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Integrated role and feedback systems of  microbial-mediated ecosystem processes

Microbial specialized metab-
olites are often treated as 
molecules to discover, but 

they are also ecological traits shaped by 
evolutionary history and environmen-
tal context. This issue focuses on two 
linked questions: how microbial chem-
istry evolves, and how that chemistry is 
organized across natural communities.

	 The first dispatch examines 
biosynthetic gene clusters, or BGCs, as 
evolving trait systems. BGCs can move 
horizontally, but their ecological role 
depends on more than acquisition. A 
pathway must be integrated, expressed, 
tolerated, and maintained. In some 
lineages, including Salinispora, special-
ized metabolism shows strong phyloge-
netic structure, suggesting that vertical 
inheritance, gene loss, recombination, 
selection, and pathway modification 
can diversify inherited chemistry across 
species.

	 The second dispatch moves 
from genomes to communities. In 
reef-associated marine sediments, 
microbial community structure, 
biosynthetic potential, and metabolite 

profiles vary across fine spatial scales, 
suggesting that chemical traits may help 
organize local microbiomes. Follow-up 
SMIRC work extends this framework by 
capturing natural products directly from 
environmental settings.

	 Together, these pieces frame 
specialized metabolism as an evolving 
bridge between genomes, molecules, 
and ecological interactions.

“the oldest form of communication 
is probably the chemical communica-
tion between microorganisms and only 
later evolved in plants, insects, and other 
higher organisms. Thus, by deciphering 
the chemical language, we will be able to 
better understand how species interact in 
their ecosystems.”

— R Schmidt et al. 2019.
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Biosynthetic Gene 
Clusters & the Evolution 
of Microbial Chemistry
Bacterial specialized metabolites are often studied as sources of  
new natural products, but their evolutionary histories also reveal 
how microbes diversify. Biosynthetic gene clusters can move, per-
sist, fragment, recombine, and diverge, making microbial chemistry 
a powerful lens for understanding adaptation, ecological interac-
tion, and lineage differentiation.

By Alexander B. Chase, Ph.D.
Department of  Earth Sciences, Southern Methodist University, Dallas, TX

OCTOBER 11, 2025 (expanded concepts from Volume 2 Issue 1)

BGC evolution links gene transfer, inheritance, and molecular bioactivity

Bacteria produce a wide diversity 
of specialized metabolites with 
biological activities that extend 

far beyond their value as pharmaceuti-
cal leads. These molecules can mediate 
antagonism, resource acquisition, sig-
naling, mutualism, and other inter-
actions that influence how microbial 
populations persist and differentiate. 
The genes responsible for producing 
many of these molecules are organized 
into biosynthetic gene clusters, or BGCs, 
in which enzymes act in a coordinated 
and often modular fashion to convert 
primary metabolic precursors into 
structurally complex products. Because 
BGCs encode molecular traits with eco-
logical consequences, their evolution 
provides a direct link between genome 
evolution, chemical diversity, and mi-
crobial adaptation.

	 One influential model em-
phasizes horizontal gene transfer as a 
major force in BGC evolution. Microbial 
genomes can be viewed as collections 

of ecological “building blocks” that 
are mixed, matched, and selected in 
particular environments, linking gene 
flow to molecular innovation and local 
adaptation1. Systematic analyses of BGC 
evolution similarly support the view 
that these clusters have often moved 
horizontally, allowing large biosynthetic 
modules to cross lineages and alter the 
ecological potential of recipient organ-
isms2. This model is compelling because 
many BGCs are patchily distributed, 
associated with mobile regions, and ca-
pable of conferring functions that could 
generate strong selective advantages.
	 	 Yet the transfer of an entire 

BGC is not a trivial event. These clusters 
can span tens of kilobases and require 
successful integration, regulation, 
expression, precursor supply, resistance 
or self-protection, and compatibility 
with the recipient genome. Horizontal 
gene transfer can impose substantial 
costs, including regulatory disruption, 
maladaptive expression, and toxicity 
associated with foreign genes or their 

“Rampant LGT of BGCs is a prevailing 
hypothesis in the field, but this view often 
overlooks the large evolutionary times-
cales in which an LGT event is observed. 
Vertical inheritance of BGCs represents an 
alternative mechanism.”

