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CHAPTER 1

Exploring the Chemical Space 
of Microbial Natural Products: 
Priorization, Strategies and Challenges

Isabel Nuñez Santiago, Gilles P. van Wezel
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Chapter 1  

Introduction
The discovery and 
for our medicines has been a cornerstone of human health, spanning a wide 
range of sources from plants to fungi. Historically, these natural substances 
have played a pivotal role in the treatment and prevention of diseases, forming 

 et al., 

by the fungus Penicillium notatum, caused a paradigm shift, underscoring the 
 et al., 

have emerged as an invaluable resource for drug discovery, leading to the 

diverse structures and functions. 

antifungals, anticancer agents and immunosuppressants, many of which have 
 et al.

natural products have found application beyond human health, including 
in agriculture, where they play roles as biopesticides and growth promoters 

 et al.
Among the microbes that produce the majority of known natural products, 

Penicillium, and bacteria from the order of 

known antibiotics are derived from Actinobacteria, with the majority produced 
by the genus Streptomyces (Alam et al., 2022)
which have a mycelial lifestyle that are found in soil and aquatic environments.

A major issue caused by the over-use of antibiotics is the sharp rise in 

 et al.

human deaths worldwide due to AMR will rise from the current 700,000 per year to 
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During the “golden age” of antibiotic discovery, industry was largely able to 

keep pace with the rise of resistance by rapidly developing new antimicrobials. 
However, this period of abundant discovery eventually came to a near complete 

Several factors have contributed to this stagnation, including the exhaustion of 
easily accessible “low-hanging fruit” and the frequent rediscovery of already known 

seemed that the discovery of new antimicrobials from microbes had reached its 
st

 et al., 2002, Cruz-Morales et al.  et al., 

prokaryotes, the genes involved in the biosynthesis of a particular molecule are often 
 et 

al.
for core enzymes, tailoring enzymes, resistance, regulation and export. Regulatory 
proteins ensure the correct timing of their production, which is important given that 

 et al.
combination of genetics, bioinformatics and metabolomics has enabled scientists 

 et al.  et al.
understanding of microbial metabolism but has also opened new avenues for the 
discovery and development of novel natural products. 

These advancements led to the discovery of previously hidden gems within 
microbial genomes. A notable example is the model organism Streptomyces 
coelicolor S. coelicolor as a model 
organism due to its production of distinctive blue and red pigments, which were 

S. coelicolor was fully sequenced 
 et al.

discovered, including one for the biosynthesis of a polyketide antibiotic, now 
 et al.

microbial drug discovery, whereby scientists sought to discover new chemical 
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regimes of compound and strain libraries, new methodologies were developed 

et al.
 et al.  et al.

 et al., 

 et al.

In this review, we assess the latest methodologies used in natural product 
discovery, highlighting their advantages for NP discovery, while taking into account 

techniques and disciplines into a more holistic approach can help scientists to 

Figure 1. Integrating technologies to explore the chemical diversity of Streptomyces. By 

metabolites produced by Streptomyces, highlighting the chemical diversity of this genus, which can 
synthesize a broad range of bioactive compounds.
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1The era of mega data: exploring vast collections, high-
throughput screening and meta-omics
Exploring microbial collections
Microbial collections, often built through years of dedicated sampling and 

natural products has led researchers to explore new habitats, such as deserts, 
deep-sea vents and permafrost, as sources of rare and previously untapped 
microbes. Many collections exist at research institutes and at pharmaceutical 
companies. These include the Natural Product Discovery Centre, the collection 

 et al.
Naicons which are collections of Actinobacteria that are accessible to the broad 

 et al.
major challenge lies in accessing and prioritizing their biosynthetic potential. One 

conditions. Strains are cultivated under a number of growth conditions, and 

are discussed in more detail below. Additionally, many strains produce one or 
two compounds at a very high level, which overshadows minor metabolites that 
remain undetected or lost in the noise. These highly abundant and well-known 

 et al.

to a waste of resources and missed opportunities for breakthrough discoveries.

