F2 with SHELXL-2018/3 (Sheldrick, 2015). 
Analytical numeric absorption correction using a multifaceted crystal model was applied 
using CrysAlisPro. The temperature of the data collection was controlled using the system 
Cryojet (manufactured by Oxford Instruments).  Prior to mounting the chosen single crystal 
on the diffractometer, crystals were placed in some Parabar 10312 on a microscope slide and 
cooled via a cold N2(g) stream in order to protect the crystal from potential solvent loss. The H 
atoms were placed at calculated positions (unless otherwise specified) using the instructions 
AFIX 13, AFIX 23, AFIX 43, AFIX 137 or AFIX 147 with isotropic displacement parameters 
having values 1.2 or 1.5 Ueq of the attached C or O atoms.  The H atoms attached to N2, N1’, 
N2’, N6’, N7’, N1” and N2” were found from difference Fourier maps, and their coordinates 
were refined pseudofreely using the DFIX instruction in order to keep the N−H bonds within 
an acceptable range. The structure is partly disordered. The asymmetric unit contains one 
molecule of the target compound as well as some significant amount of lattice MeOH solvent 
molecules. Six solvent molecules were modelled as ordered with four being fully occupied 
and two with partial occupancy factors of 0.918(11) and 0.487(10). The contribution of 
the remaining amount of disordered lattice solvent molecules has been removed using the 
SQUEEZE procedure in Platon (Spek, 2009). Furthermore, the atoms C9”, C10” and C11” 
are disordered over two orientations, and the occupancy factor of the major component 
of the disorder refines to 0.533(10). The absolute configuration has been established by 
anomalous-dispersion effects in diffraction measurements on the crystal, and the Flack and 
Hooft parameters refine to 0.08(5) and 0.06(5), respectively. The model has chirality S, S, R, 
R, R, S, S, S, R, R at C2’, C2”, C4’, C4”, C10’. C12’, C18’, C18”, C23’, C23”, respectively. Structure 
visualization and image preparation was done using Mercury (Macrae et al., 2020).

Antimicrobial activity assay and MIC determination
The antimicrobial activity of the compounds was tested in liquid inhibition assays against 
seven pathogens including Gram-negative and Gram-positive bacteria (Escherichia coli 
ATCC25922, Klebsiella pneumoniae ATCC700603, methicillin-resistant Staphylococcus 
aureus MB5393, methicillin-sensitive Staphylococcus aureus ATCC29213, linezolid-resistant 
Staphylococcus epidermidis (clinical isolate), vancomycin-sensitive Enterococcus faecium 
(clinical isolate), and  vancomycin-resistant Enterococcus faecium VanB (clinical isolate), as 
described (Audoin et al., 2013). Each compound was serially diluted in DMSO with a dilution 
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factor of 2 to test 10 concentrations starting at 128 μg/mL in all the antimicrobial assays. The 
MIC was defined as the lowest concentration of compound that inhibited ≥95% of the growth 
of a microorganism after overnight incubation. The Genedata Screener software (Genedata, 
Inc., Basel, Switzerland) was used to process and analyze the data and to calculate the RZ’ 
factor in the assay that was  between 0.90 and 0.98 supporting its robustness.

LC-MS/MS analysis 
For LC-MS analyses, extracts were dissolved in MeOH to a final concentration of 1 mg/mL, 
and 1 μL was injected into Waters Acquity UPLC system coupled to Agilent 6530 QTOF MS. 
Samples were analyzed according to the protocol that was previously published (Machushynets 
et al., 2019). LC-MS/MS acquisition of the pure compounds was performed using Shimadzu 
Nexera X2 UHPLC system coupled to Shimadzu 9030 QTOF mass spectrometer as previously 
described (Xiao et al., 2020). LC–MS/MS acquisition for molecular networking was performed 
using Thermo Instruments MS system (LTQ Orbitrap XL, Bremen, Germany) equipped with 
an electrospray ionization source (ESI) as described (Machushynets et al., 2019). 

Computation of mass spectral networks
MS/MS raw data were converted to a 32-bit mzXML file using MSConvert (ProteoWizard) 
(Chambers et al., 2012) and spectral networks were assembled using Global Natural Product 
Social molecular networking (GNPS) (https://gnps.ucsd.edu) as described (Wang et al., 2016). 
Briefly, the precursor ion mass tolerance was set to 2.0 Da and a MS/MS fragment ion tolerance 
of 0.5 Da, while the minimum cosine score was set to 0.7. The data were clustered using 
MSCluster with a minimum cluster size of three spectra. The spectra in the network were also 
searched against GNPS spectral libraries. A minimum score of 0.7 was set for spectral library 
search, with at least six fragment peaks matching. Cytoscape 3.7.2 was used for visualization of 
the generated molecular networks (Shannon et al., 2003). In Cytoscape the detected chemical 
space is displayed as nodes and edges (nodes correspond to a specific consensus spectrum; 
edges represent significant pairwise alignment between nodes). The edge thickness was set 
to represent the cosine score, with thicker lines indicating higher similarity between nodes. 
LC-MS/MS data were deposited in the MassIVE Public GNPS data set (MSV000085106). 
The molecular networking job in GNPS can be found at https://gnps.ucsd.edu/ProteoSAFe/
status.jsp?task=0c9153470404488d8927289139f875d3. The annotated MS/MS spectra were 
deposited in the GNPS spectral library for actinomycin L1 (CCMSLIB00005718892) and L2 
(CCMSLIB00005718891).

Statistical analysis
Prior to statistical analysis, mzXML files, which were converted using Shimadzu LabSolutions 
Postrun Analysis, were imported into Mzmine 2.31 (Pluskal et al., 2010) and processed as 
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previously described (Machushynets et al., 2019). The aligned peak list was exported as 
a comma-separated file for statistical analysis. Statistical analysis was performed using 
MetaboAnalyst (Chong et al., 2018), where log transformation and pareto scaling was initially 
applied to the data. The normalized data were subjected to principal components analysis 
(PCA) and orthogonal partial least squares discriminant analysis (OPLS-DA). The quality of 
the models was evaluated with the relevant R2 and Q2. To identify the difference in intensity 
of a single mass feature among multiple growth conditions, one-way ANOVA was performed, 
followed by a post hoc Tukey’s honest significant difference (HSD) test. 
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Table S3. X-ray crystallography data for 2.
xs2313a

Crystal data

Chemical formula C69H90N14O17·5.405(CH4O)

Mr 1560.87

Crystal system, space group Trigonal, P3221

Temperature (K) 100
a, c (Å) 18.4731 (2), 42.4216 (5)

V (Å3) 12537.1 (3)

Z 6

Radiation type Cu Kα
µ (mm-1) 0.77

Crystal size (mm) 0.23 × 0.15 × 0.07

Data collection

Diffractometer SuperNova, Dual, Cu at zero, Atlas

Absorption correction Analytical
CrysAlis PRO 1.171.40.53 (Rigaku Oxford Diffraction, 
2019) Analytical numeric absorption correction using a 
multifaceted crystal model based on expressions derived 
by (Clark & Reid, 1995). Empirical absorption correction 
using spherical harmonics, implemented in SCALE3 
ABSPACK scaling algorithm.

Tmin, Tmax 0.897, 0.957

No. of measured, 
independent and observed 
[I > 2σ(I)] reflections

90598, 14994, 13477

Rint 0.043
(sin θ/λ )max (Å-1) 0.598

Refinement

R[F2 > 2σ (F2)],
wR(F2), S

0.046, 0.128, 1.03

No. of reflections 14994

No. of parameters 1091
No. of restraints 79
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Figure S1. Chemical structure of actinomycin. Actinomycins are composed of a chromophore group highlighted 
with the red square and two pentapeptide chains, where amino acid AA2 and AA3 differs depending on the 
actinomycin group. 

Figure S2. Representative results of antimicrobial activity of Streptomyces sp. MBT27 extracts against B. subtilis 
168. Streptomyces sp. MBT27 was fermented in minimal medium (MM) with different carbon sources, namely 
(percentages in w/v): 1% of both mannitol and glycerol, 1% mannitol, 2% mannitol, 1% glycerol, 2% glycerol, 1% 
glucose, 2% glucose, 1% fructose, 1% arabinose, or 1% N-acetylglucosamine (GlcNAc), and extracted with ethyl 
acetate. The red boxes indicate active extracts of Streptomyces sp. MBT27, while the green boxes represent extracts 
without antibacterial activity against B. subtilis 168. Ampicillin was used as a positive control. Note, that extracts of 
cultures fermented with different carbon sources showed different bioactivity profiles.
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Figure S3. Permutation validation of OPLS-DA model.

Figure S4 HRMS spectrum of 1.
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Figure S5. HRMS spectrum of 2.

Figure S6. 1H NMR spectrum of 1 (850 MHz, in CDCl3 with TMS).
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Figure S7. 1H–1H TOCSY spectrum of 1 (850 MHz, in CDCl3 with TMS).

Figure S8. 1H–1H COSY spectrum of 1 (850 MHz, in CDCl3 with TMS).	
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Figure S8. 1H–1H COSY spectrum of 1 (850 MHz, in CDCl3 with TMS).  
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Figure S9. HSQC spectrum of 1 (850 MHz, in CDCl3 with TMS).

Figure S10. HMBC spectrum of 1 (850 MHz, in CDCl3 with TMS).
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Figure S10. HMBC spectrum of 1 (850 MHz, in CDCl3 with TMS). 
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Figure S10. HMBC spectrum of 1 (850 MHz, in CDCl3 with TMS). 
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Figure S11. NOESY spectrum of 1 (850 MHz, in CDCl3 with TMS). 

Figure S12. Stacked 1H NMR spectra of 1 and 2 (850 MHz, in CDCl3 with TMS).
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Figure S13. S. antibioticus is incapable to produces actinomycin L unless anthranilamide is supplied. Box plots 
showing the relative intensities of anthranilamide, actinomycin L1 and L2 after log transformation and pareto scaling 
in the cultures of S. antibioticus fermented for seven days in MM with different carbon sources 1. 1% fructose; 2. 1% 
fructose + 0.7 mM anthranilamide; 3. 1% glycerol; 4. 1% mannitol + 1 % glycerol; 5. 2% glycerol (all %ages in w/v). 

Figure S14. QTOF MS/MS spectrum of 4-MHB-containing pentapeptide lactone PPL 0.

Figure S15. QTOF MS/MS spectrum of 4-MHB-containing pentapeptide lactone PPL 1.
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Figure S16. QTOF MS/MS spectrum of 4-MHB-containing pentapeptide lactone PPL 2.

Figure S17. QTOF MS/MS spectrum of 4-MHB-containing pentapeptide lactone PPL 3.

Figure S18. Alignment of actinomycin biosynthetic gene cluster from S. antibioticus and Streptomyces sp. 
MBT27.Grey arrows indicate genes with unknown function. Grey bars connecting homologues pairs from the two 
cluster, the identity of two genes is indicated by different levels of greyness.
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Abstract
Microbial natural products form the basis of most of the antibiotics used in the clinic. 
The vast majority has not yet been discovered, among others because the hidden chemical 
space is obscured by previously identified (and typically abundant) antibiotics in culture 
extracts. Efficient dereplication is therefore key to the discovery of our future medicines. 
Here we present an analytical platform for the efficient identification and prioritization of 
low abundance bioactive compounds at nanoliter scale, called nanoRAPIDS. NanoRAPIDS 
encompasses analytical scale separation and nanofractionation of natural extracts, followed 
by the bioassay of interest, automated mass spectrometry identification, and Global Natural 
Products Social molecular networking (GNPS) for dereplication. As little as 10 μL crude 
extract is fractionated into 384 fractions. First, bioactive congeners of iturins and surfactins 
were identified in Bacillus, based on their bioactivity. Subsequently, bioactive molecules 
were identified in an extensive network of angucyclines elicited by catechol in cultures of 
Streptomyces sp. MBT84. This allowed the discovery of a highly unusual N-acetylcysteine 
conjugate of saquayamycin, despite low production levels in an otherwise abundant 
molecular family. These data underline the utility and broad application of the technology for 

the prioritization of minor bioactive compounds in complex extracts.
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Introduction
The increasing number of antibiotic-resistant bacteria combined with the decreasing number 
of new antibiotics discovered are becoming serious threats to public health. The traditional 
source of antibiotics are natural products produced by microorganisms, whereby some 70% 
are produced by Actinobacteria (Barka et al., 2016, Bérdy, 2005). The canonical antibiotic 
discovery approach, known as the “Waksman platform” (Wright, 2014), involves high-
throughput screening of Actinobacteria for antimicrobial activity, but while this approach 
was highly successful in the golden era of antibiotic discovery, nowadays, that approach fails 
to identify truly novel classes of compounds (Baltz, 2008). Still, we have likely only exploited 
a fraction of the chemical space of microbial natural products (Genilloud, 2014). Indeed, 
the molecules that are currently described (van Santen et al., 2019) likely only represent 3% 
of the extant chemical space of natural products (Gavriilidou et al., 2022). The challenge 
lies in the development of technologies to access the undiscovered chemical space of natural 
products. Genome sequencing revealed that Streptomyces genomes each contain up to 60 or 
even more biosynthetic gene clusters (BGCs) that specify natural products (Nett et al., 2009). 
Bioinformatic tools such as antiSMASH (Blin et al., 2023) allow visualizing these BGCs and 
predicting the classes of molecules they produce. However, many of these BGCs are expressed 
at a very low level under routine laboratory conditions, and hence their cognate products 
cannot be elucidated. Actinobacteria are usually grown in isolation and in laboratory media 
that do not accurately mimic the complexity of their natural habitat. The control of BGCs is 
most likely tightly tied to the competitive ecological conditions in which antibiotic production 
evolved (Chevrette et al., 2020, Cornforth & Foster, 2013).

Several methods have been developed to boost the production of hitherto hidden 
natural products, including ribosome engineering, co-cultivation, OSMAC (one-strain many-
compounds), promoter replacement and high-throughput elicitor screens (van Bergeijk et al., 
2020, Yoon & Nodwell, 2014). Metabolites are identified by liquid chromatography coupled 
to mass spectrometry (LC-MS) and NMR spectroscopy. Statistical models such as Pearson 
correlation, partial least squares (PLS),  discriminant analysis  (PCA-DA, PLS-DA, OPLS-
DA) and hierarchical cluster analysis (HCA) are then used to link metabolite fingerprints to 
bioactivity data (Ory et al., 2019). Identifying the bioactive compounds of interest is often 
time-consuming and expensive, while  efficient dereplication  is essential to avoid wasting 
time and resources on the rediscovery of known compounds. Global Natural Products Social 
(GNPS) molecular networking developed in the Dorrestein laboratory (Wang et al., 2016) is 
an important addition to the toolbox. Although these approaches provide lists of highlighted 
features, the information obtained is not immediately linked to bioactivity. Several analytical 
modules involving different bioassays and detection technologies can be linked to allow 
simultaneous bioactivity evaluation and identification of compounds present in small 
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amounts (analytical scale) in complex compound mixtures. Such approaches include the 
at-line high-resolution nanofractionation, which could complement previously mentioned 
strategies and provide a more comprehensive insight of the compounds responsible for the 
activity (Mladic et al., 2016, Zietek et al., 2017).

One of the major challenges is the lack of truly novel chemical scaffolds, which 
may serve as the basis for the antibiotics of tomorrow. We discovered lugdunomycin that 
is produced by the soil-derived Streptomyces sp. QL37 (Wu et al., 2019). Lugdunomycin is a 
highly rearranged member of the angucyclines, the largest family of type II polyketides (Fotso 
et al., 2008, Kharel et al., 2012), and has a radically different chemical scaffold as compared to 
other polyketides. Its discovery underlines that novel chemical space may still lie hidden even 
in highly explored chemical families. 

To allow more efficient mining of microbial extracts for novel chemical space, we 
developed an analytical platform for the rapid and efficient identification and dereplication of 
bioactive metabolites based on nanofractionation (nanoRAPIDS). NanoRAPIDS combines 
at-line high-resolution nanofractionation (Mladic et al., 2018) coupled to LC-MS/MS and 
featured-based molecular networking (FBMN) (Nothias et al., 2020) in a single analysis. 
The implementation of Mzmine (Pluskal et al., 2010) in our platform allows for automatic 
peak selection and correlation of the bioactivity with the appropriate mass, while the same 
workflow performs FBMN. The nanoRAPIDS workflow was validated by identifying a suite 
of iturins and surfactins produced by Bacillus sp. 90A-23 based on their bioactivity against 
Escherichia coli, Bacillus subtilis and/or Aspergillus niger in nanoliter fractions. We then 
applied the technology to prioritise bioactive angucyclines produced by Streptomyces sp. 
MBT84 following challenge by catechol. This afforded the isolation of a hitherto unknown 
N-acetylcysteine conjugate of saquayamycin N. 
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Results and Discussion

Development of the nanoRAPIDS platform 
The challenge we sought to overcome is that bioactivity-guided fractionation is typically 
frustrated by highly abundant known antibiotics, which obscures bioactive compounds that 
are produced at low levels. This is particularly true for screening of small culture volumes, 
such as those obtained through HT cultivation. Therefore, we developed an antibiotic 
discovery platform based on nanofractionation (Mladic et al., 2016), mass spectrometry and 
bioactivity assays. This set-up was combined with automated data pre-processing in MZmine 
2.53 (Pluskal et al., 2010) and feature-based molecular networking (Nothias et al., 2020). The 
pipeline is designated nanoRAPIDS, for Reliable Analytical Platform for Identification and 
Dereplication of Specialized metabolites based on nanofractionation. The schematic overview 
of the proposed workflow is shown in Figure 1. 

Figure 1. Schematic overview of the nanoRAPIDS platform. A. Classical omics-based pipeline for discovery of 
bioactive compounds. Multi-omics approaches advance the field of microbial natural products research. However, 
despite significant improvements in metabolite profiling, the unambiguous identification of each individual NP in 
an extract using generic methods remains challenging. B. Integration of the nanoRAPIDS pipeline into the multi-
omics workflow allows for detection and dereplication of the compounds contributing to the bioactivity of the 
complex extract. The nanoRAPIDS pipeline starts with at-line nanofractionation (I) and parallel MS/MS2, followed 
by bioactivity assays of the individual nanofractions through the resazurin reduction assay (II) to determine their 
retention time (RT). The MS/MS2 data are automatically pre-processed in MZmine to determine the m/z values of the 
bioactive features (III). The peak list is then subjected to GNPS molecular networking and dereplication. Molecular 
network visualization and automatic bioactive features mapping is conducted in Cytoscape (IV).

The nanoRAPIDS pipeline makes use of an at-line nanofractionation setup (Mladic et al., 
2018). First, extracts are separated by liquid chromatography (LC) and after the post-column 
split, the largest part of the flow is fractionated using high-resolution nanofractionation, 
while a small part is subjected to mass spectrometry (MS and MS/MS), allowing the 
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parallel data collection of all fractions. Next, the individual fractions are tested against 
target microorganisms such as Gram-positive, Gram-negative bacteria and/or fungi with 
a resazurin reduction assay. Since the at-line nanofractionation is performed at a 6 sec 
resolution, the retention time of eluting compounds from the LC separation is retained in 
the bioactivity chromatograms. After at-line nanofractionation, the LC-MS/MS spectral data 
are automatically processed with Mzmine (Pluskal et al., 2010), which gives the information 
on the m/z values of the bioactive fraction(s) constituents and their MS/MS spectra. Pre-
processed MS2 data are subsequently uploaded onto the GNPS web-platform (Wang et al., 
2016) for feature-based molecular networking (Nothias et al., 2020). Molecular networking 
is then performed to visualize all ions of molecules detected and fragmented during an MS 
experiment and identify the chemical relationships between them in a semi-quantitative 
fashion. Additionally, GNPS automatically performs a spectral library search for known 
molecules in the molecular networks, if their MS/MS spectra are available in public MS/MS 
spectral libraries. The final step of the analysis consists of mapping of the bioactive compounds 
within the obtained network in Cytoscape, based on their m/z and retention time (Figure 1B). 

Validation of nanoRAPIDS by screening Bacillus sp. 90A-23 extracts
Bacillus sp. 90A-23 produces several bioactive compounds with broad spectrum activity, 
many of which are well characterised, including iturins and surfactins that both consist of 
families of molecules. To validate the platform, crude extracts were subjected to analysis 
using nanoRAPIDS (Figure 2). Automated feature detection and correlation guided by high-
resolution bioactivity assays identified eight mass features with m/z 1029.5404 at 16.32 min, 
m/z 1043.5591 at 18.05 min, m/z 1057.5642 at 19.22 min, m/z 1071.5880 at 20.64 min, m/z 
1071.5880 at 20.95 min, m/z 1008.6698 at 27.91 min, m/z 1022.6782 at 28.84 min and m/z 
1036.6921 at 29.47 min (Table 1). It is important to note that some compounds may remain 
undetected due to the limitation of the ionization method from the MS system. 

	The filtered peak list generated in MZmine was exported for GNPS molecular 
networking (Nothias et al., 2020). The network consisted of 852 nodes, which were clustered 
in 92 spectral families and 134 individual nodes. The bioactive compounds with m/z 
1029.5404 at 16.32, m/z 1043.5591 at 18.05 min, m/z 1057.5642 at 19.22 min, m/z 1071.5880 
at 20.64 min, m/z 1071.5880 at 20.95 min were found in a 19-node cluster (Figure 2C). Search 
each MS/MS spectrum against the GNPS spectral libraries resulted in the annotation of 
m/z 1043.5591, m/z 1057.5642, m/z 1071.5880 as iturin A2, A3/4/5 and A6/7, respectively. 
Annotation of these compounds was supported by direct comparison of the MS/MS spectra 
with the standards of iturins from GNPS by mirror plot using mMass software (Strohalm et 
al., 2010) (Figures S2–S4). 
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Figure 2. NanoRAPIDS screen of extract of Bacillus sp. 90A-23. A. Chromatograms representing the results 
of the resazurin reduction assay against E. coli, B. subtilis and A. niger for each nanofraction plotted against time 
the nanofraction was collected. Fractions were collected with 6 seconds resolution onto 384-well plates after 10 
µL injection of crude extract obtained from Bacillus sp. 90A-23, at 15 mg/mL concentrations. B. The LC-MS data 
presented as Base Peak Chromatogram (BPC) with extracted ion currents of the m/z values found in the MS spectra 
corresponding to the bioactive peaks. C. Subfamilies containing the bioactive iturins (left) and surfactins (right) 
as identified by GNPS-molecular networking of culture extracts. Colors of the nodes correspond to the colors of 
the chromatographic peaks and highlight the mass features detected in the bioactive nanofractions. The node size 
represents the relative abundance of ion. The edge thickness attribute is an interpretation of cosine similarity score, 
with thicker lines indicating higher similarity.
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The compound with m/z 1029.5404 at 16.32 min was annotated as iturin A1 using the 
Antibase database (Laatsch, 2011) and manual comparison of MS/MS spectra with those in 
the literature (Pathak & Keharia, 2014). These amphiphilic compounds are characterized by a 
peptide ring of seven amino acid residues, closed by a β-amino fatty acid (Figure 3). 