— Chevrette & Currie. 2016.
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WHY IT MATTERS

Microbes produce specialized me-
tabolites that mediate antagonism, 
resource acquisition, signaling, 
symbiosis, and other biotic interac-
tions. These molecules have been 
central to pharmaceutical discovery, 
but their abundance and ecological 
specificity suggest a broader role in 
microbial diversification. Biosynthet-
ic gene clusters provide a genomic 
link between molecule production 
and evolutionary history, making it 
possible to ask whether microbial 
chemical traits are primarily gained 
through horizontal transfer, retained 
through vertical inheritance, or mod-
ified through fine-scale evolutionary 
processes that alter molecular struc-
ture and bioactivity.



•MICROBIAL PLANET DISPATCH VOL. 3 • ISSUE 2 MICROBOMICS.COM

Biosynthetic Gene Clusters and the Evolution of Microbial Chemistry

products3. These costs complicate 
simple “plug-and-play” interpretations 
of BGC evolution. A transferred pathway 
must not only arrive in a genome; it 
must also become functional, tolerated, 
and selectively maintained. For special-
ized metabolites, this requirement is es-
pecially important because the product 
itself may alter competitive interactions, 
impose metabolic burdens, or require 
coordinated resistance and transport 
mechanisms.

	 Salinispora has been especially 
important for developing this frame-
work because specialized metabolism 
in this marine actinomycete genus is 
extensive, variable, associated with 
genomic islands, and linked to both 
environmental context and lineage 
identity4,5. These patterns create an 
apparent tension: if BGCs move fre-
quently, why do some molecules remain 
associated with particular evolutionary 
lineages? One resolution is that BGC 
evolution must be interpreted across 
evolutionary timescales. Horizontal 
transfer can introduce new biosynthetic 
potential, but inherited pathways can 
also diversify as lineages diverge. In 
Salinispora, comparisons across closely 
related species showed that vertical 
inheritance can facilitate interspecies 
diversification in both BGCs and their 
encoded specialized metabolites10. 
These patterns suggest that BGCs can 
behave as phylogenetically conserved 
functional traits, even when individual 
clusters show evidence of gain, loss, 
recombination, or divergence.

	 Recent evolutionary syntheses 
help resolve this tension by emphasiz-
ing that BGC evolution includes hor-
izontal transfer, vertical inheritance, 
duplication, loss, recombination, and 
gradual pathway divergence6,7. Pres-
ence–absence patterns alone are there-
fore insufficient. A patchy distribution 
may reflect recent transfer, but it may 
also reflect ancient acquisition followed 
by vertical descent, differential loss, or 
divergence beyond common detection 
thresholds. Treating BGCs only as bina-
ry traits can obscure the evolutionary 
histories that connect homologous path-
ways across related strains and species.

	 A second layer of evolution oc-
curs after a BGC exists. Natural product 
biosynthetic enzymes can be promiscu-
ous, modular, and capable of generating 
product diversity through changes in 
substrate specificity, domain architec-
ture, tailoring reactions, and pathway 
regulation. Enzyme evolution in natural 
product biosynthesis can involve both 
diversity-oriented and target-oriented 
processes, where pathways first gener-
ate broad chemical variation and later 
become refined toward particular activi-
ties8. Once bioactivity emerges, biosyn-
thetic pathways can also undergo re-
peated modification that alters potency, 
specificity, and ecological function9. In 
this view, molecular innovation does not 
require wholesale acquisition of new 
BGCs; it can arise through evolutionary 
changes within inherited pathways.

