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OPEN ACCESS Although some microbial compounds have been repurposed for human use,
microorganisms did not evolve their specialised metabolites with us in mind. Many natural
products likely possess hidden activities, while others may be exploited in ways that
ignore their most biologically relevant roles. Uncovering the true function of these
compounds is essential not only for understanding microbial interactions in native
environments but also for unlocking their most appropriate use. To facilitate prioritisation in
discovering new natural products, computational tools have been developed to predict the
function of compounds hidden in cryptic biosynthetic gene clusters. Yet beyond in silico
predictions, understanding when, where, and why metabolites are produced is critical for
both fundamental biology and targeted discovery. After all, what nature chooses to
activate at a specific time or condition tells us what it is really for. Based on the principle
‘function follows regulation’, it is no coincidence that expression of metal chelators,
phytotoxins, pigments, and antibiotics is controlled by metal availability, plant byproducts,
radiations, and competitor sensing, respectively. Likewise, metabolite localisation and
production timing also provide clues to function such as intracellular antiproliferative
agents coordinating programmed cell death or pigments protecting against oxidative
stress. These controlled expression patterns suggest a strategic approach for natural
product discovery: focusing on culture conditions that mimic the environmental or
developmental contexts under which metabolites are needed for the producer. Integrating
expression control information offers a predictive framework to guide experimental design,
increases the likelihood of identifying compounds with meaningful ecological roles, and
anticipates their applications.

Introduction

Biosynthetic gene clusters (BGCs) are ubiquitous across microbial genomes, driving the production of
an extraordinary diversity of specialised metabolites. The shift in terminology from ‘secondary’ to
‘specialised’ metabolites reflects a growing recognition that their ecological functions in nature are likely
fundamental rather than accessory [1-6]. Yet, the true roles of many bioactive metabolites in the native
habitats of their producers remain poorly understood. One of the most debated examples concerns
antibiotics: do they function solely as antimicrobials, or do they also play broader ecological and
signalling roles [7-12]? The uncertainty surrounding biological function is even greater for metabolites
that humans exploit for anticancer, immunosuppressive, or cholesterol-lowering purposes. While
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Unraveling the true functions of microbial metabolites is primarily necessary to better understand how
microorganisms interact and communicate in their native habitats. This pursuit alone provides a convincing and
exciting rationale for in-depth fundamental research. At the same time, accurately identifying the natural functions
and targets of these metabolites will ultimately allow us to align them with the most suitable applications in
medicine, agriculture, and biotechnology and to anticipate side effects. Most, if not all, microbial metabolites have
never undergone comprehensive bioactivity screening. Large-scale testing platforms remain scarce, and many of the
thousands of known microbial compounds were discovered in academic laboratories, where screening typically
targets only a few biological activities. Once a short-term project is discontinued, the exploration of the possible
applications of a new compound often ends as well. Industrial partners, meanwhile, are hesitant to pursue
investigations on promising leads from academic laboratories, data on cytotoxicity being absent and/or fearing poor
returns on investment lacking secure intellectual property. Consequently, countless metabolites, including potential
hidden gems, remain unexplored, leaving us with a fragmented view of their true activities and possible uses.

The discovery of thousands of cryptic BGCs has amplified interest in natural product research but also
underscored the need for prioritisation [13-16]. Neither academic nor industrial programmes can afford to spend
years activating clusters only to obtain products irrelevant to their initial objectives. A consortium seeking plant
growth-promoting compounds will not celebrate the discovery of another antibiotic. Likewise, pharmaceutical
companies are unlikely to pursue molecules with insecticidal activity if their focus is on human therapeutics. While
the unpredictability of cryptic BGCs is intellectually appealing for researchers, as it promises novel chemistry and
new modes of gene regulation, it is far less convincing to investors. Hardly any are persuaded by the notion of
treating a cryptic BGC as a ‘surprise package’ since the mere prospect of discovering something new rarely justifies
substantial investment. Stakeholders want to know what they are likely to find and why it matters. To mitigate this
uncertainty, computational tools have emerged to predict the structures and functions of metabolites encoded by
cryptic BGCs. These algorithms are steadily improving in accuracy, offering varying levels of reliability depending
on the genetic information available within each cluster. Such predictive approaches are becoming indispensable for
de-risking discovery, guiding investment, and unlocking the full potential of microbial genomes [16].