Figure 3. Bioactive compounds found in the extracts of Bacillus sp. 90A-23. Structures of iturins and surfactins 
detected in the extracts of Bacillus sp. 90A-23. R, site where the fatty acid chain is linked to the peptidic backbone. 

Iturins are a family of lipopeptides produced by various Bacilli species (Sood et al., 2014, 
Chung et al., 2000, Hertlein et al., 2016). The 14 Da difference between molecules with m/z 
1029.5404, m/z 1043.5591, m/z 1057.5642 and m/z 1071.5880 is explained by variation in 
length of the fatty acid chain, containing 13, 14, 15 or 16 carbons, respectively (Figure S5). 
The major peaks in the bioactivity chromatogram at 18.05 and 19.22 min corresponded to the 
most intense compounds, which were dereplicated as iturin A2 (m/z 1043.5591) and iturin 
A3/A4 (m/z 1057.5642). Moreover, 12 more mass spectral features were also identified as 
iturins based on analog searches. The bioactive features with m/z 1008.6698 at 27.91 min, m/z 
1022.6782 at 28.84 min and m/z 1036.6921 at 29.47 min were detected within the surfactin 
spectral family (Figure 2C). 

Table 1. Bioactive compounds identified in extracts of Bacillus sp. 90A-23.
Peak Mass (m/z) RT, min Molecular  formula Identified compound
1 1029.5404 16.32 C47H72O14N12 (C13) Iturin A1 

(Pathak & Keharia, 2014)
2 1043.5591 18.05 C48H74O14N12 (C14) Iturin A2 (Ye et al., 2012)
3 1057.5642 19.22 C49H76O14N12 (C15) Iturin A3/A4/A5 

(Pathak & Keharia, 2014)
4 1071.5880 20.64 C50H78O14N12 (C16) Iturin A6/A7 

(Caldeira et al., 2011)
5 1071.5880 20.95 C50H78O14N12 (C16) Iturin A6/A7 

(Caldeira et al., 2011)
6 1008.6698 27.91 C51H89N7O13 Surfactin Leu/Ile7 C13 

(Pathak & Keharia, 2014, Ma et 
al., 2016, Nanjundan et al., 2019)
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7 1022.6782 28.84 C52H91N7O13 Surfactin Leu/Ile7 C14 
(Pathak & Keharia, 2014, Ma et 
al., 2016, Nanjundan et al., 2019)

8 1036.6921 29.47 C53H93N7O13 Surfactin Leu/Ile7 C15 
(Pathak & Keharia, 2014, Ma et 
al., 2016, Nanjundan et al., 2019)

The molecule with m/z 1008.6698 was annotated as surfactin Leu/Ile7 C13, that with m/z 
1022.6782 as surfactin Leu/Ile7 C14 and the compound with m/z 1036.6921 as surfactin 
Leu/Ile7 C15 (Ma et al., 2016) (Figures S6–S9). An additional 23 other spectral features also 
belonged to the same spectral family. 

In the initial screen, Bacillus sp. 90A-23 showed bioactivity against both bacteria and 
fungi. NanoRAPIDS allowed us to readily establish which detected individual mass features 
contributed to the bioactive nanofraction. This showed that the initially detected antifungal 
and antibacterial activity of the crude extract was mostly caused by iturins and surfactins 
(Table 1, Figure 2).

Identification of a N-acetylcysteine conjugate in a complex network of 
angucyclines in Streptomyces sp. MBT84 
Streptomycetes typically produce a large variety of angucyclines, which are the largest 
family of type II polyketides, many of which with significant bioactivity as antibiotics and/
or anticancer agents (Kharel et al., 2012). We, therefore, identified this molecular family as 
an ideal challenge for nanoRAPIDS, seeking to identify minor molecules with bioactivity 
without prior pre-purification. We recently showed that there is still a large chemical space 
that remains to be elucidated (van Bergeijk et al., 2022, Wu et al., 2019). Streptomyces sp. 
MBT84 produces a particularly large number of angucyclines and derivatives, many of which 
are produced specifically when catechol is added as elicitor to the culture media (van Bergeijk 
et al., 2022). To identify the nature of the metabolites produced by Streptomyces sp. MBT84 
in response to catechol, the strain was streaked on MM agar plates and the metabolites were 
then extracted from the spent agar after five days of growth using ethyl acetate (EtOAc). 
The crude extracts of the catechol-grown cultures showed increased bioactivity against B. 
subtilis 168, as compared to those grown under control conditions (van Bergeijk et al., 2022). 
To identify which mass features correlated to the increased bioactivity of Streptomyces sp. 
MBT84, crude extracts were screened with the nanoRAPIDS platform (Figure 4).



Chapter 6

158

Figure 4. NanoRAPIDS screen of extracts of Streptomyces sp. MBT84 in the presence and absence of catechol. 
A. Resazurin reduction assay against B. subtilis 168 for each nanofraction plotted against retention time. Fractions 
were collected with 6 seconds resolution onto 384-well plates after 10 µL injection of crude extract obtained from 
Streptomyces sp. MBT84 with catechol (purple) or without (blue), at 4 mg/mL concentrations. B. LC-MS data 
presented as base peak chromatogram (BPC) with extracted ion currents of the m/z values found in the MS spectra 
corresponding to the bioactive peaks produced in the presence (top) and absence (bottom) of catechol. C. Molecular 
network representing the bioactive molecules identified by GNPS-molecular networking and MolNetEnhancer in 
the extracts. The colors of the squares correspond to the colors of the chromatographic peaks and highlight the 
mass features detected in the bioactive nanofractions. The node size represents the relative abundance of the ion, in 
dark purple withing the catechol-grown sample and in light purple the control. The edge thickness attribute is an 
interpretation of cosine similarity score, with thicker lines indicating higher similarity.
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Following nanofractionation, the chromatogram showing the bioactivity against B. subtilis 168 
showed 14 peaks with negative maxima (Figure 4A). Automated peak detection combined with 
antimicrobial activity assays allowed the selection of the individual bioactive features (Figure 
4B), which were mapped onto the enhanced feature-based molecular network. Combining the 
output from molecular networking, MS2LDA and in silico annotation, the MolNetEnhancer 
(Ernst et al., 2019) workflow predicted an angucycline molecular family (Figure 4C). The 
bioactive angucyclines were annotated by manual comparison of the molecular formula and 
monoisotopic mass using the Dictionary of Natural Products (Table 2). Notably, all selected 
features were more abundant in the extracts from cultures supplemented with catechol. 

Multiple mass features were detected in the bioactive nanofractions, mostly due 
to in-source fragmentation (Table 2). For example, for peak 1 three mass features were 
selected, namely, m/z 601.228, m/z 487.1601 and m/z 469.1515 that correspond to the mass of 
protonated aquayamycin derivative, in-source sugar loss and subsequent water loss. Two of the 
14 bioactivity peaks, namely 3 and 6, were caused by co-elution of two different compounds. 
To our knowledge, the compounds with m/z 758.2166 and m/z 615.2071, responsible for the 
bioactivity of peak 3, have not been previously described. Interestingly, the mass feature with 
m/z 758.2166 did not cluster with the angucycline spectral family and was classified as an 
aminocyclitol glycoside based on the enhanced molecular network annotation (Figure 4C).

Table 2. List of mass features detected in the bioactive nanofractions of Streptomyces sp. 
MBT84 extract.
Peak Mass (m/z) Quasi 

molecular ion
Molecular 
formula

Compound annotation

1 601.228 [M+H]+ C31H37O12  Aquayamycin derivative 
(Rohr et al., 1993)487.1601 [M+H-C6H10O2]

+ C25H27O10

469.1515 [M+H-C6H10O2-
H2O]+

C25H25O9

2 487.1606 [M+H]+ C25H27O10  Aquayamycin/fridamycin A 
(Sezaki et al., 1968) 469.1492 [M+H-H2O]+ C25H25O9

3 758.2166 [M+H]+ C36H40NO15S Unknown
740.2026 [M+H-H2O

]+ C36H38NO14S
615.2071 [M+H]+ C31H35O13 Unknown

4 599.216 [M+H]+ C31H35O12 Saquayamycin C1/landomy-
cin D/grincamycin K 
(Uchida et al., 1985, Akhter 
et al., 2018, Lai et al., 2018)

5 NA
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6 597.199 [M+H]+ C31H33O12 Fridamycin D/saquayamycin 
A1/saquayamycin B1 
(Maskey et al., 2003, Uchida 
et al., 1985) 

579.1902 [M+H-H2O]+ C31H31O11

579.1849 [M+H]+ C31H31O11 Galtamycin D (van Bergeijk 
et al., 2022)

7 595.1804 [M+H]+  NA Unknown angucycline-like 
compound

469.1495 [M+H]+ C25H25O9  Antibiotic PD 116740 
derivative/atramycin A/ 
landomycin I/urdamycin 
B derivative (Zheng et al., 
2021, Erb et al., 2009, Rohr 
& Zeeck, 1987)

8 487.159 [M+H]+ C25H27O10  Aquayamycin/fridamycin A 
(Sezaki et al., 1968, Krohn & 
Baltus, 1988)

9 599.2103 [M+H]+ C31H35O12 Saquayamycin C1/landomy-
cin D/grincamycin K 
(Uchida et al., 1985, Henkel 
et al., 1990, Lai et al., 2018)  

469.1518 [M+H-C6H10O3]
+ C25H25O9

10 581.2005 [M+H]+ C31H33O11 Landomycin R (Shaaban et 
al., 2011)

11 451.1385 [M+H]+ C25H23O8 8-O-L-Digitoxosyldehy-
drorabelomycin (Rix et al., 
2005)

12 597.1988 [M+H]+ C31H33O12 Fridamycin D/saquayamycin 
A1/saquayamycin B1 
(Maskey et al., 2003, Uchida 
et al., 1985) 

638.2234 [M+H+MeCN]+ C33H36NO12

13 579.19 [M+H]+ C31H31O11 Galtamycin D (van Bergeijk 
et al., 2022)

14 597.1935 [M+H]+ C31H33O12 Fridamycin D/saquayamycin 
A1/saquayamycin B1  
(Maskey et al., 2003, Uchida 
et al., 1985)

597.199 [M+H]+ C31H33O12

563.1933 [M+H-H2O-O]+ C31H31O10

Large-scale fermentation was performed to elucidate the structure of this compound. 
Streptomyces sp. MBT84 was grown confluently on 12 x 12 mm MM agar plates with 50 
µM catechol, and the metabolites were extracted with EtOAc. Following chromatographic 
separation, 1 (red amorphous powder) and 2 (yellow amorphous powder) were isolated. 
Compound 1 had a molecular formula of C36H39NO15S, with 18 degrees of unsaturation based 
on HRESIMS (high resolution-electrospray ionization-mass spectrometry) analysis. Detailed 
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NMR analysis showed that 1 is a derivative of saquayamycin B1 (Figures S10–S13) (Uchida 
et al., 1985). This derivative was named saquayamycin N (Figure 5). The derivatization is at 
C-5, which showed in the NMR a signal for a tetrasubstituted carbon (δc 162.6) instead of a 
methine group in saquayamycin B1. This was established through the HMBC correlations 
from H2-4 and H-6, which is now a singlet proton (δH 6.65, s), to C-4a and C-5 (Figure 
S14). An N-acetylcysteine moiety was identified as the remaining part of 1 based on the 
observed remaining NMR signals and correlations, together with the established molecular 
formula. The N-acetylcysteine was connected to C-5 of the saquayamycin B core through 
the sulphur atom based on the HMBC and NOESY correlations observed from the protons 
of the methylene group in N-acetylcysteine to C-5 and H-6, respectively (Figures S14–
S15,S22). The absolute configuration of compound  1  could not be determined due to the 
limited amount of material purified. The configuration is most likely 3R, 4aS, 12bS, as was 
consistently observed for all saquayamycins identified so far (Uchida et al., 1985, Shaaban et 
al., 2012a). For the N-acetylcysteine moiety, an l-cysteine would be expected. The molecular 
formula of compound 2 was established to be C25H26O10, with 13 degrees of unsaturation, 
based on HRESIMS analysis. 1D and 2D NMR analysis (Figures S16–S22) revealed that 2 is 
the previously known fridamycin A (Krohn & Baltus, 1988). 

Figure 5. Structures of saquayamycin N (1) and fridamycin (2) isolated from Streptomyces sp. MBT84. Compound 
1 was, to the best of our knowledge, previously unreported and was named as saquayamycin N. The structure of the 
isolated compound 2 corresponds to fridamycin A. 

The isolated saquayamycin N and fridamycin A were tested for antibacterial activity. 
Compounds 1 and 2 showed moderate activity against B. subtilis 168, with an MIC of 125 
µg/mL, indicating low bioactivity. The observed bioactivity for 1 and 2 aligned with the data 
obtained in the resazurin reduction assay and corroborated the contribution of saquayamycin 
N and fridamycin A to the bioactivity observed in the peaks 2 and 3, respectively (Figure 4). 
The resazurin reduction assay in the nanofractionation setup only has a short incubation time 
and this is radically different from—and more sensitive then—the MIC assays which are based 
on overnight cultures. To validate the contribution of saquayamycin N and fridamycin A to 
the activity detected in the crude extracts, the purified compounds were pipetted in a 384 well 
plate and the resazurin reduction assay was performed as previously described. The selected 
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concentrations were based on the MIC values, namely 125 µg/mL (MIC value), 12.5 µg/mL 
and 1.25 µg/mL concentrations (sub-MIC values). The MIC and sub-MIC concentration of 
12.5 µg/mL resulted in peaks with significant negative maxima for both saquayamycin N and 
fridamycin A (Figure S23). The potential of these two isolated molecules should be addressed 
by further investigation of their anticancer activity, as the compounds from the angucycline 
family are well-known for their anticancer properties (Korynevska et al., 2007).

NanoRAPIDS is a pipeline based on at-line nanofractionation technology, which 
allows to establish which enables the detection of individual mass features contribute to the 
bioactivity of nanofractions. If multiple fractions with bioactivity are identified, GNPS will 
allow their linkage if indeed they would belong to the same (known or unknown) family. Thus, 
the nanoRAPIDS platform has the potential to go beyond the discovery of known specialized 
metabolites and facilitates the identification of new natural product families. Nevertheless, 
the discovery of novel bioactive natural products remains a substantial challenge in the field 
of natural product discovery.

The nanoRAPIDS platform is an efficient and cost-effective technology based on 
nanofractionation, which allows the identification of low-abundance molecules, and in 
particular antibiotics, in small culture extracts against a background of abundantly present 
known antibiotics. The powerful combination of analytical LC-MS/MS, bioassays, open 
bioinformatic tools, including MZmine, GNPS Web-platform and Cytoscape, creates an 
attractive pipeline for natural product discovery. Only minimal amounts of crude extract are 
required for LC-MS/MS injection, allowing a significant reduction of fermentation volumes. 
The analysis of a single sample using the nanoRAPIDS platform requires approximately 24 
hours. Therefore, multiple extracts obtained from a range of culturing conditions can be 
rapidly tested for bioactive compounds and dereplicated, which is particularly powerful when 
combined with elicitation approaches in antibiotic discovery (van Bergeijk et al., 2020, Yoon 
& Nodwell, 2014). Proof of concept for the technology was obtained by identification of the 
bioactive members of the iturin and surfactin molecular families in extracts of Bacillus sp. 
90A-23, and then successfully applied to discover the angucycline saquayamycin N with a 
unique cysteine moiety in extracts of Streptomyces sp. MBT84. The method is versatile and 
can be readily applied to screen nanoscale-level extracts or biological mixtures against a range 
of indicator strains. 
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Materials and Methods
Bacterial strains and culturing conditions 
Bacillus sp. 90A-23 was obtained from the Auburn strain collection and had previously been 
isolated from the peanut rhizosphere in Tallassee, Alabama, USA. The strain was fermented 
in 100 mL Erlenmeyer flasks with 30 mL of tryptic soy broth (TSB) at 30 °C at 220 rpm for 
3 days. Streptomyces sp. MBT84 (van Bergeijk et al., 2022) was obtained from the Leiden 
University strain collection and had been isolated from soil samples collected from the 
Qinling mountains (Shanxi province, China) (Zhu et al., 2014a). Streptomyces sp. MBT84 was 
grown confluently on minimal media (MM) agar plates with and without 100 µM catechol 
for five days at 30 °C. Escherichia coli strain AS19-RlmA (Liu & Douthwaite, 2002), Bacillus 
subtilis 168 (Barbe et al., 2009)2009 and Aspergillus niger N402 (Wu et al., 2015b) were used 
as indicator strains for bioactivity assays. The bacterial strains were grown on Luria-Bertani 
(LB) agar at 37 °C for 24 h, A. niger was propagated on complete medium (CM) agar at 25°C 
for 48 h.

Metabolite extraction
Following fermentation of Bacillus sp. 90A-23, 1.5 g of Diaion® HP-20 (Resindion, Mitsubishi) 
was added to the cultures and stirred overnight at 4°C. The resin was collected by filtration, 
washed with distilled water, resuspended in 30 mL methanol and maintained at 4°C for 4 h. 
The resulting methanol fraction was collected and concentrated under reduced pressure to a 
final concentration of 15 mg/mL. Streptomyces sp. MBT84 was grown on MM agar plates for 
five days, after which the agar was cut into small pieces and soaked overnight in ethyl acetate 
(EtOAc) (van Bergeijk et al., 2022). The solvent was evaporated at room temperature and the 
dry extracts were dissolved in MeOH to a final concentration of 4 mg/mL.

Liquid chromatography, at-line nanofractionation and mass spectrometry
Liquid chromatography separation, subsequent at-line nanofractionation and parallel mass 
spectrometry analysis were performed in an automated fashion. For LC-MS analyses, 10 μL 
were injected into Waters Acquity UPLC system equipped with XBridge Peptide BEH C18 
column (5 µm, 300 Å, 4.6 × 100 mm). The flow rate used was 0.6 mL/min. Solvent A was 
0.1% formic acid in water; solvent B was 0.1% formic acid in ACN. The gradient started with 
100% A, and was from the start linearly increased to 50% B over 20 min, and then linearly 
increased to 90% B over 5 min, and then held at 90% for 5 min, and then increased to 100% B 
over 1 min and held at 100% B for 10 min. After the column, the flow was split at a 1:9 ratio. 
The smaller fraction was sent to the Waters Acquity photodiode array detector followed by 
a Thermo Instruments MS system (LTQ Orbitrap XL, Bremen, Germany) equipped with an 
electrospray ionization source (ESI). As for the MS, the following ESI parameters were used 
(Machushynets et al., 2022): capillary voltage 5 V, spray voltage 3.5 kV, capillary temperature 
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300 °C, auxiliary gas flow rate 10 arbitrary units, and sheath gas flow rate 50 arbitrary units. 
Full MS spectra were acquired with the Orbitrap in positive mode at a mass range of 100–
2000 m/z, and FT resolution of 30,000. Data-dependent MS2 spectra were acquired in the 
ion trap for the three most intense ions using collision-induced dissociation (CID). The 
larger fraction was sent to the chip-based nano-electrospray ionization source/fractionation 
robot (NanoMate Triversa, Advion BioSciences). The nanofractions were collected every six 
seconds onto black 384-well plates (Greiner Bio One, Alphen aan den Rijn, The Netherlands) 
in a serpentine pattern. Each sample was collected into 350 wells of the 384-well plate. After 
the nanofractionation, the plates were dried under vacuum. In order to determine the delay 
between the MS trace and the bioassay trace, nalidixic acid was dissolved in distilled water to 
a final concentration of 0.5 mg/mL, and 1 μL was fractionated (Figure S1).

Resazurin reduction assay 
The antibacterial and antifungal activities of the nanofractionated Bacillus sp. 90A-23 extract 
were determined in a resazurin reduction assay. Indicator strains B. subtilis 168 and E. coli 
ASD19 were cultured in liquid LB medium at 37°C to exponential phase and diluted in LB to 
the final OD600 of 0.005. Resazurin solution was then added to the cells to a final concentration 
of 15 μg/mL and 25 μL of this mixture were directly pipetted into each well of 384-well plates 
containing dried nanofractions. Controls were pipetted in the last column of the plate: 
positive control (cells with resazurin and ampicillin (0.2 mg/mL)), growth control (cells and 
resazurin), blank (LB with resazurin), and sterility control (only LB). Directly after this, the 
plates were spun down for 10 s at 1500 rpm and subsequently incubated without the lids in 
the plastic bags in a humidified incubator at 37°C for 2-3 h (Mladic et al., 2018). 

Spores of A. niger N402 were harvested from CM agar plates, pregerminated in 
complete medium for 5 h at 30 °C and diluted in CM to the final titer of 1 x 105 spores/
mL. Each well of 384-well plate with dried nanofraction was filled with 25 µL of A. niger 
spore solution. Amphotericin B (0.02 mg/mL) was added to the A. niger spores in the positive 
control wells. Subsequently, the plates were centrifuged and incubated at 30 °C overnight as 
explained above. Finally, resazurin was added to each well to a final concentration of 60 μg/
mL and incubated for 45 min at 37 °C. After the incubation, the fluorescence was measured 
as a single point measurement using a Victor3 Plate Reader (PerkinElmer, Inc, Waltham, MA, 
USA) at 550 nm excitation and 590 nm emission wavelengths. The fluorescent readout was 
normalized by dividing each value measured with the median of all the values obtained in a 
single measurement. Subsequently, the bioactivity chromatograms were plotted in GraphPad 
Prism 8 software (La Jolla, CA, USA) in a graph showing the normalized response of each 
nanofraction versus time at which each nanofraction was collected. 

Alignment of chromatograms
Alignment of the different chromatographic plots was conducted through a semi-automated 
process. Initially, the delay introduced by the tubing setup was determined by the injection 
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of 0.5 μg of nalidixic acid in the nanoRAPIDS setup and E. coli ASD19 was used as indicator 
strain (Figure S1). Once the delay was quantified in 0.3 minutes, and the bioactivity 
chromatogram was adjusted based on this determined delay. Subsequently, both the mass 
spectrometry (MS) chromatogram, utilizing automatic peak detection, and the bioactivity 
chromatogram were standardized to the same size. Given the identical time function, the 
chromatograms were then aligned to the center, ensuring accurate synchronization of the 
two datasets. This semi-automated alignment procedure aimed to enhance precision in data 
interpretation and visualization, facilitating meaningful comparisons between the MS and 
bioactivity chromatograms.