High-Throughput Screening

of collections of natural product extracts, facilitating the discovery of novel 
 et al.

mechanisms of action and potential therapeutic applications as drug candidates 

approaches: classical, bioactivity-guided, and non-classical methods such as 
heterologous expression. 
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Classical HT screening of microbial strain collections involves 

and serves as a foundational step in drug development pipelines. Bioactivity-

 et al.
on compounds with proven activity, thus enhancing the likelihood of discovering 
potent new lead compounds. Lastly, the non-classical approach of heterologous 

organism that can be more easily manipulated or optimized for production. This 
technique allows researchers to express and study natural products that might 

 et al.  et al.

 et al.

major drawback is that the success of HTS relies on the alignment between 
the bioassay and the target activity. If the chosen bioassay does not accurately 

Additionally, HT methods may fail to detect less abundant or less active 
compounds, particularly when dominant metabolites overshadow these minor 

 et al.
understanding of the natural product diversity within a microbial community. It 
is crucial to consider these when using data from high-throughput screenings 

challenge of dereplication—the repeated rediscovery of known compounds, 
 et al.

Avery et al.

dereplication tools are essential in HT screenings. Implementing these tools 

well-characterized compounds. By doing so, researchers can streamline the 
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1
discovery process globally, focusing on genuinely novel compounds rather than 
revisiting known ones.

Strategies for strain prioritization in natural product discovery
As microbial strain collections expand, there is a clear need for new approaches 

the discovery of novel microbial natural products. Traditionally, methods for 
selecting bacterial strains for drug discovery have relied on phenotypic traits 
or genetic variations, rather than on the laboratory production of secondary 

 et al.

using techniques like liquid chromatography coupled with mass spectrometry 

the redundancy of rediscovering known compounds, saving both time and 

networking platform, developed in the Dorrestein laboratory, represents a 
 et al.

knowledge base for the community-wide organization and sharing of raw, 

crowd-sourced curation of reference MS libraries, improving compound 
 et al.

concept of “living data,” with continuous reanalysis of deposited data, ensuring 
that the knowledge base remains dynamic and up to date.

Building on this, several platforms have been developed to support 
 

et al.

 et al.

validate bioactive compounds.
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Meta-omics and culture-independent methods

most microorganisms are resistant to cultivation as monocultures under standard 
laboratory conditions and they are therefore known primarily through their DNA 

species in natural environments and serve as an untapped reservoir for novel 
 et al.

microorganisms can be successfully cultured in the lab, they typically express 
only a fraction of their biosynthetic potential under the conditions typically used 

have facilitated reliable, high-throughput, and cultivation-independent 
approaches for studying the secondary metabolism of microorganisms directly 

 et al.
Metagenomics has unlocked vast amounts of information about microbiome 

 et al.
metagenome analyses have been instrumental in, for example, understanding the 
composition and the role of microbial communities in soil health, helping to explain 

 et al., 

 et al.

insights into the distribution and diversity of various microbial functional groups 

active and inactive members of a microbiome. As a result, it remains unclear which 
microorganisms are actively contributing to functional traits in the ecosystem and 
which are simply present, likely waiting for more favorable conditions to thrive 

 et al.

in next-generation sequencing technologies. These approaches not only reveal 
the taxonomic structure of soil microorganisms but also provide detailed insights 

 et al.
under various environmental conditions can be studied using techniques 
like polymerase chain reactions and microarrays, while metatranscriptomics 
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1 et al.

while vast amounts of data are being generated, much of it is simply described 
and archived rather than utilized to the full potential. Despite the sheer volume 

of culture-independent methods persists in the laboratory, where molecular 
engineering and biotechnology are still necessary to clone and express the 

 et al.
expensive. Nevertheless, similar to the rapid advances in DNA sequencing 
over the past few years, it is expected that DNA synthesis will soon experience 

make it possible to synthesize, clone, and express thousands, or even millions, 
of biosynthetic gene clusters in heterologous hosts, followed by screening for 