	 This distinction is critical for 
connecting BGC evolution to microbial 
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ecology. If specialized metabolites medi-
ate interactions among microbes, then 
changes in pathway structure, expres-
sion, or product chemistry may alter the 
ecological consequences of a lineage 
even when the broad biosynthetic path-
way is conserved. A pathway inherited 
across related taxa may generate differ-
ent molecules, different levels of bioac-
tivity, or different interaction outcomes 
after sequence divergence, recombi-
nation, or changes in accessory genes. 
Conversely, a recently acquired pathway 
may have limited ecological relevance if 
it is poorly expressed, maladapted to the 
recipient background, or disconnected 
from the environmental conditions 
under which the encoded molecule 
provides a benefit. The ecological role 
of a BGC is therefore not determined by 
presence alone, but by the evolutionary 
and environmental context in which the 
pathway is maintained.

Shared BGCs of  Streptomyces strains as a function of  time.
From Chevrette & Currie. 2019.
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	 This broader framework also 
shifts how specialized metabolism can 
be studied in natural communities. 
Microbial biogeography has tradition-
ally emphasized abiotic factors such as 
temperature, salinity, nutrients, pH, and 
habitat structure, while biotic interac-
tions mediated by specialized metabo-
lites have been more difficult to mea-
sure directly. However, paired analyses 
of biosynthetic potential and metabolite 
production can begin to connect micro-
bial community structure with chem-
ical traits in environmental settings. 
In marine sediments, biogeographic 
patterns of biosynthetic potential and 
specialized metabolites support the idea 
that microbial community composi-
tion, BGC distributions, and metabolite 
profiles can be structured across local 
spatial scales11. Specialized metabolism 
is therefore not only a property of isolat-
ed genomes, but part of the ecological 
organization of microbial communities.

	 The broader challenge is 
to connect these levels of evolution. 
Rare horizontal transfer events may 
introduce major biosynthetic capabil-
ities and contribute to large ecological 
transitions. Vertical inheritance, gene 
loss, recombination, and selection may 
then structure BGC diversity across 
related strains and species. Enzyme-lev-
el changes can further modify product 
chemistry and bioactivity, generating 
new ecological consequences from 
existing pathways. At the community 
scale, these chemical traits may vary 
across environmental gradients, habi-
tats, or biogeographic regions, linking 
genome evolution to microbial interac-
tion networks and ecosystem structure. 
Specialized metabolism is therefore not 
simply a catalog of molecules or a set of 
mobile gene clusters. It is an evolving 
trait system in which genomic history, 
biochemical function, and ecological 
interaction are tightly linked.
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KEY FINDINGS

•	 Specialized metabolites are ecological 
traits, not only sources of  pharmaceu-
tical leads.

•	 BGCs encode modular biosynthetic 
pathways that convert primary 
metabolic precursors into structurally 
diverse molecules.

•	 Horizontal gene transfer can move BGCs 
across lineages and may generate 
abrupt ecological shifts.

•	 The costs of  horizontal transfer make re-
peated movement of  large, functional 
clusters biologically nontrivial.

•	 Patchy BGC distributions do not auto-
matically indicate recent transfer; 
vertical inheritance and gene loss can 
produce similar patterns.

•	 Salinispora illustrates how BGCs can be 
associated with genomic islands, envi-
ronmental context, and species-level 
chemical differentiation.

•	 BGC evolution involves both path-
way-level inheritance and molecu-
lar-level innovation.

•	 Enzyme promiscuity, domain modifica-
tion, recombination, and selection 
can alter product diversity and bioac-
tivity after pathways arise.

•	 Microbial chemical evolution is best 
understood by integrating natural 
products chemistry with ecology and 
evolutionary theory.
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Inside the Paper: 
Chemical Biogeography in Marine Sediments
Biogeography asks why organisms occur where they do, but in mi-
crobial communities the answer may depend as much on chem-
istry as on environment. In reef-associated marine sediments, we 
asked whether specialized metabolites help structure microbial 
communities across fine spatial scales. Our ISME Journal paper 
linked microbial composition, biosynthetic potential, and metabo-
lome variation in natural sediments; follow-up SMIRC work then 
extended this logic by capturing natural products directly from the 
environments where these chemical interactions occur.