Feature-based GNPS networking
A molecular network was created with the feature-based molecular networking workflow 
(Nothias et al., 2020) on Global Natural Product Social molecular networking (GNPS) 
(Wang et al., 2016). Prior to feature-based GNPS networking, the MS files in mzXML format 
were imported into MZmine 2.53 (Pluskal et al., 2010) for data processing. Mass ion peaks 
were detected using the centroid algorithm with a noise level set to 1.0 × 104 for MS scans 
and 0 for MS2 scans. Afterward, chromatograms were built for the detected masses with a 
minimum group size of 10, m/z tolerance of 0.001 m/z, group intensity threshold of 1.0 × 104 
and minimum height of 5.0 × 104. Chromatogram deconvolution was then performed using 
local minimum search algorithm (search minimum in RT range 0.1 min, chromatographic 
threshold 90%, minimum relative height 1%, minimum absolute height 1.0 × 104, minimum 
ratio of peak top/edge two and peak duration range 0.05–3 min). A feature with its MS2 scans 
was paired using 0.05 m/z range and a retention time range of 1 min. In the generated peak lists, 
isotopes were identified using isotopic peaks grouper (m/z tolerance 0.001 m/z and retention 
time tolerance 0.1 min). Duplicate peaks were filtered using single feature and old average 
mode by deleting the duplicate rows with m/z tolerance of 0.001 m/z in RT range 0.05 min 
and with m/z tolerance of 1 m/z in RT range 0.05 min, respectively. The resulting peak list 
was filtered with a rows filter to keep only the peaks with MS2 scans. The filtered peak list was 
exported to the feature quantification table and the MS2 spectral summary file for feature-
based molecular networking. On GNPS the precursor ion mass tolerance was set to 0.02 Da 
and the MS/MS fragment ion tolerance to 0.9 Da. A molecular network was then created 
where edges were filtered to have a cosine score above 0.7 and more than 3 matched peaks. 
All matches kept between network spectra and library spectra were required to have a score 
above 0.7 and at least 3 matched peaks. To enhance chemical structural information within 
the molecular network, information from in silico structure annotations from GNPS Library 
Search, Network Annotation Propagation (da Silva et al., 2018), Dereplicator (Mohimani et 
al., 2017) were incorporated into the network using the GNPS MolNetEnhancer workflow 
(Ernst et al., 2019). Chemical class annotations were performed using the ClassyFire chemical 
ontology (Djoumbou Feunang et al., 2016). The molecular networks were visualized using 
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Cytoscape software (Shannon et al., 2003). The molecular networking job from the extract 
of Bacillus sp. 90A-23 can be publicly accessed at https://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=1ba65a809b17413694522c27b0d952df. The molecular networking job from 
the extract of Streptomyces sp. MBT84 can be publicly accessed at https://gnps.ucsd.edu/
ProteoSAFe/status.jsp?task=15e986d4356f41b4962baab398c571fa. LC-MS/MS data were 
deposited in the MassIVE Public GNPS data set (MSV000094019).

Large-scale fermentation, extraction and fractionation
Large-scale fermentation of Streptomyces sp. MBT84, extraction and fractionation were 
performed as previously described (van Bergeijk et al., 2022). Briefly, Streptomyces sp. MBT84 
was grown on solid MM supplemented with 50 µM catechol, 1% glycerol and 0.5% mannitol 
at 30 °C for five days. Agar plates were extracted with EtOAc and 1.6 g of crude extract were 
obtained. This extract was adsorbed onto 1.6 g silica gel (pore size 60 Å, 70–230 mesh, Sigma 
Aldrich), and loaded on a silica column, followed by gradient elution using mixtures of 
n-hexane, EtOAc, and MeOH. The fractions that eluted with 50% MeOH: 50% EtOAc were 
combined with the fraction that eluted with 100% MeOH, and reconstituted in 50% ACN: 
50% H2O. The resulting fraction was subjected to a SunFire C18  column (10  μm, 100  Å, 
19 × 150 mm) and eluted with H2O (solvent A) and ACN (solvent B) with 0.1% formic acid in 
a gradient of solvent B 30–70% in 30 min, at a flow rate of 15 mL/min. Fractions A, B and C 
were collected every 10 min. The fraction A was further purified on semi-preparative SunFire 
C18 column (5 μm, 100 Å, 10 × 250 mm), run at 3 mL/min, and eluted using a H2O and ACN 
with 0.1% formic acid gradient of 47–50% in 20  min, to yield compound 1 (0.8 mg) and 
compound 2 (2.6 mg). NMR data were acquired on Bruker Ascend 850 NMR spectrometer 
(850 MHz) and interpreted using the MestreNova V.14 software.
Saquayamycin N (1): red amorphous powder; 1H and 13C NMR data, see Table S1; HRESIMS 
(positive mode) m/z 758.2103 [M + H]+ (calcd. for C36H40NO15S, 758.21187).
Fridamycin A (2): yellow amorphous powder; 1H and 13C NMR data, see Table S2; HRESIMS 
(positive mode) m/z 487.1606 [M + H]+ (calcd. for C25H27O10, 487.1604).

MIC tests
The minimum inhibitory concentration (MIC) was determined by the broth microdilution 
method (Uiterweerd et al., 2020). A stock solution of compounds 1 and 2 was made by 
dissolving them in MeOH to a concentration of 1 mg/mL. B. subtilis 168 was grown from an 
overnight culture until an OD600 of 0.3 in LB and diluted until a concentration of bacteria of 
1 × 106 CFU/mL in fresh broth. Two-fold serial dilutions of compounds 1 and 2 were tested 
in the concentration range of 250 μg/mL to 0.12 μg/mL in triplicates. Growth control wells 
containing 100 μL of 5 × 105 CFU/mL were included without test compounds. After overnight 
incubation at 37 °C, inhibition was defined as no visible growth compared to the growth 
observed in the control wells. 
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Supplementary information
Table S1. NMR data of 1 (in CD3OD at 298 K).
Position δH, mult. (J in Hz)a δC, typeb

1 206.7, C
2 a: 2.83, d (13.2)

b: 2.64, dd (13.2, 2.5)
53.3, CH2

3 77.3, C
4 2.11, m 46.3, CH2

4a 84.4, C
5 162.6, C
6 6.65, s 107.4, CH
6a 139.6, C
7 190.0, C
7a 115.5, C
8 158.7, C
9 138.2, C
10 7.86, d (7.8) 134.5, CH
11 7.55, d (7.8) 119.7, CH
11a 132.6, C
12 183.3, C
12a 135.3, C
12b 79.5, C
3-Me 1.24, d (1.2) 30.2, CH3

1ʹ 5.01, d (11.1) 72.6, CH
2ʹ a: 2.37, m

b: 1.51, m
37.8, CH2

3ʹ 3.84, m 77.9, CH
4ʹ 3.49, t (9.0) 75.7, CH
5ʹ 3.57, m 75.6, CH
6ʹ 1.35, d (6.0) 17.7, CH3

1ʹʹ 5.20, d (2.8) 92.8, CH
2ʹʹ 4.37, m 72.6, CH
3ʹʹ a: 2.79, dd (17.4, 2.7)

b: 2.55, dd (17.4, 3.7)
40.9, CH2

4ʹʹ 210.1, C
5ʹʹ 4.72, q (6.8) 78.9, CH
6ʹʹ 1.31, d (6.8) 16.5, CH3
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1ʹʹʹ 173.4, C
2ʹʹʹ 4.81, m 51.9, CH
3ʹʹʹ a: 3.59, m

b: 3.21, m
33.5, CH2

4ʹʹʹ 173.4, C
5ʹʹʹ 2.03, s 22.5, CH3

a 1H 850 MHz, b 13C 213 MHz

Table S2. NMR data of 2 (in CD3OD at 298 K).
Position δH, mult. (J in Hz)a δC, typeb

1 175.4, C
2 2.54, d (5.7) 46.4, CH2

3 73.0, C
4 a: 3.10, d (13.6)

b: 3.01, d (13.6)
41.2, CH2

4a 136.1, C
5 7.70, m 140.8, CH
6 7.68, m 119.6, CH
6a 132.9, C
7 189.2, C
7a 116.5, C
8 159.7, C
9 139.6, C
10 7.83, d (7.8) 134.2, CH
11 7.72, d (7.8) 120.1, CH
11a 133.1, C
12 189.1, C
12a 116.6, C
12b 162.4, C
3-Me 1.30, s 27.0, CH3

1ʹ 4.85c 72.5, CH
2ʹ a: 2.45, ddd (12.9, 4.9, 2.1)

b: 1.41, m
40.9, CH2

3ʹ 3.71, ddd (11.3, 8.9, 4.9) 73.6, CH
4ʹ 3.06, t (8.9) 78.8, CH
5ʹ 3.46, dq (8.9, 6.0) 77.7, CH
6ʹ 1.40, d (6.0) 18.7, CH3

a 1H 850 MHz, b 13C 213 MHz, c the signal was suppressed with the water peak suppression
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Figure S1. Delay calculation by correlation of mass spectrometry data with bioassay data. A. The bioactivity 
chromatogram of fractionated nalidixic acid against E. coli ASD19. The peak with the negative maxima indicates the 
growth inhibition of E. coli. B. The extracted ion chromatogram (EIC) of nalidixic acid. The time difference between 
the peak of bioactivity and MS chromatogram is determined as 0.3 min.

Figure S2. Direct MS/MS comparison of iturin A2 from the extract of Bacillus sp. 90A-23 with iturin A2 
spectrum from GNPS spectral library (CCMSLIB00000086198).
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Figure S3. Direct MS/MS comparison of iturin A3/A4/A5 from the extract of Bacillus sp. 90A-23 with iturin A3/
A4/A5 spectrum from GNPS spectral library (CCMSLIB00000086200).

Figure S4. Direct MS/MS comparison of iturin A6/7 from the extract of Bacillus sp. 90A-23 with iturin A6/7 
spectrum from GNPS spectral library (CCMSLIB00000086202).
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Figure S5. Direct MS/MS comparison of the iturin A1, iturin A2, iturin A3/A4/A5 and iturin A6/7 spectra from 
Bacillus sp. 90A-23 extract.

Figure S6. Direct MS/MS comparison of surfactin Leu/Ile7 C13 from the extract of Bacillus sp. 90A-23 with 
surfactin Leu/Ile7 C13 spectrum from GNPS spectral library (CCMSLIB00000006885).
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Figure S7. Direct MS/MS comparison of surfactin Leu/Ile7 C14 from the extract of Bacillus sp. 90A-23 with 
surfactin Leu/Ile7 C14 spectrum from GNPS spectral library (CCMSLIB00000006890).

Figure S8. Direct MS/MS comparison of surfactin Leu/Ile7 C15 from the extract of Bacillus sp. 90A-23 with 
surfactin Leu/Ile7 C15 spectrum from GNPS spectral library (CCMSLIB00000006895).
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Figure S9. Direct MS/MS comparison of the C12, C13, C14 and C15 linear surfactins Leu/Ile7 from Bacillus sp. 
90A-23 extract.

Figure S10. 1H NMR spectrum of saquayamycin N (1) (850 MHz, in CD3OD).
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Figure S11. 13C NMR spectrum of saquayamycin N (1) (213 MHz, in CD3OD).

Figure S12. COSY spectrum of saquayamycin N (1) (850 MHz, in CD3OD).
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Figure S13. Multiplicity-edited HSQC spectrum of saquayamycin N (1) (850 MHz, in CD3OD).

Figure S14. HMBC spectrum of saquayamycin N (1) (850 MHz, in CD3OD).
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Figure S15. NOESY spectrum of saquayamycin N (1) (850 MHz, in CD3OD).

Figure S16. 1H NMR spectrum of fridamycin A (2) (850 MHz, in CD3OD).
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Figure S16. 1H NMR spectrum of fridamycin A (2) (850 MHz, in CD3OD). 
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Figure S16. 1H NMR spectrum of fridamycin A (2) (850 MHz, in CD3OD). 
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Figure S17. 13C NMR spectrum of fridamycin A (2) (213 MHz, in CD3OD).

Figure S18. COSY spectrum of fridamycin A (2) (850 MHz, in CD3OD).
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Figure S17. 13C NMR spectrum of fridamycin A (2) (213 MHz, in CD3OD). 

 

 
Figure S18. COSY spectrum of fridamycin A (2) (850 MHz, in CD3OD). 

 
 



nanoRAPIDS as an analytical pipeline for the discovery 
of novel bioactive metabolites in complex culture extracts at the nanoscale

179

Figure S19. Multiplicity-edited HSQC spectrum of fridamycin A (2) (850 MHz, in CD3OD).

Figure S20. HMBC spectrum of fridamycin A (2) (850 MHz, in CD3OD).
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Figure S19. Multiplicity-edited HSQC spectrum of fridamycin A (2) (850 MHz, in CD3OD). 

 

 
Figure S20. HMBC spectrum of fridamycin A (2) (850 MHz, in CD3OD). 
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Figure S21. NOESY spectrum of 1 fridamycin A (2) (850 MHz, in CD3OD).
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Figure S22. Correlations obtained by COSY, HMBC and NOESY measurements in NMR of saquayamycin N (1) 
and fridamycin A (2).
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Figure S21. NOESY spectrum of 1 fridamycin A (2) (850 MHz, in CD3OD). 

 

 

 

 
 

Figure S22. Correlations obtained by COSY, HMBC and NOESY measurements in NMR of 
saquayamycin N (1) and fridamycin A (2). 
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Figure S23. Results of the resazurin reduction assay for the purified saquayamycin N (1) and fridamycin A (2) 
against B. subtilis 168.  Compounds were tested in 125 µg/mL, 12.5 µg/mL and 1.25 µg/mL concentration. Note, that 
the MIC and sub-MIC concentration (12.5 µg/mL) resulted in the drop of fluorescence.





Chapter 7
Discovery and derivatization of 

tridecaptin antibiotics with altered 
host specificity and enhanced 

bioactivity
Nataliia V. Machushynets, Karol Al Ayed, Barbara R. Terlouw, Chao Du, 

Ned P. Buijs, Joost Willemse, Somayah S. Elsayed, Julian Schill, 
Vincent Trebosc, Michel Pieren, Francesca M. Alexander, Stephen A. 

Cochrane, Mark R. Liles, Marnix H. Medema, Nathaniel I. Martin 
and Gilles P. van Wezel

This chapter was published as:
Machushynets N.V., Ayed K.A., Terlouw B.R., Du C., Buijs N.P., Willemse J., 
Elsayed S.S., Schill J., Trebosc V., Pieren V., Alexander F.M., Cochrane S.A., 
Liles M.R., Medema M.H, Martin N.I. & van Wezel G.P.(2024). Discovery 
and derivatization of tridecaptin antibiotics with altered host specificity and 
enhanced bioactivity. ACS Chem Bio.



Chapter 7

184

Abstract
The prevalence of multidrug-resistant (MDR) pathogens combined with a decline in antibiotic 
discovery presents a major challenge for health care. To refill the discovery pipelines, we 
need to find new ways to uncover new chemical entities. Here, we report the global genome 
mining-guided discovery of new lipopeptide antibiotics tridecaptin A5 and tridecaptin D, 
which exhibit unusual bioactivities within their class. The change in antibacterial spectrum of 
Oct-TriA5 was explained solely by a Phe to Trp substitution as compared to Oct-TriA1, while 
Oct-TriD contained 6 substitutions. Metabolomics analysis of producer Paenibacillus sp. JJ-
21 validated the predicted amino acid sequence of tridecaptin A5. Screening of tridecaptin 
analogs substituted at position 9 identified Oct-His9 as a potent congener with exceptional 
efficacy against Pseudomonas aeruginosa and reduced hemolytic and cytotoxic properties. 

Our work highlights the promise of tridecaptin analogs to combat MDR pathogens.
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Introduction
The overuse of antibiotics over the past many decades has contributed to the rapid emergence 
and spread of antimicrobial resistance. Combined with the decline in the number of new 
clinically approved antibacterial drugs, infections caused by resistant bacteria are frequently 
difficult to treat (Wright, 2015). The ever-increasing prevalence of multidrug-resistant (MDR) 
bacteria is recognized by the World Health Organization (WHO) as an imminent threat 
to human health, particularly the Gram-negative critical priority pathogens Acinetobacter 
baumannii, Pseudomonas aeruginosa and Enterobacteriaceae (WHO, 2017). Thus, there is an 
urgent need for novel antimicrobial agents, and the challenge lies in finding the undiscovered 
gems that may form the basis for our future medicines (Newman & Cragg, 2007, Davies 
& Davies, 2010). Traditional high-throughput screening is becoming less attractive due to 
the issue of dereplication, rediscovering compounds that had already been identified before 
(Kolter & van Wezel, 2016, Lewis, 2013). However, next-generation sequencing has revealed 
that microbial genomes still harbor a huge underexplored biosynthetic potential of bacteria 
(Medema et al., 2015, Gavriilidou et al., 2022). 

Polymyxins are a promising class of antibiotics that are used as a last line of therapy 
against MDR pathogens (Chiu et al., 2022), and are primarily produced by Paenibacillus 
species. With resistance against polymyxins inevitably increasing, we urgently need to 
search for potent alternatives. Bacillus and Paenibacillus produce a range of other classes of 
lipopeptides that act on MDR Gram-negative pathogens, including brevicidines, laterocidines, 
relacidines, paenibacterins and tridecaptins (Al Ayed et al., 2023, Cochrane & Vederas, 2016, 
Olishevska et al., 2019, Raaijmakers et al., 2010, Bann et al., 2021). Of these, tridecaptins 
stand out as they possess a mechanism of action that is distinct from the aforementioned 
lipopeptides. In addition to interacting with lipopolysaccharides (LPS), tridecaptins also bind 
to Gram-negative lipid II and in doing so cause the disruption of the proton motive force 
(Cochrane et al., 2015, Buijs et al., 2023, Medeiros-Silva et al., 2019, Cochrane et al., 2016). 
This unique dual mechanism of action reduces the likelihood of cross-resistance (Jangra et 
al., 2020). Since the discovery of tridecaptin A in 1978, multiple tridecaptin variants with 
modifications at either the N-terminal fatty acid moiety or in the amino acid sequence 
have been reported. Tridecaptin A (Shoji et al., 1978), tridecaptin B (Cochrane et al., 2015), 
tridecaptin C (Shoji J. et al., 1979) and tridecaptin M (Jangra et al., 2019b) are predominantly 
active against Gram-negative bacteria, while the recently discovered tridecaptin G (da Costa 
et al., 2022) has a broad-spectrum activity. Studies on natural tridecaptins include research 
on their biosynthesis, structure-activity relationships, their mechanism of action and their 
synergy with other antibiotics (Bann et al., 2021). Structure-activity studies formed the basis 
for drug development studies to enhance their potency (Ballantine et al., 2019, Cochrane et 
al., 2014), expand their bioactivity spectrum (Wang et al., 2022a), or increase their stability 
(Ballantine et al., 2018). 
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In this regard, approaches that combine genome mining with variation in culturing 
conditions has proven to be a valuable way to achieve differential synthesis of NPs, followed 
by the metabolic profiling-based identification of the bioactivity of interest (O’Leary et al., 
2016). However, a major challenge is to find the appropriate chemical triggers or ecological 
cues to elicit the production of cryptic antibiotics (Zhu et al., 2014a, Xu et al., 2019, van der 
Meij et al., 2017, van Bergeijk et al., 2020). An alternative way to investigate the potential 
of novel scaffolds predicted by genome mining is via organic synthesis or chemoenzymatic 
total synthesis (Wang et al., 2022a, Wang et al., 2022b, Wang et al., 2022c). Genome mining 
tools such as antiSMASH (Blin et al., 2023) allow interrogation of microbial genomes for 
the presence of biosynthetic gene clusters (BGCs) that specify the biosynthesis of natural 
products and, subsequently, predict the types of compounds that are derived from them, 
such as polyketides (Ray & Moore, 2016), ribosomally synthesized and post-translationally 
modified peptides (RiPPs) (Montalban-Lopez et al., 2021), terpenes (Avalos et al., 2022) or 
nonribosomal peptides (NRPs) (Süssmuth & Mainz, 2017). In the case of nonribosomal peptide 
synthetases (NRPS), NRPS modules and the amino acids predicted to be incorporated by the 
A domain in each module can be predicted using NRPS-specific prediction algorithms, such 
as NRPSpredictor2 (Röttig et al., 2011) or SANDPUMA (Chevrette et al., 2017) or machine 
learning techniques trained on a set of A domains with known specificities (Mongia et al., 
2023). With the power of modern synthetic organic chemistry and the increasing accuracy 
of natural product structure prediction algorithms, it is increasingly possible to chemically 
synthesize new bioactive molecules based on BGC sequences (Wang et al., 2022b). 

Here, we report a global genome-mining approach that led to the discovery of novel 
tridecaptins. Bioinformatics analysis of 785 bacterial genomes identified novel tridecaptins 
tridecaptin A5 and tridecaptin D. Unexpectedly, two synthetic analogs Oct-TriD and Oct-
TriA5, efficiently killed both Gram-negative and Gram-positive bacteria. The increased 
bioactivity spectrum of tridecaptin Oct-TriA5 compared to Oct-TriA1 also correlated with 
hemolytic and cytotoxic activity and could be attributed to a single amino acid substitution 
at position 9. In contrast to Oct-TriA1, the broadened antimicrobial spectrum of Oct-TriA5 
and Oct-TriD is caused by its increased membrane disruptive capacity on Gram-positive 
pathogens. Subsequent screening of other amino acids at position 9 led to the discovery of 
the potent tridecaptin analog Oct-TriHis9 with reduced hemolytic and cytotoxic properties 
and potent activity against P. aeruginosa. 



Discovery and derivatization of tridecaptin antibiotics 
with altered host specificity and enhanced bioactivity

187

Results and Discussion

Large-scale network analysis and bioinformatic prediction of novel 
tridecaptin BGCs
Paenibacillus sp. JJ-21 is a gifted natural product producer isolated from corn rhizosphere 
and identified as an antibacterial metabolite producer based on its antagonistic potential 
against polymyxin-resistant Escherichia coli ATCC 25922 harboring plasmid-mediated mcr-1 
resistance gene. The Paenibacillus sp. JJ-21 genome was sequenced using the PacBio platform. 
Assembly of the PacBio reads with Falcon (version 1.8.1) (Wang et al., 2016) resulted in a 
single contig of 6.2 Mb (GenBank accession number: CP132974). The Paenibacillus sp. JJ-
21 genome was analyzed using antiSMASH 6.0.1 (Blin et al., 2021) to obtain an overview of 
the predicted BGCs. AntiSMASH predicted a total of 18 BGCs, including three for NRPSs 
(Figure 1A). These NRPS BGCs were predicted to encode the biosynthesis of fusaricidin, 
tridecaptin and polymyxin BGCs, respectively, based on their high similarity (identical gene 
order and >75% nucleotide sequence identity) to characterized clusters (listed in MIBiG) 
(Terlouw et al., 2023). An in silico analysis of the A domain substrate specificity of these 
BGCs was conducted with the software tool PARAS (v0.0.4, available at https://github.com/
BTheDragonMaster/paras) to predict the amino acid composition of peptide scaffolds (Table 
S1). Surprisingly, the amino acid sequence predicted from the tridecaptin BGC differed from 
the well-known tridecaptin A1 and contained Trp instead of Phe in position 9 (Table S2). 

To gain insight into the chemical space of NRPSs and specifically tridecaptin BGCs, 
we bioinformatically analyzed 785 complete genomes from Paenibacillus spp. for BGCs 
encoding NRPSs. The genome of Paenibacillus sp. JJ-21 was included as a reference genome 
in the data set. To visualize the diversity, distribution, and NRPS novelty, a BiG-SCAPE 
(Navarro-Muñoz et al., 2020) sequence similarity network (SSN) was then constructed, 
which consisted of 4,367 NRPS BGCs forming 1609 gene cluster families (GCFs) (Figure 1B).

