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ABSTRACT Encoded within many microbial genomes, biosynthetic gene clusters (BGCs)
underlie the synthesis of various secondary metabolites that often mediate ecologically
important functions. Several studies and bioinformatics methods developed over the
past decade have advanced our understanding of both microbial pangenomes and
BGC evolution. In this minireview, we first highlight challenges in broad evolutionary
analysis of BGCs, including delineation of BGC boundaries and clustering of BGCs across
genomes. We further summarize key findings from microbial comparative genomics
studies on BGC conservation across taxa and habitats and discuss the potential fitness
effects of BGCs in different settings. Afterward, recent research showing the importance
of genomic context on the production of secondary metabolites and the evolution of
BGCs is highlighted. These studies draw parallels to recent, broader, investigations on
gene-to-gene associations within microbial pangenomes. Finally, we describe mecha-
nisms by which microbial pangenomes and BGCs evolve, ranging from the acquisition
or origination of entire BGCs to micro-evolutionary trends of individual biosynthetic
genes. An outlook on how expansions in the biosynthetic capabilities of some taxa might
support theories that open pangenomes are the result of adaptive evolution is also
discussed. We conclude with remarks about how future work leveraging longitudinal
metagenomics across diverse ecosystems is likely to significantly improve our under-
standing on the evolution of microbial genomes and BGCs.

KEYWORDS biosynthetic gene clusters, pangenome, Streptomyces, comparative
genomics, secondary metabolites, natural products, evolution, ecology, population
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M icrobial secondary metabolites are compounds produced by bacteria and fungi
that are not required for their replication and unconditional survival (1, 2). While
they are thus not expected to be universally essential, whereby organisms will typically
survive on media meeting nutritional requirements if biosynthetic gene clusters (BGCs)
are functionally impaired (3, 4), they can certainly be conditionally essential for the
ecological success and survival of microbes in their natural habitats (5-9). Investigations
to uncover new secondary metabolites and improve understanding of biosynthetic
gene clusters have been fueled by their importance in medicine. For instance, most
antibiotics used in the clinic are derived from microbial secondary metabolites (10-12).
Secondary metabolites can also correspond to other natural products with uses in the
fields of medicine and agriculture (2, 13, 14), function as virulence factors (15-18), and be
involved in intra- or inter-species communication (19-23).

In recent times, the search for new natural products often begins with genomic
prediction of BGCs (14, 24, 25). BGCs are co-located sets of genes along genomes that
underlie the synthesis of secondary metabolites (26-29). The upstream use of genomics
in drug discovery pipelines owes to lowering costs in sequencing over the past two
decades (30, 31) and the development of bioinformatic tools and strategies to annotate
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BGCs (32-40). These methods range from rule-based approaches to determine indicators
of genomic regions corresponding to specific types of BGCs (32-35) to generalizable
approaches based on machine learning (36-38). The widespread application of these
tools has revealed that while most microbes have a limited number of BGCs, the
genomes of some species or genera can be rich biosynthetic reservoirs, featuring over 30
distinct BGCs per genome (41-43).

A pragmatic appeal for identifying secondary metabolites produced by BGCs rather
than those with more complex pathways of biosynthesis is to simplify downstream
manufacturing and production (13, 44). In particular, advances in heterologous cloning
and expression of large genomic regions enable transferring the production of a
metabolite to a more genetically tractable model organism (44-47). In addition, certain
types of BGCs, such as those featuring polyketide synthases (PKSs) or non-ribosomal
peptide synthetases (NRPSs), are known to direct the synthesis of structurally complex
molecules of diverse biological functions (48). However, genomic context and complex,
hierarchical mechanisms for transcriptional inhibition can often result in hurdles when
attempting to determine the secondary metabolite products of BGCs under laboratory
conditions (49-56).

In the last decade, several studies have advanced our understanding of the variability
in the size and fluidity of microbial pangenomes—the total collection of genes found
across all the genomes of a single species (57-63). One particularly exciting area of
research has been to uncover relationships between genes in pangenomes by investigat-
ing whether pairs associate or dissociate with each other more often than expected
(59, 64-66). In this regard, genes within a pangenome have even been compared to
interacting species within a microbiome (59, 65). Comparative genomics studies have
also shown that BGCs can be conserved across species or genera (67) and develop
intricate relationships with other genes across genomes which can complicate secondary
metabolism pathways (49, 68, 69).

In this minireview, we summarize recent advances in understanding the distribution
and evolution of microbial biosynthetic gene clusters across environmental, taxonomic,
and genomic contexts. Existing challenges and areas in need of further research are
noted throughout.