By Alexander B. Chase, Ph.D.1 & Alexander Bogdanov, Ph.D.2

Department of  Earth Sciences, Southern Methodist University, Dallas, TX
Scripps Institution of  Oceanography, UC San Diego, CA

APRIL 26, 2023 (reproduced from Nature Portfolio Microbiology Community. 2023)
Marine sediment chemistry links microbial community structure to 

compound-first natural product discovery

Microbial communities are 
assembled by ecological and 
evolutionary processes that 

determine which organisms occur in 
a given environment. At broad spatial 
scales, abiotic filtering often dominates: 
temperature, nutrients, salinity, oxygen, 
and habitat type select for organisms 
with conserved physiological traits. At 
smaller spatial scales, however, local in-
teractions can become more important. 
Competition, predation, cross-feeding, 
inhibition, cooperation, and signal-
ing can determine which taxa persist 
together. For microbes, many of these 
interactions are mediated chemically. 
Specialized metabolites can function 
as antibiotics, siderophores, signaling 
compounds, redox-active molecules, or 
cues that alter behavior and physiology.

	 Most natural product research 
has not been designed to test this eco-
logical role. The field has historically 

emphasized discovery of bioactive com-
pounds from cultured isolates, often 
under artificial laboratory conditions. 
This approach has generated many 
important molecules, but it provides 
limited information about how special-
ized metabolites function in natural 
communities. Environmental metab-
olomics offers a way forward, while 
also revealing a major limitation: most 
molecular features detected in complex 
communities cannot yet be confidently 
annotated.

	 In our ISME Journal paper, 
we asked whether microbial commu-
nity structure and specialized metab-
olism are linked at local spatial scales 

“While the field of microbial biogeography has largely focused on the role of abiotic vari-
ables in structuring microbial distributions, there is growing appreciation for the role of 
microbial natural products in mediating biotic interactions within microbiomes.”

— Chase et al. 2023.
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WHY IT MATTERS

Microbial biogeography has often 
focused on abiotic filtering: how 
temperature, pH, salinity, oxygen, 
nutrients, or other environmental 
conditions shape community com-
position. Yet at local spatial scales, 
biotic interactions may become 
increasingly important. Specialized 
metabolites provide a way to study 
these interactions because they 
mediate signaling, antagonism, re-
source acquisition, defense, and other 
ecological relationships. Marine 
sediments are ideal systems for this 
question because they are chemically 
complex, taxonomically diverse, and 
spatially heterogeneous.
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in reef-associated marine sediments 
from Moʻorea, French Polynesia1. The 
goal was not only to identify natural 
products, but to ask whether chemical 
variation tracks microbial biogeogra-
phy. We combined taxonomic profiling, 
metagenomics, biosynthetic gene clus-
ter analysis, functional annotation, and 
untargeted metabolomics to compare 
community composition, functional 
potential, biosynthetic potential, and 
metabolite profiles across the same 
sediment samples.

	 A key feature of the study 
design was that it reduced environ-
mental variation among samples. By 
focusing on reef-associated sediments 
across local spatial scales, we could ask 
whether microbial and chemical differ-
ences emerged even when broad abiotic 
conditions were relatively similar. Many 
microbial biogeography studies empha-
size abiotic selection; here, the question 

was whether variation in specialized 
metabolism could help explain commu-
nity structure under more comparable 
environmental conditions.

	 The results showed that closely 
related microbial communities could 
differ substantially in biosynthetic po-
tential. Broad taxonomic markers alone 
were not sufficient to predict chemical 
capacity. Different communities con-
tained distinct compositions of biosyn-
thetic enzymes and BGCs, indicating 
that fine-scale genomic variation may 
be important for understanding me-
tabolite production. This is a recurring 
problem in microbial ecology: the tax-
onomic unit that explains community 
composition is not always the unit that 
explains function.