Genetic variation of BGCs within GCFs is often directly associated with structural 
differences between their molecular products, and even small chemical variations can lead 
to different biological activities (Medema et al., 2014). We also visualized the modular 
architecture of NRPS assembly lines, revealing the order and the number of modules for each 
NRPS synthase that, in turn, helped to determine the class of the molecules they encode. The 
BiG-SCAPE sequence similarity network highlighted various known classes of NRPS BGCs, 
such as polymyxins (three NRPSs, 10 modules), tridecaptins (two NRPSs, 13 modules), 
paenilipoheptins (three NRPSs, seven modules), fusaricidins (one NRPS, six modules), 
paenibacterins (four NRPSs, 13 modules), octapeptins (three NRPS, eight modules), 
bacitracins (three NRPS, 12 modules) and cilagicins (three NRPS, 12 modules), but about 
twenty percent of the detected BGCs could not be linked to known compounds (Terlouw et 
al., 2023). 
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Figure 1.  Paenibacillus sp. JJ-21 BGC sequence similarity network and tridecaptin BGC 
analysis.  
A. Organization of the NRPS BGCs predicted in the Paenibacillus sp. JJ-21 genome that encode the

biosynthesis of lipopeptides. B. BiG-SCAPE sequence similarity network (SSN) (c 0.25) containing

validated NRPS BGCs of Paenibacillus spp. visualized in Cytoscape. Each node represents one NRPS

BGC identified by antiSMASH. Singletons and single links are not shown. C. Enlarged gene cluster

families (GCFs) of tridecaptins BGCs. Red circle indicates the tridecaptin BGC detected in the genome

of Paenibacillus sp. JJ-21. D. Scheme of the tridecaptin BGC and amino acid sequences of tridecaptin

A1, new tridecaptin A5, tridecaptin D and tridecaptin G. The sequences of their peptide moieties were

predicted from the active site sequences of their A domains. Note, the peptide sequences of tridecaptin

Figure 1.  Paenibacillus sp. JJ-21 BGC sequence similarity network and tridecaptin BGC analysis. A. Organization 
of the NRPS BGCs predicted in the Paenibacillus sp. JJ-21 genome that encode the biosynthesis of lipopeptides. 
B. BiG-SCAPE sequence similarity network (SSN) (c 0.25) containing validated NRPS BGCs of Paenibacillus spp. 
visualized in Cytoscape. Each node represents one NRPS BGC identified by antiSMASH. Singletons and single links 
are not shown. C. Enlarged gene cluster families (GCFs) of tridecaptins BGCs. Red circle indicates the tridecaptin 
BGC detected in the genome of Paenibacillus sp. JJ-21. D. Scheme of the tridecaptin BGC and amino acid sequences 
of tridecaptin A1, new tridecaptin A5, tridecaptin D and tridecaptin G. The sequences of their peptide moieties were 
predicted from the active site sequences of their A domains. Note, the peptide sequences of tridecaptin A5 and the 
well-known tridecaptin A1 differ exclusively in one amino acid at position 9. Db: 2,4-diaminobutyric acid.

Surprisingly, three GCFs contained BGCs with 13 NRPS modules and were predicted as 
tridecaptin BGCs based on the antiSMASH (Blin et al., 2021) and BiG-SCAPE (Navarro-
Muñoz et al., 2020) results (Figure 1C). The assembly line of tridecaptins is subdivided into two 
peptide synthetases, namely TriD and TriE, consisting of ten and three modules, respectively 
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(Lohans et al., 2014). Notably, substrate specificity predictions by PARAS indicated that the 
tridecaptin BGCs within GCF 1 not only encoded the previously characterized tridecaptin 
A1, but also a new analog, designated tridecaptin A5, which should incorporate Trp in 
position 9, and was detected in the genome of Paenibacillus sp. JJ-21 (Figure 1D, Table S3). 
Additionally, we discovered another new structurally distinct analog of tridecaptins, which 
we designated tridecaptin D, and is predicted to be encoded by the tridecaptin BGCs of GCF 
2. GCF 3 represented BGCs corresponding to the recently published tridecaptin G (da Costa 
et al., 2022). Tridecaptin D differs from tridecaptin A1 at six amino acid positions, with five 
positions of the molecule featuring amino acids that are unique among all known tridecaptins 
identified so far, namely Phe1, Ile3, Ser7, Ser10 and Dab13. We used antiSMASH (Blin et 
al., 2021) to predict which modules in the BGC for tridecaptin D contained epimerization 
domains, i.e. domains that catalyze the conversion from l- to d-amino acids. Modules 1–5 
and 8 of TriD and module 12 of TriE, which incorporate Phe, Dab, Ile, Ser, Trp, Dab, and Ile, 
respectively, were all predicted to contain epimerization domains (Table S3).

Identification of tridecaptin A5 in vivo using metabolomics
To validate the bioinformatic prediction of the amino acid sequence of tridecaptin A5, the 
lipopeptide was detected in the cultures of Paenibacillus sp. JJ-21 and analyzed by LC-
MS/MS. For this, Paenibacillus sp. JJ-21 was fermented in liquid TSB media, biomass was 
collected by centrifugation and, subsequently, extracted with acidified 70% IPA. LC-MS/
MS analysis identified fusaricidins and polymyxins as the major specialized metabolites. 
Considering that all known tridecaptins contain several positively charged diaminobutyric 
acids (Dab), we searched for the MS/MS spectra that contained a b ion with the m/z 101.0709. 
Besides polymyxins that also contained multiple Dab residues, we detected a compound 
with an m/z 539.9712, corresponding to an [M+3H]3+ ion. On the basis of the biosynthetic 
features derived from the genome sequence of Paenibacillus sp. JJ-21, we initiated de novo 
sequencing of the compound with the m/z 539.9712 from the y and b ion series (Figure 
S1). The MS/MS spectrum showed a low-mass ion region containing a Trp immonium ion 
with an m/z 159.0912, as well as internal fragment ions. Fragment analysis of the y and b 
ions yielded an amino acid sequence that matched that predicted for tridecaptin A5, which 
is FA-d-Val–d-Dab–Gly–d-Ser–d-Trp–l-Ser–l-Dab–d-Dab–l-Trp–l-Glu–l-Val–d-Ile–l-
Ala. The MS/MS spectrum revealed the presence of a hydroxy-containing C11 fatty acid in 
tridecaptin A5, similar to the previously reported 3-hydroxy-methyldecanoic fatty acids found 
in tridecaptin A3 and tridecaptin A4 (Lohans et al., 2014). The MS/MS studies did not allow 
us to discriminate between Leu, Ile and allo-Ile in position 12 of the tridecaptin sequence. 
Here, the assignment was performed according to the structure prediction from our genome 
mining studies and comparison with the literature data (Lohans et al., 2014). Additionally, the 
MS results would not allow optical isomers to be distinguished. Therefore, the configurations 
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of the residues of tridecaptin A5 were predicted from the domain organization of the modules 
along the assembly lines.

Chemical synthesis and antimicrobial testing of tridecaptin analogs
Because of the low levels of production of tridecaptin A5 by Paenibacillus sp. JJ-21, we decided 
to produce synthetic analogs of the peptides by solid phase peptide synthesis (SPPS). The 
added value of this approach is that it also allows the synthesis and direct comparison of 
analogs, chosen based on the substrate specificity and stereochemical predictions generated 
from the analysis of the tridecaptin BGCs. Previously, it was demonstrated that a synthetic 
analog of tridecaptin A1 (TriA1) wherein the N-terminal acyl moiety was replaced with 
octanoic acid retained the full activity of the natural product against ESKAPE pathogens 
(Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, A. baumannii, P. 
aeruginosa, and Enterobacter species) (Cochrane et al., 2014). For this reason, in the present 
studies the chiral lipid tail of the tridecaptins was also replaced with the octanoyl chain, 
which is more accessible than natural lipid  and enables larger quantities of peptide to be 
obtained for biological studies. Linear synthetic analogs of tridecaptin A1, tridecaptin A5 and 
tridecaptin D were synthesized and designated as Oct-TriA1 (1), Oct-TriA5 (2) and Oct-TriD 
(3), respectively (Table S4, Figure 2, Figures S2–S4).
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Figure 2. Structures of synthetic tridecaptin A variants Oct-TriA1 (1), Oct-TriA5 (2) and Oct-TriD (3).

Subsequently, Oct-TriA1, Oct-TriA5 and Oct-TriD were assayed for activity against the 
ESKAPE pathogens. MIC values were determined using broth-dilution assays (Table 1). Oct-
TriA1 displayed potent activity against most of the Gram-negative test-strains, but was less 
active against Gram-positive bacteria, similar to known tridecaptins (i.e., tridecaptins A, 
B, C, and M) (Cochrane et al., 2014). Surprisingly, Oct-TriD showed significant bioactivity 
against the Gram-positive species S. aureus, E. faecalis and E. faecium, with an MIC between 
4–8 μg/mL, in addition to moderate activity against Gram-negative pathogens. To the best of 
our knowledge, Oct-TriD is the first tridecaptin analog that is predominantly active against 
Gram-positive bacteria. Moreover, Oct-TriA5 showed broad-spectrum bioactivity, similar to 
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the recently published synthetic analog syn-CNRL5 and natural tridecaptin G (Wang et al., 
2022a, da Costa et al., 2022). Specifically, Oct-TriA5 exhibited activity against Gram-negative 
ESKAPE pathogens, with MICs ranging from 2 to 16 μg/mL. Notably, a single amino acid 
substitution at position 9 from Phe in Oct-TriA1 to Trp in Oct-TriA5 changed the bioactivity 
profile of Oct-TriA5 from being limited to Gram-negative bacteria to broad-spectrum activity. 

In addition, tridecaptins were tested for their hemolytic and cytotoxic activity (Table 
1). Oct-TriA5 and Oct-TriD showed increased hemolytic and cytotoxic activity compared to 
Oct-TriA1, suggesting that the altered spectrum of activity of Oct-TriA5 and Oct-TriD is due 
to unspecific membrane lysis properties and emphasizing the importance of the amino acid 
in position 9 for selectivity towards antibacterial activity.

Mode of action on Gram-positive and Gram-negative bacteria
Tridecaptin A1 exerts its bactericidal effect on Gram-negative bacteria by binding to lipid II 
on the surface of the inner membrane and by disrupting the proton motive force (Cochrane 
et al., 2016). Tridecaptin A1 binds to both Gram-positive and Gram-negative lipid II, 
although it has a much higher affinity for the Gram-negative analog (Cochrane et al., 2014, 
Bann et al., 2019). To assess if Oct-TriA5 analogs bind to lipid II, we performed in vitro 
lipid II antagonization assays. Gram-positive lipid II, containing lysine at position 3 of the 
pentapeptide, was prepared by total chemical synthesis (Dong et al., 2018, Karak et al., 2024). 
The bioactivity of Oct-TriA5 against S. aureus USA300 (MRSA) was evident with a MIC of 
8 μg/mL. However, the addition of lipid II significantly reduced the efficacy of Oct-TriA5, as 
the growth of S. aureus USA300 (MRSA) was not inhibited at the concentration of 8x MIC 
(Figure S5). This indicates that Oct-TriA5 binds to lipid II of Gram-positive bacteria. 

To monitor the effect of tridecaptins on the membrane permeability of Gram-
positive and Gram-negative bacteria we performed a LIVE/DEAD staining assay with SYTO 
9 and propidium iodide with S. aureus ATCC 29213 and E.coli ATCC 25922, as published 
previously (Tenconi et al., 2018). Microscopic analysis demonstrated that the vast majority of 
S. aureus cells, when exposed to Oct-TriA5 and Oct-TriD, exhibited red staining comparable 

to the positive control (Figure 3).  
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To monitor the effect of tridecaptins on the membrane permeability of Gram-positive 

and Gram-negative bacteria we performed a LIVE/DEAD staining assay with SYTO 9 and 

propidium iodide with S. aureus ATCC 29213 and E.coli ATCC 25922, as published previously 

(Tenconi et al., 2018). Microscopic analysis demonstrated that the vast majority of S. aureus 

cells, when exposed to Oct-TriA5 and Oct-TriD, exhibited red staining comparable to the 

positive control (Figure 3).   

Figure 3. LIVE/DEAD staining of S. aureus ATCC 29213 and E. coli ATCC 25922 cells in the 
control conditions and after being exposed to nisin/polymyxin B or tridecaptin analogs Oct-
TriA1, Oct-TriA5 and Oct-TriD.  
Green color indicates the cells with intact membrane, while cell with compromised membrane are 

stained in red. Note, after the treatment with Oct-TriA5 and Oct-TriD S. aureus cells were stained red 

indicating the membrane disruption. 

S. aureus cells incubated with Oct-TriA5 and Oct-TriD had lysed, indicative of nonspecific

membrane disruption, while those incubated with Oct-TriA1 were still alive, suggesting that

Oct-TriA1 did not have any influence on the membrane permeability. Treatment of E. coli cells

with Oct-TriA1, Oct-TriA5 or Oct-TriD did affect the membrane integrity, while after the same

treatment with polymyxin (4 μg/mL; 2 × MIC) resulted in death of half of the E.coli cells. These

data strongly suggest that Oct-TriA5 and Oct-TriD act on Gram-positive bacteria by disrupting

the cellular membrane. This is most likely explained by the presence of Trp9 in Oct-TriA5

instead of Phe9 in Oct-TriA1, that made the Oct-TriA5 more hydrophobic and, therefore,

increased its membrane disruption capacity.

Figure 3. LIVE/DEAD staining of S. aureus ATCC 29213 and E. coli ATCC 25922 cells in the control conditions 
and after being exposed to nisin/polymyxin B or tridecaptin analogs Oct-TriA1, Oct-TriA5 and Oct-TriD.  Green 
color indicates the cells with intact membrane, while cell with compromised membrane are stained in red. Note, after 
the treatment with Oct-TriA5 and Oct-TriD S. aureus cells were stained red indicating the membrane disruption.

S. aureus cells incubated with Oct-TriA5 and Oct-TriD had lysed, indicative of nonspecific 
membrane disruption, while those incubated with Oct-TriA1 were still alive, suggesting that 
Oct-TriA1 did not have any influence on the membrane permeability. Treatment of E. coli 
cells with Oct-TriA1, Oct-TriA5 or Oct-TriD did affect the membrane integrity, while after 
the same treatment with polymyxin (4 μg/mL; 2 × MIC) resulted in death of half of the E.coli 
cells. These data strongly suggest that Oct-TriA5 and Oct-TriD act on Gram-positive bacteria 
by disrupting the cellular membrane. This is most likely explained by the presence of Trp9 
in Oct-TriA5 instead of Phe9 in Oct-TriA1, that made the Oct-TriA5 more hydrophobic and, 
therefore, increased its membrane disruption capacity.

Amino acid substitutions in tridecaptin A at position 9 impacting 
bioactivity and cytotoxicity
Considering the striking difference in the spectrum of activity between tridecaptin A1 (active 
against Gram-negatives) and A5 (active against both Gram-positives and Gram-negatives), 
we decided to look into the impact of changes in position 9 on bioactivity. To do so, we 
synthesized a series of analogs wherein residue 9 was changed into either Gly, Ala, Val, Ile, 
Ser, Tyr, Glu, His or Dab, and compared these new variants to Oct-TriA1 and Oct-TriA5 for 
bioactivity, as well as its hemolytic and cytotoxic activity (Table S4, Figures S6–S14).

The synthetic analogs exhibited significant variation in their MIC values against 
the pathogens tested (Table 2). Hemolytic and cytotoxic activities also differed significantly, 
which provided further proof of concept that indeed the residue in position 9 plays a critical 
role in the hemolytic and cytotoxic activity of tridecaptin A (Table 2). 
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Of particular interest was Oct-His9, which efficiently inhibited colistin-resistant P. aeruginosa 
1218019, with an MIC of 2 μg/mL. Furthermore, Oct-His9 showed lower hemolytic and 
cytotoxic activity compared to Oct-TriA1. Conversely, synthetic analogs Oct-Gly9, Oct-Ala9, 
Oct-Ser9, Oct-Glu9 and Oct-Dab9 showed no antibacterial activity against Gram-positive 
bacteria at a concentration of 64 μg/mL and were moderately active against Gram-negative 
pathogens, with MICs ranging from 8 to 64 μg/mL. Similar to Oct-TriA5 and Oct-TriD, 
variants Oct-Tyr9 and Oct-Ile9 showed moderate bioactivity against Gram-positives, and 
high cytotoxic and hemolytic activity. Synthetic analogs with Val and Ile at position 9 
shared bioactivity, cytotoxic and hemolytic profiles with Oct-TriA1. Taken together, our data 
highlight position 9 as a key residue for the spectrum and degree of bioactivity, as well as the 
cytotoxicity of tridecaptin A.

We here report the discovery of new lipopeptide antibiotics tridecaptin A5 and 
tridecaptin D. Bioinformatics analysis of 785 complete Paenibacillus genomes revealed the 
BGC for tridecaptin A5 in the genome of Paenibacillus sp. JJ-21. Thorough examination of 
the adenylation domains encoded by the tridecaptin A5 BGC allowed us to predict the amino 
acid sequence of the peptide scaffold; this was then matched to the compound produced 
by Paenibacillus sp. JJ-21. Subsequent comparison of the tridecaptin A5 BGC with that of 
tridecaptin A1 revealed that they differed exclusively in module 9 of TriD. Based on the PARAS 
substrate specificity predictions we synthesized tridecaptin analogs Oct-TriA5, Oct-TriD 
and reference Oct-TriA1 to evaluate their antibacterial activity against a panel of ESKAPE 
pathogens. Surprisingly, while tridecaptins are primarily active against Gram-negative 
bacteria, Oct-TriA5 possessed significant activity against both Gram-positive and Gram-
negative bacteria, while Oct-TriD was primarily active against Gram-positive pathogens. 
Particularly striking is that a single amino acid substitution at position 9, from Phe in Oct-
TriA1 to Trp in Oct-TriA5, changes the bioactivity profile from Gram-negative to broad-
spectrum activity. Through the screening of analogs substituted at position 9, we subsequently 
identified the highly potent tridecaptin, Oct-His9, that exhibits effective activity against P. 
aeruginosa and, at the same time, possesses reduced hemolytic and cytotoxic properties. The 
observed decrease in cytotoxicity and the promising antibacterial properties, provide strong 
grounds for further investigation and development of these analogs as alternative antibiotics 
for combating infectious diseases associated with antibiotic-resistant bacterial pathogens.
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Materials and Methods

Global genome mining of NRPSs
Genomes of all Paenibacillus spp. available from RefSeq (release 213) (O’Leary et al., 2016) 
were downloaded from the NCBI FTP site. All genomes with more than 400 contigs were 
considered as low-quality assemblies and were removed from the collection. All genomes 
were analyzed using AntiSMASH (version 6.0.1) (Blin et al., 2021) to obtain BGC predictions. 
These predictions were then used as input into BiG-SCAPE (version 1.1.4) (Navarro-Muñoz 
et al., 2020), for the creation of a sequence similarity network, with distance matrix cutoff set 
to 0.25. The resulting full network was visualized by Cytoscape (3.9.1) (Shannon et al., 2003). 
To predict the specificity of the adenylation domains of NRPS BGCs in this study, we used the 
software package PARAS (v0.0.4, available at https://github.com/BTheDragonMaster/paras). 
PARAS is an adenylation domain predictor that uses structure-guided sequence alignments 
to extract the active site prior to making a prediction. 

Genome sequencing, assembly and annotation of Paenibacillus sp. JJ-21
Paenibacillus sp. JJ-21 was grown in tryptic soy broth (TSB) at 30 °C and 220 rpm for 24 h. 
DNA was extracted from Paenibacillus sp. JJ-21 as described (Kieser, 2000). DNA quality was 
verified by agarose gel electrophoresis. PacBio sequencing and assembly was performed by 
Novogene (UK). Generally, libraries were prepared using SMRTbell template prep kit (PacBio, 
USA) according to manufacturer instructions. Sequencing was then performed using PacBio 
Sequel platform in continuous long reads mode. Assembly was done using Falcon (version 
1.8.1) (Chin et al., 2016). BGCs in this genome were annotated using AntiSMASH (version 
6.0.1) (Blin et al., 2021). 

Growth of Paenibacillus sp. JJ-21 and specialized metabolites extraction
Paenibacillus sp. JJ-21 was obtained from the Auburn University Plant-Associated Microbial 
strain collection and had previously been isolated from the root surface of a field-grown corn 
plant (Zea mays) grown in Dunbar, Nebraska, and maintained as a viable cryostock in a -80 
oC freezer. Paenibacillus sp. JJ-21 was grown at 30 °C on tryptic soy agar (TSA) for 72 h 
and two to three colonies were inoculated into TSB and incubated overnight at 30 °C. This 
inoculum (1%) was transferred to 1 L Erlenmeyer flasks containing 400 mL of sterile TSB and 
fermented at 30 °C while shaking at 220 rpm for 96 h. Cells were collected by centrifugation 
(5000 × g, 30 min, 4 °C) and extracted for 6 h with 70% isopropyl alcohol (IPA) supplemented 
with 0.1% (v/v) formic acid (FA). The crude extracts were clarified by centrifugation, then the 
solvent was evaporated under reduced pressure and reconstituted in 50% MeOH. 
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LC-MS/MS analysis
For LC-MS analyses, extracts were dissolved in 50% MeOH to a final concentration of 2 mg/
mL, and 1 μL was injected into Shimadzu Nexera X2 UHPLC system coupled to a Shimadzu 
9030 QTOF mass spectrometer, and data acquisition was performed as previously described 
(van Bergeijk et al., 2022). Briefly, all the samples were analyzed in positive polarity, using 
data-dependent acquisition mode. In this regard, full scan MS spectra (m/z 100–1700, scan 
rate 10 Hz, ID enabled) were followed by two data-dependent MS/MS spectra (m/z 100–
1700, scan rate 10 Hz, ID disabled) for the two most intense ions per scan. The ions were 
fragmented using collision-induced dissociation (CID) with fixed collision energy (CE 20 eV) 
and excluded for 1 s before being re-selected for fragmentation. The parameters used for the 
ESI source were: interface voltage 4 kV, interface temperature 300 °C, nebulizing gas flow 3 L/
min, and drying gas flow 10 L/min.

HRMS analyses of the synthetic peptides were performed on a Thermo Scientific 
Dionex UltiMate 3000 HPLC system with a Phenomenex Kinetex C18 (2.1 x 150 mm, 2.6 μm) 
column at 35 °C and equipped with a diode array detector. The following solvent system, at a 
flow rate of 0.3 mL/min, was used: solvent A, 0.1 % formic acid in water; solvent B, 0.1% formic 
acid in acetonitrile. Gradient elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 5:95 (A/B) 
over 9 min, 5:95 to 2:98 (A/B) over 1 min, 2:98 (A/B) for 1 min, then reversion back to 95:5 
(A/B) over 2 min, 95:5 (A/B) for 1 min. This system was connected to a Bruker micrOTOF-Q 
II mass spectrometer (ESI ionization) calibrated internally with sodium formate.