One-Strain, Many Compounds approaches for NP 
discovery
In natural product discovery, especially in the academic setting, single-strain 
approaches are commonly employed. These methods focus on thoroughly 
exploring the potential of one single strain, aiming to extract as much information 

the knowledge gained from such detailed studies can serve as template for 
research on other strains. Streptomyces coelicolor
as a model organism, it is extensively studied, providing a wealth of knowledge 
that aids in further exploration. 
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 et al.
can trigger the expression of microbial genes in a non-targeted manner that 

 et al.
In the fungus Stachybotrys chartarum, OSMAC allowed the discovery of the 
distachydrimanes, a unique class of dimeric phenylspirodrimanes with an 

 et al.

in an actinomycete. Actinomycin L produced by Streptomyces sp. MBT27 

 et al.
be discovered even in well studied families of molecules. Importantly, OSMAC 
also led to the discovery of lugdunomycin, an angucycline-derived compound 
produced by Streptomyces  
et al.

Co-cultivation to elicit BGCs

one another through a complex chemical signaling system. This “chemical 
language” allows them to coordinate behavior, share resources, and respond 
to environmental cues, playing a pivotal role in shaping microbial communities 

 et al.
 et 

al., 2020, Bertrand et al.
occurs through either volatile compounds or direct in-situ signaling, leading 

 et al.
 et al.  et al.

Arora et al.
 et al.

Rateb et al.
Streptomyces  et 

al.
 et al.  et al.

Streptomyces Aspergillus (Wu et al., 2015b). This 
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1
approach is advantageous as it does not require prior genomic knowledge or 

on co-cultivation dynamics for NP discovery the readers are referred to recent 

Rewiring the regulatory networks

Antibiotic production in Streptomyces is tightly controlled by hierarchical 
transcriptional regulatory cascades. The regulatory complexity is underscored 

S. 
coelicolor

 et al.
have been published on the regulatory networks of Streptomyces 
Rodríguez et al.  et al.  et al.  
et al.  et al.

and Red in S. coelicolor  et al.  et 
al.

Streptomyces 

 et al.

 et al., 
 et al.

to translational regulation by a tRNA that recognizes the rare UUA codon for 
leucine, which is encoded by the bldA gene. This tRNA is also essential for 
the translation of numerous developmental genes, thus linking morphological 

Streptomyces  et al.
Moreno et al.

various chemical or physiological signals, such as nutrient limitation, cell wall 
 et al.

amino sugars.  N
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ligands for DasR and thereby inactivate the repressor, which frequently leads to 
 et al.

S. coelicolor  et 
al.  et al.  et al.

which is applied in industrial screening regimes.

 et al.
 et al.

to predict and analyze regulatory interactions in bacterial genomes, focusing 
on identifying binding sites and target genes. In PREDetector, experimentally 

 et 
al.

 et al.

Identifying the signals or conditions that trigger the activation of 

an alternative approach has been applied in organisms that are susceptible 
to molecular genetic manipulation. This method is known as HITES. Here, the 
promoter of the transcription factor is replaced with an inducible promoter, 

 
et al.  et al., 2007, Chiang et al.
when biosynthetic genes are controlled by multiple transcriptional regulators 

of inducible promoters remains a promising tool for advancing research in this 
area.

In addition, removing or deactivating these genes that encode repressors 

to the production of natural compounds. Transcriptional regulators from the 
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1
TetR families, which often act as repressors, are particularly promising targets 
for this strategy. An example of TetR-mediated repression was demonstrated 
in Streptomyces S. ambofaciens, where null mutations of the 
repressors within two silent gene clusters led to the activation of these clusters 

 et al.  et al.
of the corresponding natural products: a novel angucyclinone in S. PGA64 and 
kinamycins in S. ambofaciens. 