EVOLUTIONARY AND OPERATIONAL CLUSTERING OF BGCs

To understand the evolution of BGCs within a species, it is essential to first determine
ancestrally related instances of each BGC across multiple genomes. Similar BGCs from
separate genomes can be clustered according to sequence and syntenic similarity into
gene cluster families (GCFs). Some approaches for delineating a GCF aim to group
together operationally equivalent BGCs that produce the exact same metabolite (70-73),
whereas others are more lenient and simply aim to cluster orthologous or homologous
instances of BGCs together (74-77).

A challenge with grouping BGCs that produce the same metabolite is that genetic
regulation, diversity in auxiliary genes, such as tailoring enzymes, and the presence of
genes elsewhere in the genome, outside the BGC context, can lead to the production of
chemically distinct derivatives (51, 78, 79). In addition, such approaches require manually
curated data sets that link metabolites to BGCs to optimize clustering parameters, which
are currently limited (71, 80). Clustering orthologous BGCs using only sequence and
syntenic similarity is also challenging due to some biosynthetic genes featuring multiple
domains and potentially representing a mixture of ancestral origins (8, 74, 81). This is
particularly important for large, modular NRPSs and PKSs which can evolve through the
exchange or gain of domains via recombination or gene conversion, respectively (8, 82,
83).

More generally, complications in GCF clustering result from the fundamental
challenge of accurately inferring genomic boundaries for BGCs (36, 37, 51, 75, 84,
85), and singular regions can contain multiple associated or independent BGCs (86).
This is especially problematic in BGC-rich organisms where boundaries between BGCs
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are unclear and difficult to resolve. In such organisms, certain classes of biosynthetic
proteins further exhibit contiguous stretches of high-sequence identity and are found
in higher copy count (8), causing assembly fragmentation along BGC regions. Since
the vast majority of genomic assemblies on NCBI, especially those constructed from
metagenomic sequencing, are not complete, there is thus an additional challenge in
needing to account for BGC fragmentation when determining GCFs (71, 73, 77, 87, 88).

In recent years, a useful complement to defining GCFs has emerged. Methods have
been developed to identify smaller, co-occurring subsets of genes or domains that might
traverse many different BGC contexts (89, 90). These sub-clusters often underlie the
synthesis of chemical functional groups or other individual features of larger molecules
and compounds. A primary advantage for cataloging and assessing the presence
of these sub-clusters is that they are easier to associate with chemical structures
from metabolomics analysis. However, they also present an interesting opportunity
to organize relationships between distinct GCFs and improve fundamental understand-
ing on how BGCs originate and evolve. For instance, it will be particularly useful to
assess how often such sub-clusters form through convergent as opposed to vertical or
horizontal evolution.

THE CONSERVATION AND FITNESS EFFECTS OF BGCs ACROSS TAXONOMIC
RANKS AND HABITATS

Although the determination of GCFs has room for improvement, recent investigations of
their distribution across species phylogenies have consistently revealed that many are
lineage, species, or genus specific (15, 41, 73, 77, 91-101). One systematic analysis of the
variability of GCF counts observed at different taxonomic scales provided robust support
that many BGCs originate at the genus or species level (67). The specificity of some
BGCs to individual genera, species, or strains is expected provided the presumption that
secondary metabolites are conditionally, but not universally, important (4-7) alongside
prior investigations highlighting that more than half of the genes for a species can
be strain specific (57, 102-107) (Fig. 1A). Studies have also shown that biogeographic
associations can be observed for microbial lineages, mobile genetic elements (MGEs),
genetic traits, and metabolites (108-111). More recently, a study investigating meta-
genomic data sets offered broad support for the concept that many gene families
are habitat specific (112). Thus, the lineage specificity of BGCs is likely related to
the ecological function of their secondary metabolite products, allowing microbes to
utilize endemic resources or overcome abiotic or biotic stressors associated with specific
habitats (6, 68, 104, 113-118).

The genomes and pangenomes of bacterial species that inhabit a diverse range of
habitats also tend to be larger than those of species that are more specialized to
particular niches (62, 120). By corollary, this suggests that taxa with more open pange-
nomes are also likely to have larger BGC-omes—the summed length of total BGCs per
genome—for fitness benefits across multiple environments. Indeed, by investigating a
diverse selection of 258 genomes belonging to Streptomyces, which is the most heavily
mined bacterial genus for natural products (121), we observe that clades with more
expansive pangenomes also have larger average BGC-ome sizes (122-124) (Fig. 1B).
However, future studies are clearly needed to validate these conclusions and understand
the interplay between pangenome dynamics and biosynthetic potential for taxa.