Peptide synthesis
Fmoc-L-Dab(Boc)-OH, Fmoc-D-Dab(Boc)-OH, Fmoc-D-Ile-OH, Fmoc-allo-Ile-OH 
and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 
hexafluorophosphate (HATU) were purchased from Combi-Blocks. All other Fmoc-amino 
acids, the Fmoc-Ala-Wang resin and Fmoc-Glu(OtBu)-Wang resin were purchased from P3 
BioSystems. 2-Chlorotrityl chloride resin (CTC) was purchased from Iris Biotech. Octanoic acid 
was purchased from Alfa Aesar. ((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)tris(dimethylamino)
phosphonium hexafluorophosphate (BOP), N,N-Diisopropylcarbodiimide (DIC)  and 
triisopropylsilane (TIPS) were purchased from Manchester Organics. Diisopropylethylamine 
(DIPEA), piperidine, trifluoroacetic acid (TFA) and dimethyl sulfoxide (DMSO) were 
purchased from Carl Roth. Dichloromethane (CH2Cl2) and petroleum ether were purchased 
from VWR Chemicals. Acetonitrile (MeCN), dimethylformamide (DMF) and methyl 
tertiary-butyl ether (MTBE) were purchased from Biosolve. 

Resin swelling 
The resin was swollen in 10 mL of DMF for 300 s prior to the first coupling. 
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Automated coupling protocol
Step Function Duration/Temperature
1 Initial Deprotection N-terminus 15 s at 60°C then 30 s at 70°C
2 Deprotection N-terminus 15 s at 60°C then 180 s at 70°C
3 Wash (DMF) RT
4 Wash (DMF) RT
5 Wash (DMF) RT
6 Coupling amino acid 15 s at 60°C then 300 s at 70°C

After coupling of the final residue on the synthesizer, the resin was washed with DCM, filtered 
and treated with 3 mL of TFA : TIPS : H2O (95 : 2.5 : 2.5, v/v) for 90 min. The reaction mixture 
was filtered through cotton, the filtrate was precipitated in MTBE : petroleum ether (1 : 1, v/v) 
and centrifuged (4500 rpm, 5 min). The pellet was then resuspended in MTBE : petroleum 
ether (1 : 1, v/v) and centrifuged again (4500 rpm, 5 min). Finally the pellet containing the 
crude lipopeptide was dissolved in tBuOH : H2O (1 : 1, v/v) and lyophilized overnight. The 
crude mixtures were subsequently purified by RP-HPLC. Fractions were assessed by HPLC 
and LC-MS and product containing fractions were pooled, frozen and lyophilized to yield the 
pure lipopeptides in >95% purity (determined by HPLC).

General procedure for manual solid phase peptide synthesis
The peptides were made on a 0.25 mmol scale on either preloaded Wang resin or 2-Chlorotrityl 
chloride (CTC) resin. The syntheses of Oct-TriA1 and Oct-TriA5 were performed on preloaded 
Fmoc-Ala-Wang resin (0.29 mmol/g loading). The synthesis of Oct-TriD was performed 
by loading Fmoc-Dab(Boc)-OH on CTC resin. Resin loading was determined to be 0.50 
mmol/g. All couplings with the exception of Fmoc-d-allo-Ile-OH and Fmoc-d-Ile-OH were 
performed using 4 eq. of amino acid or fatty acid, benzotriazol-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate (BOP) (4 eq.) and N,N-diisopropylethylamine (DiPEA) 
(8 eq.) in 10 mL of DMF for 1 h at RT, under nitrogen flow. Fmoc-d-allo-Ile and Fmoc-d-Ile-
OH were coupled by treating the resin with 2 eq. of the amino acid, 2 eq. of BOP and 4 eq. of 
DiPEA in 10 mL of DMF overnight at RT. Fmoc group removal was performed by treating 
the resin with 10 mL of piperidine : DMF (1 : 4, v/v) for 5 min and then again for 15 min. 
Final sidechain deprotection and cleavage from the resin was carried out by treating the resin 
with 10 mL of TFA : TIPS : H2O (95 : 2.5 : 2.5, v/v) for 90 min. The reaction mixture was 
filtered through cotton, the filtrate was precipitated in MTBE : petroleum ether (1 : 1, v/v) and 
centrifuged (4500 rpm, 5 min). The pellet was then resuspended in MTBE : petroleum ether 
(1 : 1, v/v) and centrifuged again (4500 rpm, 5 min). Finally the pellet containing the crude 
lipopeptide was dissolved in tBuOH:H2O (1 : 1, v/v) and lyophilized overnight. The crude 
mixtures were subsequently purified by RP-HPLC. Fractions were assessed by HPLC and LC-
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MS and product containing fractions were pooled, frozen and lyophilized to yield the pure 
lipopeptides in >95% purity (determined by HPLC).

General procedure for automated solid phase peptide synthesis
Position 9 analogs were made on a 0.05 mmol scale on preloaded Fmoc-Ala-CTC resin 
(0.68 mmol/g) using a CEM Liberty Blue automated peptide synthesizer with microwave 
irradiation. Couplings were performed at 0.125 M concentration using 5 eq. of amino acid, 
5 eq. of 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 
hexafluorophosphate (HATU) and 10 eq. of diisopropylethylamine (DIPEA). Fmoc group 
removal was performed using piperidine : DMF (1 : 4, v/v). Cleavage from resin along with 
global deprotection and subsequent purification by RP-HPLC was performed as described 
above for the manually synthesized peptides. 

Prep RP-HPLC purification
Peptides were purified using a BESTA-Technik system with a Dr. Maisch Reprosil Gold 120 
C18 column (25 × 250 mm, 10 μm) and equipped with a ECOM Flash UV detector monitoring 
at 214 nm and 254 nm. The following solvent system, at a flow rate of 12 mL/min, was used: 
solvent A, 0.1 % TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in water/acetonitrile 
5/95. Gradient elution was as follows: 100:0 (A/B) for 5 min, 100:0 to 50:50 (A/B) over 50 
min, 50:50 to 0:100 (A/B) for 3min, then reversion back to 100:0 (A/B) over 1 min, 100:0 
(A/B) for 5 min.

Analytical RP-HPLC 
Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18 column 
(4.6 × 250 mm, 5 µm) at 30 °C and equipped with a UV detector monitoring 214 nm and 
254 nm. The following solvent system, at a flow rate of 1 mL/min, was used: solvent A, 0.1 
% TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in water/acetonitrile 5/95. Method 
A: Gradient elution was as follows: 100:0 (A/B) for 2 min, 100:0 to 0:100 (A/B) over 23 min, 
0:100 (A/B) for 1 min, 0:100 (A/B) then reversion back to 100:0 (A/B) over 1 min, 100:0 
(A/B) for 3 min. Method B: Gradient elution was as follows: 100:0 (A/B) for 2 min, 100:0 to 
50:50 (A/B) over 45 min, 50:50 (A/B) to 0:100 (A/B) over 1 min, 0:100 (A/B) for 6 min then 
reversion back to 100:0 (A/B) over 1min, 100:0 (A/B) for 5min. Method C: Gradient elution 
was as follows: 100:0 (A/B) for 2 min, 100:0 to 0:100 (A/B) over 53 min, 0:100 (A/B) for 1 min, 
0:100 (A/B) then reversion back to 100:0 (A/B) over 1 min, 100:0 (A/B) for 4 min.

Antimicrobial testing 
All minimum inhibitory concentrations (MICs) were determined according to Clinical and 
Standards Laboratory Institute (CLSI) guidelines. In brief, agar plates were inoculated from 
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glycerol stocks and incubated overnight at 35 °C. Peptides DMSO stocks were dispensed 
into 96-well round bottom plates using a TECAN D300e dispenser. Colistin sulfate (Sigma-
Aldrich) was dissolved in water and serially diluted in cation-adjusted Mueller Hinton broth 
(10 μL per well). The final concentrations of the test compounds were 0.06 to 64 μg/mL. 
Inocula were prepared by direct colony suspension in NaCl at 0.5 MacFarland which was 
further diluted 200-fold in cation-adjusted Mueller Hinton broth for a target inoculum of 2 
x 105 colony-forming units (CFUs)/mL. 100 μL of the prepared inoculum was added to each 
well of the prepared plates containing the test compounds. Plates were sealed with parafilm 
and incubated for 20 hours at 35 °C. Images of all plates were recorded and MIC was assessed 
visually.

Hemolysis assays 
Peptides, dissolved in DMSO, were dispensed into 96-well round bottom microplates using a 
TECAN D300e dispenser and subsequently diluted with 100 μL PBS. PBS or 2 % Triton X-100 
were used as negative and positive controls, respectively. Rabbit red blood cells (BioConcept) 
were diluted in PBS to a final concentration of 2 % and 100 μL were added to each well of 
the prepared 96-well plates. Final concentration of the test compounds were 0.25 to 128 μg/
mL. Plates were incubated at 37 °C for 1 h and afterwards subjected to centrifugation at 1000 
x g for 5 min. Then 30 µL of supernatant was transferred to a new round bottom plate and 
absorbance was measured at 405 nm (TECAN Infinite F200). EC50s were calculated after 
blank subtraction and normalization to the Triton control.

Cytotoxicity determination
HepG2 cells were grown in EMEM (Sigma) supplemented with 2 mM glutamine and 10 % 
fetal bovine serum (Fisher) at 37 °C, 5 % CO2. 20’000 cells per well were seeded into clear 
tissue culture treated 96 well plates and incubated for 24 hours. Peptides, dissolved in DMSO, 
were dispensed into 96 deep well plates (TECAN D300e dispenser) and diluted to a final 
concentration of 1 to 128 µg/mL using fresh medium without serum. The next day, the old 
media was removed from the cells and 200 µL of the prepared compound dilutions were 
added per well. Plates were incubated for another 24 hours before assessing the cell viability 
using the CellTiter-Glo kit (Promega) according to the manufacturers protocol. IC50s were 
calculated after normalization to untreated control. 

Lipid II antagonization assay
The minimum inhibitory concentrations (MICs) of Oct-TriA1, Oct-TriA5 and vancomycin 
against S. aureus USA300 (MRSA) were determined according to Clinical and Standards 
Laboratory Institute (CLSI) guidelines. Gram-positive lipid II, containing lysine at position 3 
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of the pentapeptide, was prepared by total chemical synthesis (Dong et al., 2018, Karak et al., 
2024). Lipid II in 1 : 1 chloroform : methanol (v/v) was added to a polypropylene 96-well plate 
(5-fold molar excess compared to test antibiotics) and the organic solvent was allowed to 
evaporate. Oct-TriA5 and vancomycin in MHB (50 µL, 16xMIC) were added to the wells with 
the 5-fold molar excess of pure Gram-positive lipid II in triplicates and to the control wells 
without lipid II. Single colony of S. aureus USA300 (MRSA) from a fresh blood agar plate 
was suspended in TSB and grown to an OD600 of 0.5. The bacterial culture then was diluted 
in MHB with 0.002%  polysorbate-80 to reach 106 CFU/mL and 50 µL were mixed with test 
compounds to achieve the final concentration of 8 x MIC for all tested compounds. The plate 
was incubated at 37 °C for 18 h with constant shaking (600 rpm) and subsequently inspected 
for visible bacterial growth. To visualize the viability of the indicator strain, resazurin sodium 
salt solution (Merck, Dorset, UK) was added to the cultures to achieve the final concentration 
of 0.0015% (w/v) and incubated at room temperature for 1 h.

LIVE/DEAD staining and confocal microscopy
This assay was performed according to a previously described procedure (Li et al., 2020, 
Zacchetti et al., 2018). Briefly, overnight cultures of E. coli ATCC 25922 and S. aureus ATCC 
29213 were diluted to an OD600 of 0.2 in MHB and mixed with 1 × MIC of Oct-TriA1, Oct-
TriA5 and Oct-TriD. Nisin and polymyxin B were used as a positive controls at a concentration 
of two-fold MIC. At the same time, green fluorescent nucleic acid stain SYTO 9 (excitation, 
450–490 nm; emission, 500–550 nm) and red fluorescent nucleic acid stain propidium iodide 
(excitation, 574–599 nm; emission, 612–682 nm) (LIVE/DEAD Baclight Bacterial Viability 
Kit, Invitrogen) were added to the above cell suspensions. After mixing and incubating for 
15 min in the dark at room temperature, cells were briefly sedimented via centrifugation and 
resuspended in fresh MHB. Then the cell suspensions were loaded on 1.5% agarose pads 
and analyzed by Zeiss Imager M2 microscope. Confocal images were obtained at 4 random 
locations for each sample and visualized using FIJI version 1.51H (Schindelin et al., 2012). 
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Figure S1. MS/MS spectrum of tridecaptin A5 produced by of Paenibacillus sp. JJ-21 (precursor 
ion [M + 3H]3⁺⁺ m/z  539.9712).  
The assignment of the sequence of amino acid residues at the top of the spectrum is based on the 

mass differences between the consecutive y and b ions.  

Figure S1. MS/MS spectrum of tridecaptin A5 produced by of Paenibacillus sp. JJ-21 (precursor ion [M + 3H]3⁺ 
m/z  539.9712). The assignment of the sequence of amino acid residues at the top of the spectrum is based on the 
mass differences between the consecutive y and b ions. 
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Figure S2. HPLC trace showing the reinjection of purified Oct-TriA1 (1). The peptide eluted as a single peak at 
15.524 min using the HPLC method A.

Figure S3. HPLC trace showing the reinjection of purified Oct-TriA5 (2). The peptide eluted as a single peak at 
15.993 min using the HPLC method A.
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Figure S4. HPLC trace showing the reinjection of purified Oct-TriD  (3). The peptide eluted as a single peak at 
17.263 min using the HPLC method A.

198 

Figure S4. HPLC trace showing the reinjection of purified Oct-TriD  (3).  
The peptide eluted as a single peak at 17.263 min using the HPLC method A. 

Figure S5. A. Gram-positive lipid II binding assays with S. aureus USA300 (MRSA) to show lipid 
II binding of Oct-TriA5.  
Vancomycin was used as a positive control for lipid II binding. Resazurin was used to visualize the 

viability of the indicator strain (pink colour indicates growth and blue means inhibition of growth). Note, 

that addition of lipid II significantly reduced the efficacy of Oct-TriA5 and vancomycin, as the growth of 

S. aureus USA300 (MRSA) was not inhibited at the concentration of 8x MIC. This indicates that Oct-

TriA5 binds to lipid II of Gram-positive bacteria. B. MIC assays for Oct-TriA1, Oct-TriA5 and vancomycin

against S. aureus USA300. The wells with the MIC of the test compounds are highlighted with red edge.

Figure S5. A. Gram-positive lipid II binding assays with S. aureus USA300 (MRSA) to show lipid II binding of 
Oct-TriA5. Vancomycin was used as a positive control for lipid II binding. Resazurin was used to visualize the viability 
of the indicator strain (pink colour indicates growth and blue means inhibition of growth). Note, that addition of 
lipid II significantly reduced the efficacy of Oct-TriA5 and vancomycin, as the growth of S. aureus USA300 (MRSA) 
was not inhibited at the concentration of 8x MIC. This indicates that Oct-TriA5 binds to lipid II of Gram-positive 
bacteria. B. MIC assays for Oct-TriA1, Oct-TriA5 and vancomycin against S. aureus USA300. The wells with the MIC 
of the test compounds are highlighted with red edge.
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Figure S6. HPLC trace showing the reinjection of purified Oct-Gly9 (4). The peptide eluted as a single peak at 
14.814 min using the HPLC method A.

Figure S7. HPLC trace showing the reinjection of purified Oct-Ala9 (5). The peptide eluted as a single peak at 
14.863 min using the HPLC method A.
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Figure S8. HPLC trace showing the reinjection of purified Oct-Val9  (6). The peptide eluted as a single peak at 
25.997 min using the HPLC method C.

Figure S9. HPLC trace showing the reinjection of purified Oct-Ile9 (7).The peptide eluted as a single peak at 
26.567 min using the HPLC method C.
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Figure S10. HPLC trace showing the reinjection of purified Oct-Ser9 (8). The peptide eluted as a single peak at 
24.918 min using the HPLC method C.

Figure S11. HPLC trace showing the reinjection of purified Oct-Tyr9 (9). The peptide eluted as a single peak at 
15.201 min using the HPLC method A.
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Figure S12. HPLC trace showing the reinjection of purified Oct-Glu9 (10). The peptide eluted as a single peak at 
25.094 min using the HPLC method C.

Figure S13. HPLC trace showing the reinjection of purified Oct-His9 (11).  The peptide eluted as a single peak at 
24.303 min using the HPLC method C.
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Figure S14. HPLC trace showing the reinjection of purified Oct-Dab9 (12). The peptide eluted as a single peak at 
14.366 min using the HPLC method A.
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Abstract
Modern sequencing technologies offer deep insight into the vast potential of Paenibacillus 
species to produce an extensive range of nonribosomal peptides (NRPs). Despite the 
expanding knowledge of the diverse microbial strategies used to produce these natural 
products, translating genomic information into bioactive lead compounds remains a complex 
challenge. Here, we show that chimeric biosynthesis occurs within the family of tridecaptin 
antibiotics. Through genome mining, numerous new tridecaptin biosynthetic gene clusters 
(BGCs) were identified in Paenibacillus genomes. Surprisingly, 15 strains harbor both a full 
tridecaptin BGC and a second BGC that specifies a truncated decamer. The encoded NRPS 
domain architectures suggested the capability of these strains to produce multiple tridecaptin 
variants through collaborative action between this tridecaptin-like NRPS and a shorter NRPS 
encoded within the ‘main’ tridecaptin BGC. Indeed, Paenibacillus sp. JJ-1683 was found to 
produce both tridecaptin A5 and tridecaptin B, providing an unusual example of chimeric 
biosynthesis of NRPS lipopeptide antibiotics. These findings reveal chimeric biosynthesis as a 
strategy enabling strains to dynamically produce similar compounds with distinct chemistry 
and bioactivity profiles. 
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Introduction
Demand for new antibiotics is at an all-time high due to the emergence of antimicrobial 
resistance among human pathogens that poses a serious but largely unchallenged global 
health threat (WHO, 2019). With the advent of increasingly affordable DNA sequencing 
technologies and the development of advanced bioinformatic tools, bacterial genome mining 
for novel natural products is poised to play an important role in addressing this threat (Baltz, 
2021, Palazzotto & Weber, 2018). In recent years, genome mining has revealed evidence 
for an expansive trove of yet-undiscovered drug-like molecules hidden in the genomes of 
biosynthetically talented bacterial genera (Katz & Baltz, 2016, Medema et al., 2021, Scherlach 
& Hertweck, 2021). One such genus is Paenibacillus, which includes many bacterial species 
commonly found in soil that are often associated with plant roots. Members of this genus can 
offer protection against insects, herbivores, and phytopathogens, including other bacteria, 
fungi, nematodes, and viruses, by producing a wealth of natural products (Olishevska et al., 
2019, Grady et al., 2016). 

Genes encoding biosynthetic pathways for natural products are frequently clustered 
in bacterial genomes (Medema & Fischbach, 2015). With the help of genome mining tools such 
as antiSMASH, such biosynthetic gene clusters (BGCs) can be identified in microbial (meta)
genomes and classified based on the type of molecule they are predicted to produce, such 
as polyketides, ribosomally synthesized and post-translationally modified peptides (RiPPs), 
terpenes, and nonribosomal peptides (Blin et al., 2023). For some natural product classes, it is 
well-understood how the encoded biosynthetic machinery builds a natural product, and thus, 
the core scaffold structure of the produced natural product can be (partially) predicted. This 
is especially true for nonribosomal peptides (NRPs): short peptides that are oligomerized in 
an mRNA- and ribosome-independent manner. Members of the Paenibacillus genus produce 
a plethora of NRPs, including polymyxins, octapeptins, paenibacterins, fusaricidins, and 
tridecaptins (Cochrane & Vederas, 2016). 

NRP synthetase (NRPS) assembly lines select and condense amino acids iteratively 
to assemble peptides (Sieber & Marahiel, 2005). To achieve nonribosomal peptide synthesis, 
minimal enzymatic complexes require four distinct domains called core or essential domains:  
condensation (C), adenylation (A), peptidyl carrier protein (PCP) and a terminal thioesterase 
(TE) domain (Marahiel, 2016). The C, A, and PCP domains make up functional modules, 
with C domains catalyzing condensation, A domains mediating building block selection 
through adenylation and subsequent thiolation, and non-catalytic PCP domains functioning 
as mechanical arms to which intermediate scaffolds are tethered between reactions. An NRPS 
assembly line only requires a single TE domain, typically at the end of an NRPS enzyme, 
which is responsible for chain release. As A domains govern building block selection, many 
NRP structure prediction algorithms attempt to predict the selected substrate from the A 
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domain sequence. Examples of such machine learning algorithms include NRPSpredictor2 
(Röttig et al., 2011), AdenylPred (Mongia et al., 2023), SANDPUMA (Chevrette et al., 2017), 
and AdenPredictor (Mongia et al., 2023), which were trained on A domain sequences of  
known specificity (Jenke-Kodama & Dittmann, 2009). 

However, translating genomic information into predicted molecular structures 
remains challenging (Udwary et al., 2021). The diversity of NRPS-derived peptides is not 
only determined by the incorporation of different amino acid building blocks but also by an 
ever-increasing number of characterized tailoring reactions and enzymatic domains (Wenski 
et al., 2022). In addition, a constantly expanding library of scientific literature describes the 
unraveling of new examples of nonribosomal peptide synthetases exhibiting rare domains 
and noncanonical domain and module organizations, leading to unique microbial strategies 
to synthesize novel natural products (Duban et al., 2022). 

One notable example entails collaborative natural product biosynthesis, involving 
crosstalk between two separate BGCs. Such pairing of biosynthetic enzymes from distinct 
BGCs within the same biosynthetic pathway can give rise to increased chemical diversity 
and an expanded scope of biological activity. Over the past few years, this phenomenon 
of collaborative biosynthesis has received increased attention, and specialized metabolites 
produced through such strategies have been referred to in the literature as ‘hybrid molecules’ 
or ‘chimeras’ (Mevers et al., 2019, Yin et al., 2022). Chimeric biosynthesis has previously 
been observed in various NRPS and PKS (hybrid) systems, including the biosynthesis of 
leucanicidin and endophenaside C (Wu et al., 2016b), actinomycin L (Machushynets et al., 
2022), azaphilone (Huang et al., 2020), penilactones (Fan et al., 2019), spirotryprostatin A 
(Yan et al., 2019), and echinocandin B (Cacho et al., 2012).

