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Introduction
The increasing prevalence of resistance mechanisms, such as antibiotic-
resistant pathogenic bacteria and drug-resistant tumor cells, necessitates 
the search for novel drug candidates. Streptomyces species, known for their 

 et al.
production of nearly half of all antibiotics currently utilized in clinical settings, 
as well as various natural products employed in medical, biotechnological, and 
agricultural applications. Advances in genome mining strategies have revealed 
that Streptomyces

 et al.
untapped genetic potential presents an opportunity to explore a vast chemical 
space that may lead to the discovery of new bioactive compounds. 

Several approaches are currently employed to explore this untapped chemical 
space. However, these strategies are not without their limitations as discussed in 
Chapter 1. In recent years, the advent of big data and high-throughput screening 
of extensive natural product collections has often led to the frequent rediscovery of 
known molecules, revealing only a small fraction of the available chemical diversity. 

In this thesis, Streptomyces species are explored as a primary source for 
the discovery of novel natural products, aiming to explore the chemical space 
through a combination of advanced methodologies. This work integrates a 
variety of analytical chemistry techniques with bioactivity assays, as well as 

to trigger the production of diverse natural products. Advanced techniques for 

of-the-art predictors such as PARAS. In a multi-faceted approach, genomic 
data is integrated with metabolomic analysis, utilizing methods like feature-

Additionally, the study explores the complex lugdunomycin biosynthetic 

paradigm. By adopting these diverse techniques, this thesis seeks to push 
the boundaries of natural product research, uncovering previously unexplored 
molecular diversity from Streptomyces.
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Targeted prioritization in early-stage drug discovery by reducing the 
candidate complexity. 

implementing mechanisms for targeted prioritization during the early stages of 

Santiago et al.

in Chapter 2
molecules in complex mixtures, which may otherwise be obscured by more 
abundant compounds, possibly less relevant too.

In addition to identifying bioactive compounds, challenges often arise 

of the extract complicates the interpretation of results, hindering the ability 

numerous compounds present. Addressing these complexities is crucial for 
accurately assessing the potential of elicitor-induced changes in bioactivity. 

to  increased antimicrobial activity of Streptomyces

 et al.
molecules within the complex extract responsible for the enhanced bioactivity. 

of bioactive compounds. Notably, the application of nanoRAPIDS also led to the 

N, an angucycline derivative containing an N,N-acetylcysteine moiety.

Expanding our understanding of biosynthetic complexity and the hidden 
potential in nature’s chemistry

The discovery of lugdunomycin, a molecule with highly complex chemical 
architecture that is produced by Streptomyces sp.

production of the compound remained a mystery. Biosynthesis of the molecule 
lug  et al., 
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 et al.
The lug gene cluster thereby gives rise to the rearranged-angucyclinone 

iso-maleimycin, which is the second portion that 
gets incorporated to form lugdunomycin. The production of iso-maleimycin 
by Streptomyces  et al., 

in vivo by an intermolecular 
Diels-Alder reaction, which uses elmonin as diene and iso-maleimycin as 

lug S. 
coelicolor
not of lugdunomycin. This underscores the importance of in-depth investigation 
into the molecular mechanisms underlying natural product biosynthesis, and also 
issues a warning to scientists who routinely employ heterologous expression to 

in the host. Although comprehending these complex processes may seem 
time-consuming and challenging, it is essential for advancing our fundamental 

not merely an academic exercise, but rather a way to expand our appreciation 
of the hidden chemical space that remains to be explored. By doing so, we 
unlock new opportunities for innovation, particularly in the discovery of novel 

breakthroughs.
The case of lugdunomycin also highlights the limitations of current 

isolation. This approach assumes that each cluster is responsible for a distinct 
molecular product. However, as demonstrated by lugdunomycin, the reality is 
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emphasizes the need to rethink bioinformatic strategies to better account for 

Angucyclines are widespread secondary metabolites commonly produced 
by Streptomyces  et al.

angucyclinone. However, what makes angucyclines so chemically diverse is the 

Chapter 4
of ring opening are known to be key players in the structural diversity of 
angucyclines. In Streptomyces

 et al.  et al.
lead to novel molecular frameworks. Similarly, Streptomyces albus produces 

 et al.
generating unique chemical entities. Another notable example is Streptomyces 

the pharmacological properties of natural products.
Building on this knowledge, the idea of creating an “enzyme toolbox” for 

angucycline biosynthesis becomes an exciting prospect. This toolbox could 
consist of various tailoring enzymes, each capable of modifying the same 

strategically applied to create new molecules with enhanced or entirely novel 
biological activities. Moreover, as discussed in the context of lugdunomycin, 

a single organism, researchers could generate hybrid molecules that may exhibit 
unexpected and valuable bioactivities.

Staphylococcus aureus
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antibiotic resistance continues to rise globally, the discovery of new antibiotics 

activity of angucyclines, further exploration of their biosynthesis, particularly 
through the lens of combinatorial biosynthesis, could unlock new antibiotics 

Beyond the low-hanging fruit: uncovering new molecules 
from intensively studied strains
The term “talented strain” is often used in natural product discovery to describe 
strains capable of producing a variety of secondary metabolites. However, 
this is particularly true for most Streptomyces species, which typically harbour 

 et al.

potential is undeniable. The challenge lies in exploring and investigating as many 

metabolism but also to uncover novel compounds that may hold therapeutic 
potential.

Streptomyces

the production of a peptide containing several non-proteinogenic amino acids 
Chapter 5

allo-isoleucine, highlighting the potential 
for a structurally novel peptide.

Through the integration of advanced culturing techniques, metabolomics 

marushamycin represents a new family of piperazic acid-containing NRPS 
products. The 2D structure of marushamycin A was elucidated using a 

de novo sequencing and NMR, allowed us to 
propose a biosynthetic pathway for marushamycin. 
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Streptomyces strains that are available in the 
private and academic setting, there is an enormous potential for further in-depth 
analysis of individual strains to explore their biosynthetic capacities. Combining 
various advanced technologies—such as bioinformatics, metabolomics, 
genomics, chemical synthesis, and structural biology— is important for the 
successful exploration of the chemical space for new natural products that has 
been overlooked in the past. These interdisciplinary approaches, which are also 
employed in this thesis, not only allow the discovery of novel compounds but 
also reveal biosynthetic pathways that may otherwise remain hidden.

 et al.
unexplored territory underscores the need for innovative approaches to broaden 
our chemical repertoire. AI-driven methodologies are emerging as powerful 
tools for predicting novel compounds and uncovering biosynthetic pathways 

 et 
al.

avenues for discovering previously unknown natural products that could be 

revealing new chemistry. Achieving heterologous expression of natural products 
at medium or high throughput could greatly enhance our ability to uncover novel 

As the exploration of chemical space continues to evolve, the use of 
new tools and techniques to interrogate strains will hopefully reveal new 
biosynthetic potential. Only through a combination of innovative approaches 
and interdisciplinary collaboration can we further unravel the complex pathways 
for the biosynthesis of microbial natural products and fully realize their untapped 

the tide in the AMR crisis.
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