From expression regulation to function and target

One crucial yet always overlooked factor in predicting the function of a microbial metabolite is the regulation of its
expression [17]. Studies on the transcriptional regulation of BGCs are usually motivated by the goal of enhancing
the expression of cryptic clusters, thereby facilitating the discovery of their associated compounds [17]. From a
broader perspective, investigating regulatory networks highlights links between environmental conditions and the
response of bacterial specialised metabolism. Understanding how BGCs are globally and specifically controlled, the
environmental cues that activate or repress them and the timing of their expression during growth or differentiation
can also yield valuable insights into the ecological roles of their metabolites (Figure 1). In other words, what nature
chooses to activate at a specific time or condition tells us what it is really for. After millions of years of evolution, it
would be naive to assume that BGC regulatory networks are anything but finely tuned to the specific needs of the
producing organism. Given the rapid adaptability of microorganisms to changing environments, uncontrolled or
nonspecific BGC expression is highly unexpected. These systems ensure that metabolites are synthesised only when
beneficial, in response to precise physiological or environmental conditions and with a well-defined purpose. To
effectively address the question, ‘what is hidden within a cryptic BGC?, researchers in drug discovery must also ask
when, where, and why the producer requires the compound encoded within that genetic material [14,15].

A well-established example of this tight regulation—function relationship is siderophore biosynthesis, which is
induced under iron-limiting conditions. Here, derepression by Fur-like transcription factors ensures that
siderophores are produced only when iron acquisition becomes critical for essential biological processes including
host colonisation [18]. This clear regulatory logic suggests a powerful strategy for function prediction: scanning
cryptic BGCs for Fur-binding sites should highlight new siderophores with potential applications ranging from
conjugates for Trojan horse antibiotics to iron chelation therapies. The same rationale could be extended to the
search for chelators of other metals by identifying BGCs possessing binding sites of the regulators of copper, zinc, or
nickel homeostasis, among others [19]. However, even in this seemingly straightforward case, regulation is more
nuanced than a simple ‘metal off, metal-chelators on’ model. Competition for iron may indeed trigger a more
aggressive response such as the release of antimicrobials as a form of counterattack against rivals monopolising vital
micronutrients [20-22]. The regulation of non-siderophore metabolites by iron also highlighted another functional
link whereby the chelated metal ion serves as a cofactor essential for the metabolite’s structure and activity. A
notable example is provided by ferroverdins, where iron not only induces the production of precursor molecules but
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Figure 1. Functional features of natural products potentially inferred from BGC expression control
Regulatory pathways link environmental signals to the synthesis of signal-associated bioactive compounds. Insights that can be
derived from the types of transcription factors regulating BGC expression include the conditions required for metabolite
production (1), developmental timing of expression (2), biological role and function of the natural product (3), molecular targets (4),
mode of action (5), necessary precursors for synthesis (6), structural characteristics (7), and cofactors required for activity and
structural integrity (8). Where a metabolite accumulates can also suggest its function: intracellular cytotoxic compounds may
participate in programmed cell death to coordinate bacterial development, while intracellular pigments may serve to protect
against oxidative stress. Created with BioRender.com.
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also coordinates their assembly into the final structure [23]. This coupling ensures that metal-dependent metabolites
are produced only when their cofactor is available, optimising both biosynthesis efficiency and ecological fitness.