	 The metabolomics data 
sharpened this point. Each sediment 
community contained a complex and 
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largely uncharacterized assemblage 
of molecular features. Although many 
metabolites could not be structurally an-
notated, their composition varied across 
samples and covaried with microbial 
community and functional profiles. The 
unknown chemical space was therefore 
not simply analytical noise; it appeared 
to carry ecological information about 
local microbial communities.

	 The study also pointed toward 
underexplored sources of biosynthetic 
diversity. While traditional natural prod-
uct discovery has focused heavily on 
well-known producers such as Strepto-
myces, our analyses identified extensive 
biosynthetic potential in less-studied 
sediment-associated taxa, including 
Myxococcota and Acidobacteriota1. 
These groups may represent important 
reservoirs of unexplored chemistry, 
especially in environmental contexts 
where cultivation and reference data-

Specialized metabolites can structure microbial 
communities through local interactions, and their 
spatial distributions provide ecological signals that 
help link molecules to candidate producers, BGCs, 
and chemical function. By pairing community me-
tabolomes with MAG abundance and biosynthetic 
gene clusters, this figure illustrates how environ-
mental chemistry can guide producer identification 
and generate hypotheses about chemically mediated 
community assembly.
From Chase et al. 2023.
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bases remain incomplete.

	 The main limitation was also 
the next opportunity: detecting chemi-
cal structure is not the same as knowing 
chemical identity. The ISME Journal 
study showed that biosynthetic potential 
and metabolite profiles varied with mi-
crobial community structure, but most 
of the detected chemistry remained 
unannotated. In follow-up work, 
Bogdanov and colleagues introduced 
Small Molecule In Situ Resin Capture, or 
SMIRC, a culture-independent meth-
od that uses deployed resins to obtain 
natural products directly from natural 
environments without first knowing the 
producing organism2.

	 SMIRC extends the ecological 
logic of the ISME study by beginning 
with the environment rather than with 
cultured isolates. The method captures 
molecules produced in situ, then uses 
expanded deployments, in situ culti-
vation, metagenomics, and structural 
characterization to move from envi-

ronmental chemistry toward candi-
date producers and compounds. The 
approach recovered numerous com-
pounds from marine habitats, including 
two new carbon skeletons characterized 
by NMR, and revealed biome-specific 
metabolomic signatures consistent with 
sequence-based predictions2.

	 The two studies mark a shift 
from asking only what cultured mi-
crobes can make to asking which mol-
ecules are present in natural commu-
nities, where they occur, and how they 
covary with microbial diversity. Marine 
sediments make this question especially 
powerful because their high diversity, 
spatial heterogeneity, and extensive 
biosynthetic potential create a natural 
setting for chemical biogeography. 
Natural products, in this framework, are 
not only molecules to discover; they are 
traits embedded in microbial communi-
ty assembly3.
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KEY FINDINGS

•	 Reef-associated sediments contained 
distinct microbial communities across 
local spatial scales.

•	 Closely related taxa differed substantially 
in biosynthetic potential.

•	 BGC composition varied across sediment 
communities, including within small 
spatial areas.

•	 Community metabolomes were highly 
diverse and largely uncharacterized.

•	 Specialized metabolite profiles covaried 
with taxonomic and functional com-
munity structure.

•	 SMIRC now provides a compound-first 
approach to capture natural products 
directly in situ.

1. AB Chase, A Bogdanov, AM Demko, PR Jensen. Biogeographic patterns of biosynthetic potential and specialized metabolites in marine sediments. 
The ISME Journal 17(1): 976-983
2. A Bogdanov, MN Salib, AB Chase, H Hammerlindl, MN Muskat, S Luedtke, EB da Silva, AJ O’Donoghue, LF Wu, SJ Altschuler, TF Molinski, PR Jensen. 
Small molecule in situ resin capture provides a compound first approach to natural product discovery. Nature Communications 15(1): 5230
3. PR Jensen. 2016. Natural products and the gene cluster revolution. Trends in Microbiology 24, 968–977
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