Awakening silent BGCs via elicitation approaches

Small molecule elicitor screening is a technique used to awaken cryptic 

due to its potential in high-throughput screening to discover novel, previously 
undetected natural products. Elicitors, typically small molecules, act as chemical 
signals that mimic environmental or physiological triggers, stimulating silent 

highlighted the success of this approach in uncovering cryptic compounds 

A variety of strategies have been developed to pinpoint the environmental 
signals that regulate the specialized metabolism of actinobacteria. The activation 

 et al., 

for instance, a regulatory gene located adjacent to a metabolic operon, such 

upstream region of the corresponding gene. By identifying the CRE, researchers 
can employ computational methods to predict the regulatory network in a virtual 

 et 
al.
the composition of growth media, inducing antibiotic resistance, and microbial 
cocultivation.
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Strategies focused on individual bacterial producer strains include altering 
 et al.  et al.

 et al.  et al.
 et al.  et al.  et al.

Exploring new chemical elicitors for antibiotic production holds promise, as it 
increases the likelihood of successful high-throughput screenings of bacterial 

 et al.
 et al.  

et al.
 et al.

Moon et al.
of small molecules, followed by the analysis of the resultant metabolomes for 

 et al.
It also revealed atenolol, a -blocker used in hypertension treatment, as a global 

 et al.
The choice of an elicitor molecule may be inspired by natural interactions 

between organisms and their environments. The plant stress hormones jasmonic 
Streptomycetes by 

promoting antibiotic production and faster development. In S. coelicolor, these 

Streptomyces  et al.

 et al.
of the application of this logic is the application of epinephrine, a human stress 
hormone, to induce secondary metabolite production in Actinobacteria. Indeed, 
it was shown that epinephrine stimulates siderophore production, with catechol 

responsive strain Streptomyces
revealed the activation of a cryptic biosynthetic gene cluster responsible for 
producing the angucycline glycosides aquayamycin, urdamycinone B, and 

 et al.
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Another promising approach for discovering elicitors involves inducing the 

SOS response through subinhibitory concentrations of antibiotics, which can 

gene expression on a broad scale. Although the link between antibiotics, stress 
responses, and cryptic metabolite production is intriguing, it remains to be fully 

allow for metabolic regulation without inhibiting the inducer strain, referred to 
as a subinhibitory concentration. Another possible limitation is ensuring that 
the compounds being tested are solubilized in solvents that do not interfere 
with microbial metabolic production, to avoid false positives when determining 

Synergism between BGCs during natural product biosynthesis

producing one or multiple compounds. However, the possibility that multiple 

This is an important aspect to consider, for example for approaches based 

Streptomyces
was already mentioned above. This molecule features an actinomycin backbone 

Streptomyces antibioticus, it does not account for 
the production of anthranilamide itself. The enzyme responsible for converting 

 
et al. Streptomyces

intricate model of intertwined biosynthetic pathways. Here, no fewer than 
four distinct gene clusters collaborate to produce two types of catechol-

 et al.
example illustrates a complex interaction between NRPS gene clusters, akin 
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et al. Saccharopolyspora erythraea  et al., 

Rhodococcus jostii
diversity of siderophores from a limited set of biosynthetic genes, providing a 

are added to aglycones, creating diverse natural products. Kitasatospora 

sugar moiety found in endophenasides. The genes leuA and leuB, adjacent 

and glycosyltransferase, respectively, and are responsible for the methyl-
rhamnosylation of both phenazines and macrolides. Mutating leuB abolishes 

A major example that is worked out in this thesis is that of lugdunomycin, 

elmonin. The second substrate is iso
 et al.

the precursor for the iso-benzofuran molecule, which functions as the diene in 
an intermolecular Diels-Alder reaction together with dienophile iso-maleimycin 

discovery. The conventional genome mining approach and the tendency to 

utilize various parts of its genome in concert. In future bioinformatic predictions, 

characteristics of natural products and then exploring their genomic basis—
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1

Figure 2. Overview of molecules requiring multiple BGCs for their synthesis. Notably, several 

179547_Santiago_BNW_DEF_V5.indd   25 3/20/25   6:13 PM



Chapter 1  

A holistic approach to natural product discovery: 
managing data complexity and prioritizing strain 
potential

microbial strains, extensive sequencing data, and high-throughput screening 
platforms provide huge opportunities, there is a risk of becoming overwhelmed 
by the scale of information. Integrating techniques — from exploring microbial 
collections and high-throughput screening to leveraging meta-omics and one-
strain approaches — will aid scientists in uncovering novel natural products. 
In this thesis, such combination of genomics, metabolomics and screening 
technologies has been carried out to study the biosynthetic logic of lugdunomycin 