If the link between expression control and metabolite function is clear for metal chelators, why should it be
different for other types of natural products? Thaxtomin phytotoxins produced by Streptomyces species that
colonise root and tuber crops [24,25] provide another instructive example. Their function is tightly linked to plant
cell wall disruption, inhibiting cellulose biosynthesis by interfering with the enzymes that assemble cellulose
microfibrils, which ultimately weakens the plant cell wall structure [26,27]. It is therefore no coincidence that the
main inducers of thaxtomin production are cellobiose and cellotriose, the very products of cellulose breakdown
[28,29]. The bacterium has even repurposed the regulator of its cellulolytic system (CebR), normally devoted to
primary metabolism, as the master transcription factor controlling the expression of the thaxtomin BGC [30,31].
This regulatory-functional link is so conserved that CebR-binding sites are maintained within thaxtomin BGCs
across almost all Streptomyces species that colonise potato tubers [32]. An interesting exception is found in
Streptomyces ipomoeae, which colonises sweet potatoes. In this species, thaxtomin expression is not induced by
cello-oligosaccharides, and the organism predominantly produces thaxtomin C rather than thaxtomin A [33]. This
case highlights how adaptation to a new plant host can rewire biosynthetic regulation and product chemistry,
implying that thaxtomin C may act through a distinct mechanism and/or release other signal molecules in sweet
potato compared with thaxtomin A in potato. Additionally, regulation of the thaxtomin BGC by Lrp and Lrp2,
transcription factors that use phenylalanine and tryptophan as co-activator and co-repressor, respectively, highlights
another layer of regulation-structure coupling [34,35]. Because both phenylalanine and tryptophan serve as
structural precursors of thaxtomins [36], Lrp- and Lrp2-mediated controls directly link building block availability
to specialised metabolite biosynthesis [37]. Consequently, identifying the binding sites of such transcription factors
within a BGC can also provide valuable insights into the biosynthetic building blocks of the natural product,
offering predictive clues about its composition and structural features.

Another example of tight coupling between regulation and ecological function is provided by allosamidin, a
pseudo-trisaccharide that specifically inhibits family 18 chitinases [38]. The regulation of allosamidin biosynthesis
and chitinase gene expression are co-induced by chitin or its byproducts [39,40]. Remarkably, allosamidin itself acts
as a signalling molecule, stimulating chitinase expression in its producer and creating a positive feedback loop that
coordinates the production of the inhibitor and the enzyme it targets [38]. This dual role as both production elicitor
and enzyme inhibitor enables fine-tuned control of chitin degradation, preventing excessive enzymatic activity
while ensuring efficient nutrient acquisition. This case highlights that stimulating the expression of a specific
enzymatic system may, paradoxically, be an effective strategy for discovering inhibitors of the very enzymes whose
expression has been induced. A related instance of such regulatory-ecological interplay has also been observed with
N-acetyl-p-glucosamine (GlcNAc), the monomeric unit of chitin that is a key structural component of both
bacterial and fungal cell walls. GIcNAc and other cell wall components serve as potent inducers of antimicrobial
production [41-44]. Perception of such molecules may act as a signal of microbial proximity interpreted as the
presence of fungal or bacterial competitors and trigger the synthesis of antibacterial and antifungal compounds
[41,42,45]. The produced antibiotics themselves can in turn act as signalling molecules inducing specialised
metabolite production, including other antibiotics [46]. In these cases, antibiotics, traditionally viewed as
offensive/defensive weapons, also function as a signal of environmental stress or microbial competition, resulting in
the production of other antibiotics as a self-protective response. Together, these cases exemplify how small
molecules derived from structural biopolymers, such as cellulose, chitin, and peptidoglycan, can serve as both
metabolic cues and ecological signals, linking nutrient sensing to specialised adaptive responses.

From expression localisation and timing to function

The localisation of specialised metabolites, whether they are retained within the cell or secreted into the
environment, and the timing of their production (early, exponential, and late growth) may also provide important
clues about their bioactivity and mode of action. Metabolites that remain intracellular could primarily affect
internal cellular processes of the producer, whereas those exported into the environment might act on neighbouring
organisms or influence the surrounding environment. Likewise, metabolites produced at specific growth stages are
likely to reflect the physiological needs and developmental priorities of the producer at those times. A striking
illustration of spatiotemporal control linked to function is the biosynthesis of prodiginines in Streptomyces
coelicolor [47]. These highly cytotoxic, DNA- and membrane-damaging metabolites [48-50] are retained
intracellularly, and their production coincides with a major round of programmed cell death (PCD) during the
transition from vegetative growth to sporulation [47]. This PCD event is thought to release nutrients and signal
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molecules from dying hyphae, supporting the survival and differentiation of neighbouring filaments into spore
chains [47,51-53]. Inhibition of prodiginine biosynthesis drastically reduces filament death at this critical stage,
leading to premature sporulation [53]. Prodiginines thus act as antiproliferative agents that regulate the balance
between survival and sacrifice among filaments, ensuring proper development and delaying the onset of dormancy.
Extending the active phase of growth through controlled PCD can be viewed as a microbial strategy to prolong the
organism’s productive lifetime. This mechanism conceptually parallels human chemotherapy, where
antiproliferative compounds induce selective cell death to sustain overall tissue integrity and function. This analogy
suggests that the search for molecules with antiproliferative properties could focus on culture conditions in which
bacteria undergo PCD to control cell proliferation during development.