In a prior study, we applied global genome mining for an in-depth examination 
of the diversity of NRPS BGCs across 785 Paenibacillus genomes. BiG-SCAPE analysis 
revealed numerous uncharacterized gene cluster families (GCFs), which led to the discovery 
of the new tridecaptin variants A5 and D. Tridecaptins are linear nonribosomal antibacterial 
peptides produced by various Paenibacillus spp., with potent activity against multidrug-
resistant Gram-negative bacteria (Cochrane et al., 2014, Cochrane et al., 2015, Jangra et al., 
2019b). Tridecaptins are open-chain tridecapeptides with a β-hydroxy fatty acid tail at the N 
terminus. Numerous natural tridecaptin variants (tridecaptins A, B, C, M, and G) differ from 
each other in the fatty acid tail and/or amino acid composition (Bann et al., 2021). Typically, 
tridecaptin BGCs comprise five genes encoding different proteins that are responsible for the 
synthesis and secretion of the active peptide: TriA (a putative thioesterase), TriB and TriC 
(ABC transporters), TriD (a 10-module NRPS) and TriE (a 3-module NRPS) (da Costa et 
al., 2022). The peptide scaffold is assembled by the cooperative action of TriD and TriE, with 
TriD incorporating the first ten amino acids and TriE incorporating the last three (Bann et 
al., 2021).
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Here, we present evidence for the widespread chimeric biosynthesis of tridecaptin variants 
in the genus Paenibacillus through a combination of genome mining and experimental 
validation. We found that 15 different Paenibacillus genomes harbored both a full-length 
tridecaptin BGC and a separate, tridecaptin-like NRPS at a different locus. We hypothesized 
that these strains are capable of producing multiple tridecaptin variants through chimeric 
biosynthesis. Specifically, we propose that one variant is produced by the full-length BGC 
and the second by collaborative action between the tridecaptin-like NRPS at the secondary 
locus and the shorter NRPS in the full-length BGC. We verified this hypothesis by sequencing 
the genome of Paenibacillus JJ-1683, a strain which we experimentally showed to produce 
both tridecaptin A5 and tridecaptin B1. We demonstrated that Paenibacillus JJ-1683 contains 
both loci that match the bioinformatics predictions for the NRPS enzymes involved in the 
speculated biosynthetic routes for both tridecaptins. As such, this work provides an example 
of chimeric biosynthesis of NRPS lipopeptide antibiotics, and hints at chimeric biosynthesis 
as a strategy to swap between the production of two similar compounds with slightly different 
chemistry and bioactivity profiles.
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Results and Discussion

Bioinformatics prediction of novel tridecaptin BGCs
We previously demonstrated that members of the genus Paenibacillus have great biosynthetic 
potential to produce NRP-like natural products. BiG-SCAPE (Navarro-Muñoz et al., 2020) 
networking analysis revealed gene cluster families (GCFs) of numerous unknown NRPS-
like BGCs alongside previously discovered polymyxins, paenilipoheptins, fusaricidins, 
paenibacterins, octapeptins, bacitracins, cilagicins, and tridecaptins (Chapter 7). To 
characterize the putative structures of the tridecaptins produced by Paenibacillus sp. strains, 
we first identified all tridecaptin-associated GCFs from our BiG-SCAPE analysis (Figure 1A). 
This yielded 7 GCFs that comprise tridecaptin-associated BGCs across 117 strains. Notably, 
some of these BGCs were incomplete, as they were found on the contigs of heavily fragmented 
genomes, and full tridecaptin clusters could not always be derived.

To maximize the discovery of tridecaptin BGCs, including those that did not cluster 
into GCFs, we identified all adenylation-domain-containing proteins encoded by the BGCs of 
the 785 publicly available Paenibacillus genomes. We then extracted the A domains and their 
active site signatures and predicted their substrate selectivity with the adenylation domain 
substrate prediction algorithm PARAS (Table S1). BGCs with ten or more modules were 
retained, and from these, putative tridecaptin assembly lines with associated core structure 
predictions were manually assigned based on building block predictions and the position of 
modules containing epimerization domains. This yielded 79 putative tridecaptin assembly 
lines (Table S2). Of these, 53 were full-length clusters containing all 13 modules, while the 
other 26 had one or more missing modules. Among the 53 full-length clusters, 10 were found 
to be unique.

Next, we computationally cross-referenced the predicted structures with all 
known tridecaptin peptide scaffolds (Table 1) and found full-length predicted scaffolds 
corresponding to tridecaptins G4, A1/A3, A5 and D (Table S2). Additionally, we predicted the 
structures of nine potentially novel tridecaptins, seven of which were full-length (Figure 1B; 
Table S2). This included two putative variants of tridecaptin A encoded in three Paenibacillus 
kribbensis strains, which are predicted to contain an alanine at position 3 as only previously 
observed in tridecaptin G (da Costa et al., 2022). Notably, the second variant encoded by two 
of the strains was predicted to incorporate a glycine moiety in module 6, which recognizes 
a serine in all known tridecaptin variants. Other predicted novel tridecaptins include a 
tridecaptin Bᵧ/Cᵦ1 variant in Paenibacillus peoriae KCTC 3763, and a tridecaptin A5 variant 
encoded in seven strains of Paenibacillus polymyxa. Finally, we found a putative tridecaptin 
M variant encoded in Paenibacillus sp. M-152 and Paenibacillus sp. lzh-N1, for which our 
predictions matched the six characterized amino acids of tridecaptin M11. Tridecaptin M11 

was originally isolated from Paenibacillus sp. M-152 in a very low yield, and its amino acid 
sequence was only partially characterized through MS/MS analysis (Jangra et al., 2019a). We 
here propose the sequence of its full amino acid scaffold as d-Val–d-Dab–d-Ser–d-Gly–d-
Trp–l-Ser–l-Dab–d-Dab–l-Phe–l-Glu-l-Ile–d-Ile–l-Ser, based on our genome mining for 
the producing strain.
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Figure 1. Sequence similarity network of NRPS BGCs and tridecaptin BGC analysis. 
A. BiG-SCAPE sequence similarity network (SSN) and tridecaptin-like GCFs visualized in Cytoscape

(c 0.25). Each node represents one tridecaptin BGC identified by antiSMASH 6.0. Blue: full-length

tridecaptin BGCs. Pink: truncated tridecaptin BGCs. B. New tridecaptin variants predicted in this study.

The A domains and their active site signatures were extracted, and their substrate selectivity was

predicted using the adenylation domain substrate prediction algorithm PARAS. BGCs with ten or more

modules were retained, and from these, putative tridecaptin clusters assembly lines with associated

Figure 1. Sequence similarity network of NRPS BGCs and tridecaptin BGC analysis. A. BiG-SCAPE sequence 
similarity network (SSN) and tridecaptin-like GCFs visualized in Cytoscape (c 0.25). Each node represents one 
tridecaptin BGC identified by antiSMASH 6.0. Blue: full-length tridecaptin BGCs. Pink: truncated tridecaptin BGCs. 
B. New tridecaptin variants predicted in this study. The A domains and their active site signatures were extracted, 
and their substrate selectivity was predicted using the adenylation domain substrate prediction algorithm PARAS. 
BGCs with ten or more modules were retained, and from these, putative tridecaptin clusters assembly lines with 
associated core structure predictions were manually assigned. The amino acids highlighted in red differ from those 
in the structures of known tridecaptins. C. Gene architectures and amino acid scaffolds of full-length (blue) and 
truncated ten-(pink) and three-modular (grey) tridecaptin BGCs. Black connectors indicate BGCs that co-occur in 
the same genome. Collaboration between the two clusters, where the truncated cluster provides the first 10 amino 
acids and the full-length cluster provides the last three, leads to tridecaptin B production.
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Discovery of tridecaptin BGCs with unusual architecture
Some of the detected BGCs differed from the reference tridecaptin A1 not only by the predicted 
amino acid composition but also by their architecture. These truncated BGCs contained the 
ten-modular NRPS gene corresponding to the triD gene but lacked the terminal 3-module 
triE gene (Figure 1C). Importantly, these truncated tridecaptin clusters were not predicted to 
encode the TE domain that is usually located in the TriE synthase and ensures the release of 
the final product from its carrier protein. Besides the genome sequences being of high quality, 
the truncated ten-module tridecaptin clusters always co-occurred with a full-length BGC in 
the same genome that was predicted to encode a different tridecaptin (Figure 1C). The seven 
remaining ten-modular tridecaptin BGCs, which were not flagged by BiG-SCAPE as part of 
this family, were also co-localized either with full-length tridecaptin BGCs or with another 
truncated tridecaptin cluster that only contained a predicted triE ortholog.

Interestingly, the predicted amino acid scaffolds for some of the truncated 
tridecaptins perfectly matched the N-terminal parts of the scaffolds of previously isolated 
tridecaptins B1/M1. These truncated BGCs always co-localized with the full-length BGCs 
predicted to produce tridecaptin A1 (Paenibacillus sp. S25, P. peoriae ZBSF16, P. polymyxa R 
4.24), tridecaptin A5 (P. polymyxa J, P. polymyxa EB4 G3, P. polymyxa MEZ6, P. polymyxa R 
6.14, P. polymyxa HY96-2, P. polymyxa SQR-21) or tridecaptin M11 (Paenibacillus sp. M-152, 
Paenibacillus sp. lzh-N1, P. polymyxa CJX518). The authors who previously isolated these 
compounds ascribed the production of tridecaptins B1/M1 to full-length tridecaptin BGCs 
within the genomes of their producing strains, P. polymyxa NRRL B-30507 and Paenibacillus 
sp. M-152, respectively (Cochrane et al., 2015, Jangra et al., 2019b). However, both groups 
noticed discrepancies between the adenylation domain predictions and the observed scaffolds 
for these full-length clusters, which instead corresponded to tridecaptin A1 (Table S3) and the 
putative tridecaptin M11 (Table S4), respectively. Specifically, in P. polymyxa NRRL B-30507, 
the greatest discrepancies were observed for adenylation domains 1 and 9, which the authors 
predicted to select valine and phenylalanine, respectively, rather than the glycine and 
isoleucine, which are found in the peptide scaffolds of tridecaptin B1 and M1 (Tables S3, S4). 
Similarly, glycine (position 1) and isoleucine (position 9)-recognizing adenylation domains 
are found in the TriD peptide synthase of the truncated tridecaptin cluster in the genome of 
Paenibacillus sp. M-152 (Table S2). 

We hypothesized that the truncated BGC in Paenibacillus sp. M-152 might be 
involved in the chimeric biosynthesis of tridecaptin M1 by biosynthesizing the first ten 
amino acids, upon which the last three are incorporated by the TriE synthase encoded by 
the full-length tridecaptin M11 BGC (Figure 1C; Table S4). This seems particularly likely 
considering that both tridecaptins M1 and M11 were isolated from this strain. At this point, 
we strongly suspected that the tridecaptin B1 biosynthesis in P. polymyxa NRRL B-30507 
was also chimeric, especially considering the wide-spread co-occurrence of full-length and 
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truncated BGCs among Paenibacillus genomes that would encode for tridecaptin A1 and B1, 
respectively. Unfortunately, the genome of this strain is too heavily fragmented to confirm 
that it also harbors a truncated tridecaptin BGC that might be responsible for the chimeric 
biosynthesis of tridecaptin B1.

Screening of tridecaptin B producers using large-scale metabolomics
To strengthen our hypothesis that chimeric biosynthesis also occurs for tridecaptin A/B1-
producing strains, we set out to identify and sequence a Paenibacillus strain that produced 
both tridecaptin A and B. For this purpose, we screened a collection of 227 plant-associated 
Paenibacillus isolates (see Materials and Methods) for producers of tridecaptin B. To accomplish 
this, the isolates were grown in 96 well plates, and extracts of the cultures were analyzed 
using liquid chromatography coupled with mass spectrometry (LC-MS). A mass features 
having an m/z of 1458.8315, 729.9194 or 486.9487 corresponding to an [M+H]+, [M+2H]2+ or 
[M+3H]3+ ions of tridecaptin B1, respectively; were searched in the obtained LC-MS dataset. 
Eventually, a triply charged ion peak having an m/z of 486.9487, eluting at a retention time 
of 5.09 min, was detected and annotated as tridecaptin B1 based on its MS/MS spectrum 
assignment (Figure 2). We found that tridecaptin B1 was produced by seven Paenibacillus 
isolates, namely Paenibacillus sp. JJ-195, Paenibacillus sp. JJ-1650, Paenibacillus sp. JJ-333, 
Paenibacillus sp. JJ-1683, Paenibacillus sp. JJ-1604, Paenibacillus sp. JJ-1667, and Paenibacillus 
sp. JJ-1669. Importantly, all tridecaptin B1 producers also produced the previously discovered 
tridecaptin A5, which was characterized by the MS/MS analysis of its triply charged ion peak 
having an m/z of 539.9715 (Figure 2). Interestingly, a total of 28 tridecaptin A5 producers were 
detected in the collection; therefore, 21 strains exclusively produced tridecaptin A5. 

Of the isolates that produced both tridecaptin B1 and tridecaptin A5, Paenibacillus 
sp. JJ-1683 was selected for further analysis to assess whether the production of tridecaptin B1 
could potentially be encoded by two collaborating BGCs involved in chimeric biosynthesis. 
The genome of Paenibacillus sp. JJ-1683 was sequenced using the PacBio platform. Assembly 
of the PacBio reads with Falcon (version 1.8.1) (Lohans et al., 2014) resulted in a single contig 
of 5.8 Mb. The Paenibacillus sp. JJ-1683 genome was analyzed using antiSMASH 6.0.1 (Blin 
et al., 2021) to obtain an overview of the predicted BGCs. Indeed, two tridecaptin BGCs were 
found in the genome of Paenibacillus sp. JJ-1683 (Table S2) that produced tridecaptin B1, 
together with tridecaptin A5. The first, full-length, BGC encoded both ten-modular TriD and 
three-modular TriE synthases, while the second BGC was truncated and encoded exclusively 
a ten-modular TriD ortholog. Conversely, Paenibacillus sp. JJ-21 harbors solely the full-length 
tridecaptin BGC predicted to encode the production of tridecaptin A5 (Table S2). Notably, 
tridecaptin A5 was detected in the extract of this strain, whereas tridecaptin B1 was not found 
(Figure 2A). 
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Figure 2. Extracted ion chromatograms (EICs) (A) and chemical structures (B) of tridecaptin A5 (539.9715 
m/z) and B1 (486.9487 m/z). Note that, Paenibacillus sp. JJ-1683 produced both tridecaptin B1 and tridecaptin A5, 
while Paenibacillus sp. JJ-21 produced solely tridecaptin A5. The assignment of the sequence of amino acid residues 
of tridecaptin A5 (C) and tridecaptin B1 (D) was conducted based on the mass differences between the consecutive 
y and b ions.
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Production of tridecaptin B1 exclusively by the strain that harbors two tridecaptin 
BGCs strongly suggests that both the truncated and full-length clusters are functional and 
required for the biosynthesis of this hybrid tridecaptin (Figure 3). This is further supported 
by the widespread co-occurrence of full-length and truncated tridecaptin BGCs: we found 
evidence of chimeric tridecaptin biosynthesis in 18 Paenibacillus strains in total (Table S2). 
Out of all 61 genomes in which tridecaptin BGCs were detected, this represents around 25% of 
all putative tridecaptin producers. A partially related mechanism has been shown previously 
for the biosynthesis of fungal NRPs, in which a single NRPS is involved in two separate 
biosynthesis pathways (Zhao et al., 2016). Some families of Pseudomonas lipopeptides display 
a “split” BGC configuration, with the initiator NRPS gene at a genomic location distant from 
the operon with the other NRPS genes (Cesa-Luna et al., 2023). 
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Figure 3. EICs of tridecaptin A5 (blue) and tridecaptin B1 (pink) co-produced by Paenibacillus sp. 
JJ-1683 (A) and proposed biosynthetic pathway of tridecaptin B1 (B). 
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Figure 3. EICs of tridecaptin A5 (blue) and tridecaptin B1 (pink) co-produced by Paenibacillus sp. JJ-1683 (A) 
and proposed biosynthetic pathway of tridecaptin B1 (B).

Bioactivity profile of synthetic tridecaptins A5 and B1 analogs
Chimeric biosynthesis is a meaningful mechanism of bacterial and fungal secondary 
metabolism, which has the potential to further increase the structural diversity of encoded 
molecules and subsequent biological activity. To assess whether tridecaptin diversity caused 
by chimeric biosynthesis also translates to a strain’s potential for functional diversity, we were 
also motivated to test tridecaptins A5 and B1 for bioactivity against a panel of common human 
pathogens.

Due to the limited production of tridecaptins A5 and B1 by Paenibacillus sp. JJ-1683, 
we developed synthetic analogs for both lipopeptides. Previous studies have shown that the 
natural N-terminal lipid tail of tridecaptin A1 can be replaced with octanoic acid without 
impacting the antimicrobial properties of the peptide (Lohans et al., 2014). Thus, to simplify 
the synthetic procedure, the chiral lipid tails found in the natural lipopeptides were replaced 
with commercially available octanoic acid, yielding the synthetic tridecaptin analogs Oct-
TriA5 and Oct-TriB1 (Table S5, Figures S1, S2). As we previously reported, the synthetic 
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analogs of tridecaptin A5, Oct-TriA5, have unusual broad-spectrum activity against Gram-
positive and Gram-negative ESKAPE pathogens (Chapter 7). On the other hand, Oct-TriB1 
displays moderate activity against Gram-negative strains and is not active against Gram-
positive bacteria (Table 2). The selective activity observed for Oct-TriB1 is consistent with the 
antimicrobial spectrum known for several natural tridecaptins (i.e., tridecaptins A, C, and M) 
(Bann et al., 2021, Jangra et al., 2019b). 

 Table 2. In vitro minimum inhibitory concentrations (MICs) of Oct-TriB1 and Oct-TriA5.

Strain Species
MIC a

Oct-TriB1 Oct-TriA5 Colistin

BV18 UAMS-1625 S. aureus > 64 8 > 64

BV249 ATCC 29213 S. aureus > 64 8 > 64
BV1402 1126387 S. aureus > 64 8 > 64
BV29 ATCC 29212 E. faecalis > 64 8 > 64

BV99 ATCC 25922 E. faecalis > 64 8 > 64

BV144 IHMA 890472 E. faecium > 64 8 > 64

BV159 ATCC 51559 E. faecium > 64 8 > 64

BV94 IHMA 777621 A. baumannii > 64 4 64

BV160 ATCC 17978 A. baumannii > 64 4 1

BV374 HUMC1 A. baumannii > 64 8 1

BV23 ATCC 25922 E. coli 16 2 1

BV1475 1220120 E. coli 16 4 0.5
BV1469 1214245 E. coli 16 4 32
BV306 ATCC 13883 K. pneumoniae 8 4 1
BV1445 1227947 K. pneumoniae 8 4 0.5
BV1447 1228586 K. pneumoniae 4 4 64

BV34 PAO1 P. aeruginosa >64 16 2
BV1551 1226072 P. aeruginosa 16 8 0.5
BV1544 1218019 P. aeruginosa >64 4 > 64

Hemolysis EC50 [µg/mL] >128 6.9 n/a
IC50 on HepG2 w/o FCS [µg/mL] >128 11.4 n/a

a MIC values reported in units of μg/mL

In conclusion, this study is the first to reveal the biosynthetic potential of the Paenibacillus 
genus to produce hybrid tridecaptin antibiotics. Through BiG-SCAPE analysis we gained 
insight into the diversity of tridecaptin BGCs from Paenibacillus spp. and discovered new 
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tridecaptin BGCs including molecules with unusual biosynthetic architectures. Using LC-MS 
analysis and genome mining studies, we revised the biosynthetic pathway of tridecaptin B1 
and demonstrated that the biosynthesis of tridecaptin B1 is hybrid and involves two separate 
BGCs. Tridecaptin B1 assembly line provides an unusual example of chimeric biosynthesis of 
NRPS lipopeptide antibiotics. 
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Materials and Methods
Global genome mining of NRPSs
Genomes of all Paenibacillus spp. available from RefSeq (release 213) (O’Leary et al., 2016) 
were downloaded from the NCBI FTP site. All genomes with more than 400 contigs were 
considered low-quality assemblies and were removed from the collection, leaving a set of 785 
Paenibacillus genomes. All genomes were analyzed using AntiSMASH (version 6.0.1) (Blin 
et al., 2021) to obtain biosynthetic gene cluster predictions. These predictions were then used 
as input for BiG-SCAPE (version 1.1.4) (Navarro-Muñoz et al., 2020) analysis with a distance 
matrix cutoff set to 0.25. The resulting network of gene cluster families was visualized using 
Cytoscape (3.9.1) (Shannon et al., 2003). 

To detect tridecaptin BGCs in our dataset, we used the adenylation domain 
predictor PARAS (v0.0.1, available at https://github.com/BTheDragonMaster/parasect) to 
extract adenylation domains and predict their substrate specificity. PARAS is an adenylation 
domain predictor that uses an HMM to extract the A-domain active site and was trained on 
over 2800 adenylation domains from fungi and bacteria. Importantly, PARAS also reports 
the confidence score of a prediction. The triD and triE NRPS genes are always positioned on 
the same DNA strand, with typically only 165 bp between them. Keeping this in mind, we 
identified putative tridecaptin NRPS enzymes by sorting A-domain containing proteins into 
‘protein blocks’: proteins that are encoded side by side on the genome on the same strand, 
with a maximum of 1000 bp between them. Then, we counted the adenylation domains for 
each protein block, and only considered those protein blocks that had ten or more adenylation 
domains. We chose a cutoff of ten instead of thirteen to also capture potentially truncated 
clusters, some of which we had detected with our BiG-SCAPE analysis. Then, we predicted 
the adenylation domains of all remaining protein blocks with PARAS (v0.0.1), and manually 
selected putative tridecaptin-producing BGCs based on predicted substrate selectivity and 
epimerization domain presence in modules 1-5, 8, and 12 as predicted by antiSMASH (Blin 
et al., 2023). 

Finally, for the three genomes, that contained a truncated ten-modular tridecaptin 
BGC but not a full-length tridecaptin BGC, we manually inspected the antiSMASH results 
to search for NRPS BGCs encoding fewer than ten NRPS modules to see if these might 
contribute to tridecaptin biosynthesis as well. We found three three-modular BGCs with an 
epimerization domain in their second module (corresponding to module 12 in full-length 
tridecaptin BGCs) and predicted their adenylation domain specificity as previously described.

Growth of Paenibacillus spp. and specialized metabolite extraction
Our method for cultivation and extraction of specialized metabolites was adapted from 
previously described procedures (Nguyen et al., 2016)2016. Briefly, 227 Paenibacillus spp. 
from the Auburn University Plant-Associated Microbial strain collection were inoculated 
into 600 µL of Tryptic Soy Agar (TSA, Bacto Soybean-Casein Digest Medium, 30 g/L) in 2.0 
mL 96-deep well plates (Thermo Scientific, Nunc 2.0 mL DeepWell Plate) and incubated at 
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30 °C for 72 h. The cultures were extracted with 300 µL 100% isopropanol acidified with 0.1% 
formic acid. The plates were resealed with the same 96 Well-Cap Mats, sonicated for 10 min, 
and extracted for an additional 50 min. 200 µL of these crude extracts were transferred into 
a pre-washed 96 well plate (Agilent Technologies, 96 well plates, 0.5 mL, polypropylene) and 
lyophilized to dryness. The extraction protocol was repeated once more for a total extract 
volume of 400 µL. Dried samples were redissolved in 160 µL of methanol: water (1:1 v/v).