However, more data is not always synonymous with better results. The 
proliferation of data often leads to a saturation point where the novelty and 

detract from the meaningful exploration of individual strains and their unique 
biosynthetic potentials. In this context, a more balanced approach that combines 
the depth of single-strain investigations with the breadth of high-throughput 

researchers can maximize the potential of each strain and uncover new 
compounds that might be missed in broader, less focused screenings. In 

Concurrently, AI approaches, particularly machine learning, have revolutionized 
computational drug design by predicting biological activity and facilitating de 

 et al.  et al., 2022, 
 et al.

 et al.  
et al.
candidates from the vast array of molecules produced by nature. However, it is 
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essential to recognize that AI, while a powerful tool, is not without limitations. It 
learns from the data and knowledge we provide, which means it can inherit and 

acknowledging its potential for bias and the need for high-quality datasets to 

to address the challenges in natural product discovery. The chemical space 

comprehensive genomic databases that facilitate worldwide research. Such 
databases could also include extensive archives of natural products, enabling 

overlook molecules that do not exhibit immediate bioactivity and thus are 
rarely published. However, this focus on current bioactivity can introduce 

breakthroughs for diseases we have yet to encounter. By maintaining an open 
and inclusive approach to data archiving and global collaboration, we can 
ensure that even compounds with currently unknown activities are preserved 
and potentially discovered as valuable therapeutic agents in the future.

Outline of the thesis: Multi-Omics and analytical 
technologies for natural product exploration
Actinobacteria, and in particular members of the genus Streptomyces, are a major 
source of the known bioactive natural products, and they remain an invaluable 
resource for novel chemical entities, which are waiting to be fully explored and 

r 
Streptomyces 

initially selected due to the interesting pigments it produced when cultured in the 

derivatives of well-known secondary metabolites, such as angucyclinones 
and limamycins, as well as the unprecedented lugdunomycin. The unique 
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exploration of its biosynthesis, with expectations that its pathway would be as 
unconventional as its chemical structure.

In Chapter 2, we present nanoRAPIDS, an analytical platform based on the 
 et al.  et al.

 et al.

and prioritization of low-abundance bioactive compounds in complex extracts. 
L of crude extract, nanoRAPIDS allows combining 

dereplication. The platform was used to identify bioactive iturin and surfactin 
congeners in Bacillus and to track bioactive angucyclines in Streptomyces sp. 

technology is particularly useful for correlating changes in elicited conditions 

under various growth conditions.
In Chapter 3, we present the biosynthetic pathway for lugdunomycin in 

Streptomyces 
unknown. Through a combination of biomimetic chemical synthesis, 
computational methods, genomics, and mutational analysis, we could show 
that lugdunomycin is formed by a rare intermolecular Diels-Alder reaction 

iso

that to fully understand biosynthesis, we must consider the bacterium as a 

the challenges of discovering new chemical space, requiring the integration of 
multiple biosynthetic pathways and complex reactions. 

In Chapter 4 Streptomyces 

producer Streptomyces 
strains and limamycin producers. Through a combination of phylogenomics, LC-

Streptomyces 
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analogues, haloquinone, and rubiginone A2. Bioactivity assays demonstrated 

MRSA, as well as promising anticancer activity. 
In Chapter 5, the discovery of marushamycin is reported. Marushamycin is 

Streptomyces 

was activated by culturing on MM agar with aspartic acid as the sole nitrogen 

In Chapter 6, the results are summarized and reviewed in a general 
discussion. besides summarizing the data presented in the thesis, the importance 
of integrative, multi-disciplinary approaches for uncovering new chemical 
diversity with potential bioactivity are highlighted. The thesis provides new 
technologies and approaches for drug discovery, aimed at exploring the vast 
yet untapped chemical space of natural products produced by Actinobacteria.
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