In contrast, several other bacterial pigments retained intracellularly play key roles in protecting the producer
from environmental and physiological stress [54,55]. Carotenoids, such as [3-carotene, are widespread in
radiation-resistant bacteria, where they quench reactive oxygen species and prevent photooxidative membrane
damage [56]. Melanins act as powerful antioxidants, shielding cells from UV and oxidative stress and enhancing
desiccation tolerance [57,58]. Violacein, produced by Chromobacterium and Janthinobacterium species, provides
protection against oxidative and UV stress through its radical-scavenging properties [59]. In cyanobacteria,
scytonemin, localised in the cell wall sheath, screens harmful UV radiation and prevents photooxidative damage
[60]. Together, these pigments illustrate a common adaptive strategy among bacteria: the intracellular synthesis of
redox-active or UV-absorbing compounds, which stabilise cellular components, modulate internal redox balance,
and extend survival under stress. Therefore, the search for new protective pigments for pharmaceutical and
cosmetic applications should prioritise intracellular metabolites produced under stress conditions or at critical
developmental stages, where their protective functions are most likely to be needed.

Future directions and conclusions

While inferring the function of microbial specialised metabolites often begins with cataloguing and analysing
biosynthetic genes, it is also essential to decode the logic that governs their expression, localisation, and ecological
roles. These regulatory frameworks offer crucial insights into a metabolite’s function, inducing conditions, required
cofactors, biosynthetic building blocks, structural features, and bioactivity. It is no coincidence that the production
of metal chelators, phytotoxins, enzyme inhibitors, protective pigments, or cytotoxic compounds is controlled by
cues such as metal availability, plant-derived saccharides, enzyme inducers, UV-light radiation, or cellular stress and
death signals, respectively. Regulation is shaped by evolution, such that the environmental signals and
transcriptional circuits that activate BGCs generally reflect the natural functions of their products and the needs of
the producers. Likewise, factors controlling the timing (early, exponential, or late growth) and spatial localisation
(intracellular or secreted, differentiating hyphae) of metabolite production provide essential clues as to whether a
compound interferes with intracellular processes, ecological interactions, or developmental transitions.

Integrating regulatory genomics, spatial metabolomics, and ecological context thus offers a powerful framework
to predict not only expression conditions of a metabolite but also why it exists and when it matters to the producer.
Undeniably, BGC expression is often governed by intricate networks responding to multiple environmental signals,
forming a complex puzzle whose pieces must be assembled to reveal the full regulatory and functional picture
[61,62]. It will not always be as straightforward as adding plant-derived nutrients and observing the emergence of
plant-biology-associated metabolites. But if a metabolite that happens to show antiviral activity is regulated by a
transcription factor responsive to plant-derived molecules, it is reasonable to suspect that its true ecological
role—and therefore its most relevant application—relates more to plant metabolism/interactions than to antiviral
defence against human viruses. Regulation is not an afterthought; it is an evolutionary signature that points directly
to the ecological function of a metabolite. Ignoring this dimension in function prediction is not merely incomplete;
it represents a fundamental blind spot in our understanding of natural product bioactivities.

If the scientific community has widely accepted the importance of understanding BGC regulation, a major
challenge remains. Despite remarkable advances in genomics, most bacterial transcription factors remain
uncharacterised, leaving a substantial knowledge gap regarding their DNA-binding sites, allosteric effectors, and the
biological processes they control. Bridging this gap is essential to fully understand how environmental cues translate
into BGC activation. Emerging computational tools such as COMMBAT [63] will help address this challenge by
linking environmental signals to BGC expression, moving the field from serendipitous screening to more rational,
hypothesis-driven discovery.
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Summary

e Why function prediction matters: Understanding what specialised metabolites do in nature
helps explain microbial ecology and guides their most relevant applications.

e Function follows regulation: Metabolite production is tightly controlled; when, where, and why
a specialised metabolite is expressed reveals its biological purpose.

e From ecology to discovery: Decoding expression control transforms natural product discovery
from random screening to a rational, prediction-driven process.
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