LC-MS/MS analysis
For LC-MS analyses 1 μL of crude extract was injected into a Shimadzu Nexera X2 UHPLC 
system coupled to a Shimadzu 9030 QTOF mass spectrometer, and data acquisition was 
performed as previously described (van Bergeijk et al., 2022). Briefly, all the samples were 
analyzed in positive polarity, using data-dependent acquisition mode. In this regard, full scan 
MS spectra (m/z 100–1700, scan rate 10 Hz, ID enabled) were followed by two data-dependent 
MS/MS spectra (m/z 100–1700, scan rate 10 Hz, ID disabled) for the two most intense ions 
per scan. The ions were fragmented using collision-induced dissociation (CID) with fixed 
collision energy (CE 20 eV) and excluded for 1 s before being re-selected for fragmentation. 
The parameters used for the ESI source were: interface voltage 4 kV, interface temperature 
300 °C, nebulizing gas flow 3 L/min, and drying gas flow 10 L/min.

Genome sequencing, assembly and annotation of Paenibacillus sp. JJ-1683
Paenibacillus sp. JJ-1683 and Paenibacillus sp. JJ-21 were grown in TSB (Bacto Soybean-
Casein Digest Medium, 30 g/L) at 30 °C and 220 rpm for 24 h. DNA was extracted from 
Paenibacillus sp. JJ-1683 and Paenibacillus sp. JJ-21 as described (Kieser, 2000). DNA quality 
was verified by agarose gel electrophoresis. PacBio sequencing and assembly was performed 
by Novogene (UK). Generally, the library was prepared using a SMRTbell template prep kit 
(PacBio, USA) according to manufacturer instructions. Sequencing was then performed using 
PacBio Sequel platform in continuous long reads mode. Assembly was done using Falcon 
(version 1.8.1) (Chin et al., 2014). BGCs in this genome were annotated using AntiSMASH 
(version 6.0.1) (Blin et al., 2021).

Solid phase peptide synthesis
Peptides were prepared on 0.25 mmol scale on either preloaded Wang resin or CTC resin. 
The synthesis of Oct-TriB was performed on preloaded Fmoc-Ala-Wang resin (0.29 mmol/g 
loading). All couplings with the exception of Fmoc-d-allo-Ile-OH and Fmoc-d-Ile-OH were 
performed using 4 eq. of amino acid or fatty acid, benzotriazol-1-yloxytris(dimethylamino)
phosphonium hexafluorophosphate (BOP) (4 eq.) and N,N-diisopropylethylamine (DiPEA) 
(8 eq.) in 10 mL of DMF for 1 h at RT, under nitrogen flow. Fmoc-d-allo-Ile and Fmoc-d-Ile-
OH were coupled by treating the resin with 2 eq. of the amino acid, 2 eq. of BOP and 4 eq. of 
DiPEA in 10 mL of DMF overnight at RT. Fmoc group removal was performed by treating 
the resin with 10 mL of piperidine : DMF (1 : 4, v/v) for 5 min and then again for 15 min. 



235

Chimeric biosynthesis unveils diverse tridecaptin variants in the Paenibacillus genus

Final sidechain deprotection and cleavage from the resin was carried out by treating the resin 
with 10 mL of TFA : TIPS : H2O (95 : 2.5 : 2.5, v/v) for 90 min. The reaction mixture was 
filtered through cotton, the filtrate was precipitated in MTBE : petroleum ether (1 : 1, v/v) 
and centrifuged (4500 rpm, 5 min). The pellet was then resuspended in MTBE : petroleum 
ether (1 : 1, v/v) and centrifuged again (4500 rpm, 5 min). Finally the pellet containing the 
crude lipopeptide was dissolved in tBuOH:H2O (1 : 1, v/v) and lyophilized overnight. The 
crude mixtures were subsequently purified by RP-HPLC. Fractions were assessed by HPLC 
and LC-MS and product containing fractions were pooled, frozen and lyophilized to yield the 
pure lipopeptides in >95% purity (determined by HPLC).

Peptide synthesis
Fmoc-L-Dab(Boc)-OH, Fmoc-D-Dab(Boc)-OH, Fmoc-D-Ile-OH, Fmoc-allo-Ile-OH 
and 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide 
hexafluorophosphate (HATU) were purchased from Combi-Blocks. All other Fmoc-amino 
acids, the Fmoc-Ala-Wang resin and Fmoc-Glu(OtBu)-Wang resin were purchased from P3 
BioSystems. 2-Chlorotrityl chloride resin (CTC) was purchased from Iris Biotech. Octanoic acid 
was purchased from Alfa Aesar. ((1H-Benzo[d][1,2,3]triazol-1-yl)oxy)tris(dimethylamino)
phosphonium hexafluorophosphate (BOP), N,N-Diisopropylcarbodiimide (DIC) and 
triisopropylsilane (TIPS) were purchased from Manchester Organics. Diisopropylethylamine 
(DIPEA), piperidine, trifluoroacetic acid (TFA) and dimethyl sulfoxide (DMSO) were 
purchased from Carl Roth. Dichloromethane (CH2Cl2) and petroleum ether were purchased 
from VWR Chemicals. Acetonitrile (MeCN), dimethylformamide (DMF) and methyl 
tertiary-butyl ether (MTBE) were purchased from Biosolve. 

Resin swelling 
The resin was swollen in 10 mL of DMF for 300 s prior to the first coupling. 

Automated coupling protocol

Step Function Duration/Temperature
1 Initial Deprotection N-terminus 15 s at 60°C then 30 s at 70°C
2 Deprotection N-terminus 15 s at 60°C then 180 s at 70°C
3 Wash (DMF) RT
4 Wash (DMF) RT
5 Wash (DMF) RT
6 Coupling amino acid 15 s at 60°C then 300 s at 70°C

After coupling of the final residue on the synthesizer, the resin was washed with DCM, filtered 
and treated with 3 mL of TFA : TIPS : H2O (95 : 2.5 : 2.5, v/v) for 90 min. The reaction mixture 
was filtered through cotton, the filtrate was precipitated in MTBE : petroleum ether (1 : 1, v/v) 
and centrifuged (4500 rpm, 5 min). The pellet was then resuspended in MTBE : petroleum 
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ether (1 : 1, v/v) and centrifuged again (4500 rpm, 5 min). Finally the pellet containing the 
crude lipopeptide was dissolved in tBuOH : H2O (1 : 1, v/v) and lyophilized overnight. The 
crude mixtures were subsequently purified by RP-HPLC. Fractions were assessed by HPLC 
and LC-MS and product containing fractions were pooled, frozen and lyophilized to yield the 
pure lipopeptides in >95% purity (determined by HPLC).

Prep RP-HPLC purification
Peptides were purified using a BESTA-Technik system with a Dr. Maisch Reprosil Gold 120 
C18 column (25 × 250 mm, 10 μm) and equipped with a ECOM Flash UV detector monitoring 
at 214 nm and 254 nm. The following solvent system, at a flow rate of 12 mL/min, was used: 
solvent A, 0.1 % TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in water/acetonitrile 
5/95. Gradient elution was as follows: 100:0 (A/B) for 5 min, 100:0 to 50:50 (A/B) over 50 
min, 50:50 to 0:100 (A/B) for 3min, then reversion back to 100:0 (A/B) over 1 min, 100:0 
(A/B) for 5 min.

Analytical RP-HPLC 
Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil Gold 120 C18 column 
(4.6 × 250 mm, 5 µm) at 30 °C and equipped with a UV detector monitoring 214 nm and 
254 nm. The following solvent system, at a flow rate of 1 mL/min, was used: solvent A, 0.1 
% TFA in water/acetonitrile 95/5; solvent B, 0.1 % TFA in water/acetonitrile 5/95. Method 
A: Gradient elution was as follows: 100:0 (A/B) for 2 min, 100:0 to 0:100 (A/B) over 23 min, 
0:100 (A/B) for 1 min, 0:100 (A/B) then reversion back to 100:0 (A/B) over 1 min, 100:0 
(A/B) for 3 min. Method B: Gradient elution was as follows: 100:0 (A/B) for 2 min, 100:0 to 
50:50 (A/B) over 45 min, 50:50 (A/B) to 0:100 (A/B) over 1 min, 0:100 (A/B) for 6 min then 
reversion back to 100:0 (A/B) over 1min, 100:0 (A/B) for 5 min.

HRMS analysis
HRMS analyses were performed on a Thermo Scientific Dionex UltiMate 3000 HPLC system 
with a Phenomenex Kinetex C18 (2.1 x 150 mm, 2.6 μm) column at 35 °C and equipped with 
a diode array detector. The following solvent system, at a flow rate of 0.3 mL/min, was used: 
solvent A, 0.1 % formic acid in water; solvent B, 0.1% formic acid in acetonitrile. Gradient 
elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 5:95 (A/B) over 9 min, 5:95 to 2:98 (A/B) 
over 1 min, 2:98 (A/B) for 1 min, then reversion back to 95:5 (A/B) over 2 min, 95:5 (A/B) 
for 1 min. This system was connected to a Bruker micrOTOF-Q II mass spectrometer (ESI 
ionization) calibrated internally with sodium formate.
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Antimicrobial testing 
All minimum inhibitory concentrations were determined according to Clinical and Standards 
Laboratory Institute (CLSI) guidelines. In brief, agar plates were inoculated from glycerol 
stocks and incubated overnight at 35 °C. Peptides DMSO stocks were dispensed into 96-well 
round bottom plates using a TECAN D300e dispenser. Colistin sulfate (Sigma-Aldrich) was 
dissolved in water and serially diluted in cation-adjusted Mueller Hinton broth (10 μL per 
well). The final concentrations of the test compounds were 64–0.06 μg/mL. Inocula were 
prepared by direct colony suspension in NaCl at 0.5 MacFarland, which was further diluted 
200-fold in cation-adjusted Mueller Hinton broth for a target inoculum of 2 x 105 colony 
forming units/mL. 100 μL of the prepared inoculum was added to each well of the prepared 
plates containing the test compounds. Plates were sealed with parafilm and incubated for 20 
h at 35 °C. Images of all plates were recorded and MIC was assessed visually. 
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Supplementary information
Table S1. Active site conservation among Paenibacillus tridecaptin adenylation domains. 
Active sites were extracted using PARAS. Residues that deviate from the most commonly 
found active site for that substrate are indicated in bold. Confidence shows the average 
confidence of PARAS predictions for that specific active site. The number of domains with 
that active site among tridecaptin BGCs is also given. Rows shown in color correspond to 
active sites found in the BGCs of Paenibacillus sp. M-152 and  Paenibacillus polymyxa NRRL 
B-30507.
(Predicted) substrate Active site signature Confidence Number of domains

Valine DAFWLGGTFK 1.00 95

DAFWIGGTFK 0.97 4

DAFWLGGAFK 0.77 1

DAFFIGATFK 0.36 1

2,4-diaminobutyric acid
 

DVGEISSIDK 1.00 200

DVGEISAIDK 0.96 10

DVGETGTIDK 0.43 1

Alanine
 

DVFWLGGTFK 0.77 48

DVTNFAIIYK 0.81 2

Tryptophan
 

DAWAFAGVAK 0.95 83

DAWAVAGVAK 0.80 22

DAWAFAGIAK 0.80 7

Serine DVWHFSLVDK 1.00 147

DVWHYSLVDK 0.99 2

DVWHFSMVEK 0.55 1

Aspartic acid DMKDVGVVDK 0.34 4

Arginine DPEDIGHIDK 0.33 3

Glycine DILQMGMVWK 1.00 81

Glutamic acid DAKDLGVVDK 0.95 67

Isoleucine DAFFLGITFK 0.95 47

DAFFLGVTFK 0.91 25

DAFFLGATFK 0.42 4

DGFFLGVVYK 0.81 2

DGFFLGVVFK 0.85 1
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Phenylalanine
 
 

DAWTFAGVAK 0.73 8

DAWTVAGVAK 0.78 2

DAWTIAAICK 0.92 2

DAWTIAGVAK 0.75 2

DAWTVAAVAK 0.87 1

DAWTFAAVAK 0.88 1

Glutamine DAQDLGVVDK 0.59 1

Leucine DAWLLGAIVK 0.91 1
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Figure S1. HPLC trace showing the reinjection of purified Oct-TriB1. The peptide eluted as a single peak at 22.675 
min using the HPLC method B.

Figure S2. HPLC trace showing the reinjection of purified Oct-TriA5. The peptide eluted as a single peak at 15.993 
min using the HPLC method A.
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Bacteria are invaluable sources of natural products (NPs), owing to their remarkable 
capacity to produce a plethora of both primary and specialized metabolites. As a result, 
bacterial fermentation has long been used to manufacture NPs that have pharmaceutical 
and agrochemical value. The extensive array of bioactivities exhibited by bacterial natural 
products is a result of the evolutionarily diversified metabolism, with a main portion still 
waiting to be discovered (Gavriilidou et al., 2022). The limited rate of antibiotic discovery, 
coupled with the escalating threat of antibiotic resistance, underscores the pressing need for 
innovative approaches to fully harness the diversity of bacterial natural products (Silver, 2011, 
Lewis, 2013).

In this thesis, approaches to aid the discovery of novel antibiotics from bacteria 
are presented, focusing on new strategies from the perspectives of microbiology, chemistry 
and bioinformatics. This study encompasses exploring the chemical diversity of specialized 
metabolites from Paenibacillus and Streptomyces, eliciting the production of bioactive natural 
products, identifying novel biosynthetic gene clusters (BGCs), and devising strategies to 
prioritize bioactive molecules for subsequent isolation, structure elucidation, or organic 
synthesis.

GNPS molecular networking for the discovery of new bioactive compounds
Global Natural Products Social molecular networking (GNPS MN) is a powerful tool to 
process and analyze tandem mass spectrometry (MS2) data (Wang et al., 2016). GNPS MN 
has been successfully applied to assist in the discovery of new microbial compounds (Nguyen 
et al., 2016, Wu et al., 2019, Männle et al., 2020) to support strain prioritization, culture 
conditions, and extraction methods for drug discovery purposes (Crüsemann et al., 2017, 
Floros et al., 2016), microbial interaction  investigations (Watrous et al., 2012, Vallet et al., 
2017) and chemical diversity profiling (Purves et al., 2016, Nguyen et al., 2013). Additionally, 
NP prioritization strategies have been applied based on the combination of molecular 
networking with different sources of information (e.g., genomic, taxonomic, geographic, 
bioactivity, and spectral data) (Olivon et al., 2017, Nothias et al., 2018, Olivon et al., 2020, 
Crüsemann et al., 2017). In Chapter 3, we introduce an early-stage prioritization method 
that combines feature-based GNPS MN and MassQL to prioritize peptides that contain basic 
amino acids (2,4-diaminobutyric acid, lysine, ornithine, histidine, and arginine) with potential 
antimicrobial properties. Basic amino acid signatures were detected and mapped into massive 
multi-informative MN acquired over an extract library of 227 Paenibacillus isolates from the 
Auburn University Plant-Associated Microbial strain collection. This led to the discovery of 
new paenilipoheptins and new bacitracin congeners, designated as paenitracins (Figure 1). 
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Figure 1. Overview of the compounds discovered by the MassQL MN integrative approach (Chapter 3). 

Paenitracin differs from the known bacitracin A at three amino acid positions featuring 
amino acids that are unique among all bacitracins identified so far, namely Leu7, Trp9, 
and Thr10 (Suleiman et al., 2017). Despite its significant structural divergence, paenitracin 
exhibits potent bioactivity against Gram-positive pathogens, including vancomycin-resistant 
Enterococcus faecium E155. Paenitracin is produced by Paenibacillus species, as opposed to 
previously reported bacitracins that have been isolated from Bacillus (Johnson et al., 1945, 
Stone & Strominger, 1971). We used an adopted GNPS MN approach to provide insight into 
chemical structures and diversity of Paenibacillus specialized metabolites and to facilitate the 
discovery of new natural products. 

Chemical elicitors in combination with metabolomics 
In our exploration of natural product diversity, metaphorically we are likely still “looking 
through a keyhole”, which only offers a restricted view of the entire chemical landscape 
of bacterial specialized metabolites. Bacteria do not produce their whole spectrum of 
specialized metabolites under routine laboratory conditions. Many BGCs are activated only 
under specific environmental conditions, and the cognate signals are likely missing under 
laboratory culturing conditions (Demain & Fang, 2000). Understanding the signals and the 
corresponding regulatory mechanisms will allow the development of eliciting approaches, 
which are essential for natural product discovery.

Streptomycetes have a complex lifestyle that begins with the germination of a 
spore, which grows out to form a multicellular network known as the vegetative mycelium. 
In response to stressors like nutrient depletion, a portion of the mycelium is autolytically 
degraded, releasing nutrients into the environment for the development of aerial hyphae and 
spores (Jakimowicz & van Wezel, 2012, Flärdh & Buttner, 2009). Antibiotic production by 
streptomycetes is linked to the growth phase (Rigali et al., 2008, Barka et al., 2016). Therefore, 
the modulation of growth conditions plays a critical role in shaping the metabolic output and, 
consequently, the diversity of bioactive compounds synthesized by these bacteria (van der 
Heul et al., 2018, Urem et al., 2016). Novel quinazolinone A and B were discovered following 
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alterations of the growth conditions during cultivation of Streptomyces sp. MBT27 (Chapter 
4). We discovered that the production of quinazolinone alkaloids was induced in response 
to glycerol. The chemical structures of quinazolinones A and B and the glycerol-dependent 
production suggest that glycerol participates in the construction of the ring system (Figure 
2). Our data indicate that quinazolinones A and B form a new sub-branch in the family of 
quinazolines. Identification and an in-depth analysis of the biosynthetic gene cluster should 
reveal the precise biosynthetic pathway for these novel molecules.

Moreover, carbon sources had a significant effect on the antimicrobial activity of 
Streptomyces sp. MBT27 (Chapter 5). Antimicrobial activity was most pronounced when 
the culture medium was supplemented with glycerol + mannitol, glucose, glycerol or 
fructose. Statistical analysis showed that the bioactivity correlated with elevated production 
of actinomycins, the first antibiotics ever discovered in an actinomycete (Katz, 1967). 
Importantly, carbon utilization not only affected the overall production levels of specialized 
metabolites, but also contributed to the chemical diversity of the actinomycins, whereby 
production of the novel compound actinomycin L was observed in the cultures grown with 
1% glucose, 1% and 2% glycerol, 1% mannitol +1 % glycerol (Figure 2). The isolation of 
actinomycin L in such a well-studied family of NPs underlines that new molecules can be 
discovered even within extensively studied microbes and compound classes.
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Figure 2. Overview of the compounds discovered by the elicitation techniques (Chapters 4, 5, and 6). 

To enhance early-stage prioritization of bioactive compounds, we developed an analytical 
platform for the rapid and efficient identification and dereplication of bioactive metabolites 
based on nanofractionation (nanoRAPIDS) (Chapter 6). NanoRAPIDS combines at-line 
high-resolution nanofractionation coupled to LC-MS/MS and featured-based molecular 
networking (FBMN) in a single analysis. The nanoRAPIDS platform allows the identification 
of low-abundance molecules against a background of abundantly present known antibiotics. 
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We used the platform to correlate antimicrobial bioactivities to compounds in extracts of 
Streptomyces sp. MBT84 grown in the presence or absence of catechol as the elicitor (van 
Bergeijk et al., 2022). The majority of the bioactivity peaks were associated with mass features 
annotated as angucyclines, which predominantly contributed to the increased bioactivity of 
the crude extract of Streptomyces sp. MBT84 when grown with catechol (van Bergeijk et al., 
2022). This afforded the isolation of a novel angucycline, saquayamycin N. The combination 
of various elicitation strategies with multi-omics approaches and nanoRAPIDS platform 
offers a powerful workflow to prioritize bioactive metabolites for isolation and assist in 
‘decrypting’ cryptic BGCs. 

Global genome mining as a way to access hidden chemical diversity
Genome mining methodologies complement the capabilities of analytical chemistry 
techniques by accessing specialized metabolites that may not be produced under any tested 
growth conditions (Sayed et al., 2020, Gavriilidou et al., 2022, Lloyd Karen et al., 2018). 
Genome mining-guided natural product discovery involves detecting novel BGCs, predicting 
the chemical structures of the molecules of interest and estimating their bioactivity based on 
these structures (Medema & Fischbach, 2015). The exploration of bacterial nonribosomal 
peptide synthetases (NRPSs) through global-genome mining has shown a substantial 
genomic potential within Firmicutes, with the majority of NRPSs remaining unexplored (Li 
et al., 2018). Paenibacillus spp. are important producers of nonribosomal peptides (NRPs), 
including polymyxins, octapeptins, pelgipeptins, fusaricidins, tridecaptins, and cilagicins 
(Cochrane & Vederas, 2016). These NRPs exhibit a broad range of activities, ranging from 
antibacterial and antifungal to anticancer and antiviral.  To gain insight into the chemical 
diversity of NRPs and discover new potentially bioactive natural products, we analyzed 785 
complete publicly available Paenibacillus genomes using BiG-SCAPE (Navarro-Muñoz et al., 
2020). (Chapters 7 and 8). Further in silico analysis using PARAS facilitated the prediction 
of amino acid compositions for peptide scaffolds, leading to the discovery of ten novel 
tridecaptin BGCs with variations in amino acid composition compared to known scaffolds. 
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Figure 3. Syn-BNPs discovered by global genome mining of Paenibacillus NRPs.

We identified significant diversification within the tridecaptin family, whereby chemically 
synthesized congeners demonstrated distinct bioactivity profiles compared to known 
tridecaptins (Figure 3). Tridecaptin A5 was discovered through global genome mining, 
identified by metabolomic studies, and produced synthetically. Considering the striking 
difference in the spectrum of activity between known tridecaptin A1 (active against 
Gram-negatives) and new tridecaptin A5 (active against both Gram-positives and Gram-
negatives), we were able to pinpoint a specific residue (position 9) responsible for altering 
the antibacterial spectrum and cytotoxicity profile of these compounds. Single amino 
acid substitution in position 9 led to the discovery of Oct-His9, which efficiently inhibited 
colistin-resistant Pseudomonas aeruginosa and showed lower hemolytic and cytotoxic activity 
compared to Oct-TriA1. Global genome mining also revealed Oct-TriD, that contained 6 
substitutions as compared to Oct-TriA1 and showed significant bioactivity against E. faecium. 
Thus, it is important to continue to explore tridecaptins towards the development of effective 
antibacterial agents. The approach of synthetic-bioinformatic natural product (syn-BNP) 
represents a cutting-edge methodology at the intersection of computational biology, synthetic 
chemistry, and microbiology (Chu et al., 2020). Integrating single amino acid substitution 
strategies into syn-BNP development enables researchers to systematically explore the 
structure-activity relationships of natural products, facilitating the rational design of analogs 
with enhanced therapeutic potential. 
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Chimeric biosynthesis of tridecaptins and actinomycin
Analysis of Paenibacillus genomes using BiG-SCAPE revealed that some of the tridecaptin 
BGCs differ not only by the predicted amino acid composition but also by their architecture.  
These “truncated BGCs” contain the 10-modular NRPS triD gene but lack the gene encoding 
the terminal 3-modular TriE synthase. Suggestively, the truncated tridecaptin-like BGC 
always co-localizes either with a full-length BGC containing all 13 modules or with another 
truncated tridecaptin-like BGC that encodes a 3-modular TriE synthase. Considering the 
widespread co-occurrence of full-length and truncated BGCs, we hypothesized that both 
tridecaptin BGCs are functional and participate in the biosynthesis of so-called “chimeric 
tridecaptins”. Through MS-based metabolomic analysis of 227 plant-associated Paenibacillus 
spp. we detected the chimeric tridecaptin B in the crude extracts of seven Paenibacillus 
isolates. Genome sequencing of one such isolate, Paenibacillus spp. JJ-1683, identified both 
full-length and truncated tridecaptin BGCs. Therefore, we conclude that tridecaptin B is a 
product of collaborative biosynthesis, where the NRPS of the truncated cluster provides the 
first ten amino acids, while the full-length cluster contributes the last three. 

Another instance of collaborative biosynthesis is seen in the production of 
actinomycin L (Chapter 5). The biosynthesis of actinomycin L requires genes outside 
of the actinomycin cluster for the production of anthranilamide, one of the precursors of 
actinomycin L. The feeding experiments convincingly showed that actinomycin L is formed 
through the reaction of anthranilamide with the 4-keto group on the proline residue in the 
pentapeptide lactone prior to the condensation of the pentapeptide lactones into actinomycin 
L. The enzyme responsible for converting anthranilic acid to anthranilamide remains 
to be identified. Chimeric biosynthesis is a mechanism of bacterial and fungal secondary 
metabolism, which has the potential to increase further the structural diversity of encoded 
molecules and subsequent biological activity. 

Conclusions and future perspectives
Integration of diverse data types, such as metabolomics, genomic, transcriptomic, and 
phenotypic data, provides a holistic insight into the antibiotic-producing potential of bacteria 
and to prioritize the antibiotics they produce. To make new scientific breakthroughs in this 
important field, we need to find ways to explore undiscovered natural product diversity. 
Artificial intelligence (AI) techniques are a very promising addition to the available tools 
and enable combining information from multiple sources to uncover complex relationships 
between molecular structures, biological functions, and bioactivity (Mullowney et al., 2023). 
AI developments are expected to cause a revolution in the discovery of bioactive NPs and the 
design of NP-inspired drugs and their future development. 

Besides finding novel chemical entities, microbes are biofactories for the 
development of exogenous metabolites, peptides, and proteins through recombinant DNA 
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technology (Pham et al., 2019). The future steps in metabolic engineering should involve 
genetic manipulations of NP biosynthetic powerhouses like Streptomyces (Whitford et al., 
2021), so as to develop novel and complex NPs in a more sustainable manner. 

This research has demonstrated that a combined use of metabolomic and genomic 
approaches is an effective way to discover new NPs. By integrating genomic insights 
with metabolomics analyses, we have discovered a rich diversity of chemical structures 
and bioactivities even within known families of molecules, including quinazolinones, 
actinomycins, saquayamycins, tridecaptins, paenilipoheptins, and bacitracins. This strategy 
not only facilitates the identification of previously unexplored natural products but also offers 
insights into their biosynthetic pathways and potential applications. 

By harnessing the collective power of AI technologies, natural product chemistry, 
synthetic biology, and genome mining strategies, we can unlock the vast reservoir of microbial 
biodiversity and pave the way for the development of next-generation antibiotics to combat 
emerging infectious diseases and address the growing threat of antimicrobial resistance.
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Bacteriën zijn onmisbare en schier onuitputtelijke bronnen van natuurstoffen, wat te danken 
is aan hun opmerkelijke vermogen om een overvloed aan zowel primaire als gespecialiseerde 
metabolieten te produceren. Als gevolg hiervan wordt bacteriële fermentaties al lange tijd 
gebruikt voor de productie van natuurstoffen en derivaten daarvan die toepassing vinden 
in de landbouw, biotechnologie of de kliniek. Het uitgebreide scala aan bioactiviteiten van 
natuurstoffen is het resultaat van diversificatie door evolutie van het metabolisme, waarbij 
duidelijk is dat het grootste deel van de chemische ruimte van natuurstoffen nog ontdekt moet 
worden (Gavriilidou et al., 2022). De beperkte snelheid van het ontdekken van antibiotica, 
in combinatie met de toenemende dreiging van antibioticaresistentie, zorgt ervoor dat de 
noodzaak hoog is om innovatieve benaderingen te ontwikkelen om de diversiteit van 
bacteriële natuurstoffen volledig te benutten (Silver, 2011; Lewis, 2013). 

In dit proefschrift worden benaderingen gepresenteerd om de ontdekking van nieuwe 
antibiotica uit bacteriën te ondersteunen, met nieuwe strategieën gebaseerd op microbiologie, 
chemie en bioinformatica. Dit onderzoek richtte zich op het verkennen en uitnutten van 
de chemische diversiteit van natuurstoffen van Paenibacillus en Streptomyces, het activeren 
van de productie van bioactieve natuurstoffen, het identificeren van nieuwe biosynthetische 
genclusters (BGC’s) en het bedenken van strategieën om bioactieve moleculen te prioriteren 
voor daaropvolgende isolatie, structuuropheldering of organische synthese. Tot slot wed van 
veel van de moleculen gekeken naar de bioactiviteit en mogelijke toekomstige ontwikkeling 
tot nieuw medicijn.

GNPS-moleculaire netwerken voor de ontdekking van nieuwe bioactieve 
verbindingen
Global Natural Products Social molecular networking (GNPS MN) is een krachtig instrument 
om tandemmassaspectrometrie (MS2) gegevens te verwerken en analyseren (Wang et al., 2016). 
GNPS MN is met succes toegepast om te assisteren bij de ontdekking van nieuwe microbiële 
verbindingen (Nguyen et al., 2016; Wu et al., 2019; Männle et al., 2020) om de prioritering 
van productiestammen, groeiomstandigheden en extractiemethoden voor het ontdekken 
van medicijnen te ondersteunen (Crüsemann et al., 2017; Floros et al., 2016). Tevens vindt 
het toepassing in het onderzoeken van microbiële interacties (Watrous et al., 2012; Vallet et 
al., 2017) en profilering van chemische diversiteit (Purves et al., 2016; Nguyen et al., 2013). 
Bovendien zijn prioriteringsstrategieën voor het ontdekken van nieuwe natuurstoffen toegepast 
op basis van de combinatie van moleculaire netwerken met verschillende informatiebronnen 
(bijv. genomische, taxonomische, geografische, bioactiviteits- en spectrale gegevens) (Olivon 
et al., 2017; Nothias et al., 2018; Olivon et al., 2020; Crüsemann et al., 2017). In Hoofdstuk 3 
wordt een methode geïntroduceerd voor het in een vroeg stadium prioriteren van moleculen, 
waarbij feature-based GNPS MN en MassQL wordt gecombineerd om peptiden die basische 
aminozuren bevatten (2,4-diaminoboterzuur, lysine, ornithine, histidine en arginine) en 
mogelijk interessante antimicrobiële eigenschappen hebben, te prioriteren. Annotatie van 
basische aminozuren werd gedaan op basis van  multifunctionele MNs verkregen uit een 
bibliotheek van extracten van 227 isolaten uit de Auburn University stammenverzameling 
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bestaande uit plant-geassocieerde Paenibacillus stammen. Dit leidde tot de ontdekking van 
nieuwe paenilipoheptins en nieuwe bacitracinvarianten, aangeduid als paenitracins (Figuur 1).
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Figuur 1. Overzicht van de verbindingen ontdekt door de MassQL Molecular Networking aanpak (Hoofdstuk 3).

Paenitracin verschilt van het bekende bacitracin A op drie posities, met aminozuren die 
uniek zijn ten opzichte van alle tot nu toe geïdentificeerde bacitracins, namelijk Leu7, 
Trp9 en Thr10 (Suleiman et al., 2017). Ondanks de significante structurele veranderingen 
vertoont paenitracine krachtige bioactiviteit tegen Gram-positieve pathogenen, waaronder 
vancomycine-resistente Enterococcus faecium E155. Paenitracine wordt geproduceerd door 
Paenibacillus-soorten, in tegenstelling tot eerder beschreven bacitracins die geïsoleerd 
werden uit Bacillus (Johnson et al., 1945, Stone & Strominger, 1971). We gebruikten een 
aangenomen GNPS MN-benadering om inzicht te krijgen in de chemische structuren en 
diversiteit van gespecialiseerde metabolieten van Paenibacillus en om de ontdekking van 
nieuwe natuurstoffen te vergemakkelijken.

Chemische elicitors in combinatie met metabolomics 
Ons streven om de diversiteit van natuurstoffen te begrijpen, laat zich vergelijken met het kijken 
door een sleutelgat, wat slechts een beperkte blik biedt op het uitgestrekte chemische landschap 
van bacteriële gespecialiseerde metabolieten. Bacteriën laten hun volledige spectrum aan 
gespecialiseerde metabolieten niet zien onder standaard laboratoriumomstandigheden. Veel 
biosynthetische genclusters (BGC’s) blijven inactief of ‘slapend’ totdat ze worden getriggerd 
door specifieke omgevingsignalen, die vaak afwezig zijn onder laboratoriumomstandigheden 
(Demain & Fang, 2000). Het ontcijferen van deze signalen en regelmechanismen is cruciaal 
voor het ontwikkelen van strategieën die noodzakelijk zijn voor het aanzetten van de 
biosynthese van natuurstoffen.

Streptomyceten hebben een complexe levensstijl, beginnend met een spore  die 
ontkiemt en vervolgens uitgroeit tot een multicellulair netwerk dat bekend staat als het 
vegetatieve mycelium. IN reactie op stressfactoren zoals uitputting van voedingsstoffen 
ondergaat een deel van het mycelium autolytische afbraak, waarbij voedingsstoffen in de 
omgeving vrijkomen om de groei van luchthyfen en sporen te ondersteunen (Jakimowicz & 
van Wezel, 2012, Flärdh & Buttner, 2009). De productie van antibiotica door streptomyceten 
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is nauw verbonden met de levenscyclus (Rigali et al., 2008, Barka et al., 2016). Daarbij 
beïnvloedt het moduleren van de groeiomstandigheden het metabolisme aanzienlijk en 
daarmee ook de diversiteit van bioactieve verbindingen die gesynthetiseerd worden door 
deze bacteriën (van der Heul et al., 2018, Urem et al., 2016).

Nieuwe quinazolinon A en B zijn ontdekt na het veranderen van de 
groeiomstandigheden bij het kweken van Streptomyces sp. MBT27 (Hoofdstuk 4). De 
productie van quinazolinon alkaloïden werd sterk verbeterd door de toevoeging van glycerol 
als C-bron. De chemische structuren van quinazolinon A en B en hun glycerol-afhankelijke 
productie suggereren dat glycerol bijdraagt aan de constructie van het ringsysteem (Figuur 2). 
Quinazolinone A en B vertegenwoordigen een nieuwe tak in de familie van quinazolinones. 
Identificatie en een uitgebreide analyse van het biosynthetische gencluster zullen naar 
verwachting het precieze biosynthetische pad voor deze nieuwe moleculen onthullen.

Bovendien heeft de specifieke koolstofbron een significante invloed op de 
antimicrobiële activiteit van Streptomyces sp. MBT27 (Hoofdstuk 5). De antimicrobiële 
activiteit piekte wanneer  glycerol + mannitol, glucose, glycerol of fructose werden gebruikt 
als C-bron. Statistische analyse liet een directe correlatie zien tussen bioactiviteit en verhoogde 
productie van actinomycins; dit zijn de eerste antibiotica die zijn ontdekt in een actinomyceet 
(Katz, 1967). Opmerkelijk is dat koolstofgebruik niet alleen de algehele productieniveau’s 
van gespecialiseerde metabolieten beïnvloedde, maar ook bijdroeg aan de chemische 
diversiteit van de actinomycines. Productie van de nieuwe verbinding actinomycine L werd 
waargenomen in culturen met 1% glucose, 1% of 2% glycerol, of 1% mannitol + 1% glycerol 
(Figuur 2). De isolatie van het nieuwe actinomycine L binnen zo’n goed bestudeerde familie 
van natuurstoffen benadrukt het potentieel voor het ontdekken van nieuwe moleculen, zelfs 
binnen uitgebreid bestudeerde microben en verbindingenklassen.
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Figuur 2. Overzicht van nieuwe verbindingen die zijn ontdekt na het aanpassen van de groeicondities   
(Hoofdstukken 4, 5 en 6).

Om de vroegtijdige prioritering van bioactieve verbindingen te verbeteren, hebben we een 
analytisch platform ontwikkeld voor de snelle en efficiënte identificatie en dereplicatie van 
bioactieve metabolieten op basis van nanofractionering (nanoRAPIDS) (Hoofdstuk 6). 
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NanoRAPIDS combineert hoge resolutie nanofractionering met LC-MS/MS en functionele 
moleculaire netwerken (FBMN) in één enkele analyse. Het nanoRAPIDS-platform maakt 
de identificatie van moleculen met lage concentraties mogelijk tegen een achtergrond van 
bekende antibiotica, die vaak juist in hoge concentraties voorkomen. We gebruikten het 
platform om antimicrobiële bioactiviteiten te correleren met verbindingen in extracten 
van Streptomyces sp. MBT84 gekweekt in cultures met of zonder catechol als elicitor (van 
Bergeijk et al., 2022). De meerderheid van de pieken van bioactiviteit was geassocieerd met 
mass features die behoorden bij angucyclins, die voornamelijk bijdroegen aan de verhoogde 
bioactiviteit van het ruwe extract van Streptomyces sp. MBT84 wanneer het gekweekt werd 
met catechol (van Bergeijk et al., 2022). Dit leidde tot de isolatie van een nieuw angucycline, 
saquayamycine N. De combinatie van verschillende elicitatiestrategieën met multi-omics-
benaderingen en het nanoRAPIDS-platform biedt een krachtige workflow om bioactieve 
metabolieten te prioriteren voor isolatie en bij te dragen aan het ‘ontcijferen’ van cryptische 
BGC’s.

Grootschalig genoomonderzoek als een manier om verborgen chemische 
diversiteit te benaderen
Methoden om genomen te sequencen en te annoteren complementeren analytisch chemische 
techniekendoor toegang te bieden tot gespecialiseerde metabolieten die mogelijk niet worden 
geproduceerd in het laboratorium (Sayed et al., 2020, Gavriilidou et al., 2022, Lloyd Karen et al., 
2018). Het analyseren van genomen als basis voor het ontdekken van natuurstoffen omvat het 
detecteren van nieuwe BGC’s, het voorspellen van de chemische structuren van de relevante 
moleculen en het inschatten van hun bioactiviteit op basis van deze structuren (Medema & 
Fischbach, 2015). De verkenning van bacteriële niet-ribosomale peptidesynthetasen (NRPS’s) 
via grootschalige genoomanalyses heeft een aanzienlijk genoompotentieel binnen Firmicutes 
aangetoond, waarbij de functie van de meerderheid van de NRPS’s onderbelicht blijft (Li 
et al., 2018). Paenibacillus spp. zijn belangrijke producenten van niet-ribosomale peptiden 
(NRPs), waaronder polymyxins, octapeptins, pelgipeptins, fusaricidins, tridecaptins en 
cilagicins (Cochrane & Vederas, 2016). Deze NRPs vertonen een breed scala aan activiteiten, 
variërend van antibacterieel en antischimmel tot antikanker en antiviraal. Om inzicht te 
krijgen in de chemische diversiteit van NRPs en nieuwe potentieel bioactieve natuurstoffen 
te ontdekken, hebben we 785 volledige, openbaar beschikbare genomen van Paenibacillus 
geanalyseerd met behulp van BiG-SCAPE (Navarro-Muñoz et al., 2020). (Hoofdstukken 7 
en 8). Verdere in silico analyse met behulp van het algoritme PARAS maakte mogelijk om de  
aminozuursamenstelling voor peptide-scaffolds beter te voorspellen, wat heeft geleid tot de 
ontdekking van tien nieuwe tridecaptin-BGC’s met variaties in aminozuursamenstelling in 
vergelijking met bekende scaffolds.
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Figuur 3. Syn-BNPs ontdekt door wereldwijde genoomontginning van Paenibacillus NRPs.

We zagen daarbij significante diversificatie binnen de tridecaptin familie, waarbij chemisch 
gesynthetiseerde varianten verschillende bioactiviteitsprofielen vertoonden ten opzichte 
van bekende tridecaptins (Figuur 3). Tridecaptin A5 werd ontdekt door analyse van 
genoomdatabasesanalyses, vervolgens geïdentificeerd door metaboloomstudies en tot 
slot synthetisch geproduceerd. Gezien het opvallende verschil in het activiteitsspectrum 
tussen de bekende tridecaptin A1 (actief tegen Gram-negatieven) en de nieuwe tridecaptin 
A5 (actief tegen zowel Gram-positieve als Gram-negatieve bacteriën), konden we een 
specifiek residu (positie 9) identificeren dat een sleutelrol speelt in het veranderen van het 
antibacteriële spectrum en het profiel van de cytotoxiciteit van deze verbindingen. Een enkele 
aminozuursubstitutie op positie 9 leidde tot de ontdekking van Oct-His9, die colistine-
resistente Pseudomonas aeruginosa efficiënt remde en lagere hemolytische en cytotoxische 
activiteit vertoonde in vergelijking met Oct-TriA1. Wereldwijde genoomontginning onthulde 
ook Oct-TriD, dat 6 substituties bevatte in vergelijking met Oct-TriA1 en aanzienlijke 
bioactiviteit vertoonde tegen E. faecium. Het is daarom belangrijk om tridecaptins verder te 
blijven verkennen voor de ontwikkeling van effectieve antibacteriële middelen. De benadering 
om synthetische biologie te combineren met bioinformatica om natuurstoffen te analyseren 
en produceren (syn-BNP) vertegenwoordigt een geavanceerde methodologie op het snijvlak 
van computationele biologie, synthetische chemie en microbiologie (Chu et al., 2020). Het 
integreren van strategieën voor aminozuursubstituties  bij syn-BNP stelt onderzoekers in 
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staat systematisch de structuur-activiteitsrelaties van natuurstoffen te analyseren, om zo 
rational design van analogen met verbeterd therapeutisch potentieel te vergemakkelijken.

Chimere biosynthese van tridecaptins en actinomycine 
Analyse van Paenibacillus genomen met behulp van BiG-SCAPE heeft aangetoond dat sommige 
van de tridecaptin BGC’s niet alleen verschillen in de voorspelde aminozuursamenstelling, 
maar ook in hun architectuur. Deze “verkorte BGC’s” bevatten het 10-modulaire NRPS 
triD-gen maar missen het gen dat codeert voor de terminale 3-modulaire TriE-synthase. 
Het is suggestief dat  de verkorte tridecaptin-achtige BGC’s altijd samenvallen met ofwel 
een volledige BGC met alle 13 modules of met een andere verkorte tridecaptinachtige 
BGC die een 3-modulaire TriE-synthase codeert. Gezien het wijdverbreide voorkomen van 
zowel een volledige als een verkorte BGC, kan worden aangenomen dat beide tridecaptin 
BGC’s functioneel zijn en deelnemen aan de biosynthese van zogenaamde “chimerische 
tridecaptins”. Via MS-gebaseerde metaboloomanalyse van 227 plant-geassocieerde 
Paenibacillus spp. detecteerden we de chimerische tridecaptine B in de ruwe extracten van 
zeven Paenibacillus-isolaten. Genoomsequentie van een dergelijk isolaat, Paenibacillus spp. 
JJ-1683, identificeerde zowel volledige als verkorte tridecaptine BGC’s. Daarom concluderen 
we dat tridecaptine B een product is van collaboratieve biosynthese, waarbij het NRPS van 
het verkorte cluster de eerste tien aminozuren levert, terwijl enzymen gecodeerd door het 
volledige cluster zorgen voor de toevoeging van de laatste drie aminozuren (Hoofdstuk 8). 
Een ander geval van collaboratieve biosynthese is te zien in de productie van actinomycine L 
(Hoofdstuk 5). De biosynthese van actinomycine L vereist genen van buiten het actinomycine-
cluster voor de productie van anthranilamide, een van de precursors van actinomycine L. 
De voedingsexperimenten toonden overtuigend aan dat actinomycine L wordt gevormd 
door de reactie van anthranilamide met de 4-keto-groep op het prolinerestant in de 
pentapeptidelacton vóór de condensatie van de pentapeptidelactonen tot actinomycine L. 
Het enzym dat verantwoordelijk is voor de omzetting van anthranilzuur naar anthranilamide 
moet nog worden geïdentificeerd. Chimere biosynthese is een mechanisme van secundair 
metabolisme van bacteriën en schimmels, dat het potentieel heeft om de structurele diversiteit 
van gecodeerde moleculen verder te vergroten en de daaropvolgende biologische activiteit.

Conclusies en toekomstperspectieven
De integratie van diverse soorten data, zoals metabolomics, genomics, transcriptomics 
en fenotypische gegevens, biedt een holistisch inzicht in het antibiotica producerende 
potentieel van bacteriën en om de antibiotica die ze produceren te prioriteren. Om nieuwe 
wetenschappelijke doorbraken te maken in dit belangrijke veld, moeten we manieren vinden 
om onontdekte diversiteit van natuurstoffen te verkennen. Kunstmatige intelligentie cq 
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artificial inteligence  (AI) is een veelbelovende toevoeging aan de beschikbare tools en stelt 
ons in staat informatie uit meerdere bronnen te combineren om complexe relaties tussen 
moleculaire structuren, biologische functies en bioactiviteit te identificeren (Mullowney et 
al., 2023). Ontwikkelingen in de AI zullen naar verwachting een revolutie teweeg brengen 
in het ontdekken van bioactieve natuurstoffen en het ontwerp van op deze moleculen 
geïnspireerde medicijnen en hun toekomstige ontwikkeling. Naast het vinden van nieuwe 
chemische entiteiten zijn microben biofabrieken voor de ontwikkeling van metabolieten, 
peptiden en eiwitten door middel van recombinant DNA technologie (Pham et al., 2019). 
De toekomstige stappen in metabolic engineering zouden genetische manipulaties van 
biosynthetische krachtpatsers zoals Streptomyces moeten omvatten (Whitford et al., 2021), 
om zo nieuwe en complexe natuurstoffen op een duurzamere manier te ontwikkelen. 
Dit onderzoek heeft aangetoond dat een gecombineerd gebruik van metabolomics en 
genomics benaderingen een effectieve manier is om nieuwe natuurstoffen te ontdekken. 
Door genomische inzichten te integreren met metaboloomanalyses, hebben we een rijke 
diversiteit aan chemische structuren en bioactiviteiten ontdekt, zelfs binnen bekende families 
van moleculen, waaronder quinazolinones, actinomycins, saquayamycins, tridecaptins, 
paenilipoheptins en bacitracins. Deze strategie vergemakkelijkt niet alleen de identificatie 
van eerder onontdekte natuurstoffen, maar biedt ook inzichten in de biosynthetische routes 
en hun potentiële toepassingen. Door gebruik te maken van de collectieve kracht van AI-
technologieën, natuurstofchemie, synthetische biologie en genoomanalyse, kunnen we het 
uitgebreide reservoir van microbiële biodiversiteit ontgrendelen en paden effenen naar de 
ontwikkeling van antibiotica van de volgende generatie om zo infectieziekten te bestrijden en 

het groeiende gevaar van antimicrobiële resistentie aan te pakken.
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