In addition, while some BGCs are variably conserved, absent in some of the genomes
for a taxon, others might be highly conserved across entire species or even genera (Fig.
1A). The evolution of these “core” BGCs is thus expected to be in high linkage with their
genomic background (97, 125, 126) and might even suggest that they are universally
essential for microbes. However, data from a recent transposon sequencing (Tn-Seq)-
based study aiming to understand the relationship between gene conservation and
fitness across over 30 distinct strains of Streptococcus pneumoniae suggest that BGCs,
regardless of conservation, are typically not universally essential (127) (Fig. 1C). Assess-
ment of the 520 essential genes identified for S. pneumoniae in the study, including both
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FIG 1

core genome phylogenetic breadth

BGC conservation across pangenomes and fitness effects. (A) An example schematic of the frequency of ortholog groups in a typical pangenome for a

bacterial species. Coloring indicates whether orthogroups were part of BGCs (dark gray) or not (light gray). (B) A core-genome phylogeny was constructed for

258 distinct Streptomyces genomes using GToTree from protein alignments for genes predetermined to be largely single-copy core for Actinomycetota. Nine

monophyletic clades were manually identified, and a course, comprehensive orthology inference was performed across all genomes using OrthoFinder. The

relationship between core genome phylogenetic breadth (x-axis) and the total number of distinct auxiliary orthogroups (y-axis) was visualized per clade and a

linear line fit. BGCs were predicted for the 258 genomes using antiSMASH, and the average BGC-ome size—the summed length of BGC-omes—was computed

for each of the nine clades. Clades above the line are regarded as having more expansive pangenomes due to the presence of a greater number of orthogroups

per core-genome phylogenetic unit. Such clades also tended to have larger average BGC-ome sizes. (C) Current outlook on the fitness impact of BGCs based

on literature and Tn-Seq studies. Details on bioinformatics (re-)analyses can be found at https://github.com/Kalan-Lab/Salamzade_Kalan_BGC_Evolution_Review

(119).

conserved and strain-variable genes, revealed that none overlapped with the 63 distinct
key biosynthetic genes (124). In addition, we extracted fitness values for BGCs from Tn-
Seq experiments for Pseudomonas fluorescens strain FW300-N2E3 where gene essentiality
was tested in vitro across 125 conditions (128), ranging from growth on various carbon
sources to exposure to different stressors. Only 2 of 26 key biosynthetic genes predicted
in the strain’s genome were found to contribute to a growth disadvantage in at least one
condition. Importantly, such Tn-Seq experiments, where thousands of distinct mutants of
the same bacterial strain are pitted against each other, likely underestimate the fitness
advantage offered by genes underlying public goods, such as some siderophores (129).
Furthermore, as highlighted in other recent reviews (7-9), the conservation of
some BGCs across species or genera suggests that they are likely essential, or at least
conditionally advantageous, beneficial but not critical for microbial fitness, under some
set of conditions. Such conditions are likely linked to the specific environments that
microbial taxa commonly inhabit. Indeed, compelling evolutionary and experimental
support has shown that BGCs that encode for virulence factors or antimicrobials can
be essential for host-colonization (15, 130-132) or combating frequently encountered
microbial competitors (23, 114, 117, 133-135), respectively. Future in vivo and in situ
Tn-Seq studies (136-140) could thus reveal the conditional importance of many more
BGCs. Notably, longer experiments will likely be important for the proper assessment
of secondary metabolite fitness effects since BGCs are typically expressed during the
exponential and late growth phases of bacterial life cycles (141, 142). New bioinformatics
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toolkits that simplify comparative genomic analyses and emphasize examination of BGCs
for focal taxonomic groups (77, 143, 144) should also aid future studies to improve
understanding of the relationship between BGC conservation and fitness effect.

BGCs ARE NOT SECLUDED UNITS WITHIN GENOMES

BGCs exist within larger genomic contexts, and secondary metabolites require precur-
sor molecules (8, 145, 146). Beyond aiding fundamental evolutionary investigations of
microbial pangenomes, software for performing comprehensive comparative genom-
ics that focus on BGCs can lead to practical insights into how secondary metabolite
synthesis might depend on multiple BGCs or multiple genes distributed across genomes
(51, 56, 147-149) (Fig. 2A). For instance, in many Staphylococcus species, the crt BGC,
which encodes for the synthesis of the carotenoid staphyloxanthin, is found co-loca-
ted near the mevalonate pathway, which produces upstream precursor molecules for
terpenoid biosynthesis (77, 150). In addition, attempts to synthesize staphyloxanthin
in Escherichia coli revealed the importance of a sixth gene, aldH, which is not part of
the five gene crt operon and is located elsewhere in staphylococcal genomes (49). The
aldH encoded enzyme is responsible for catalyzing an intermediate step in staphyloxan-
thin biosynthesis, not merely a downstream modification, highlighting how secondary
metabolite synthesis, even when seemingly restricted to a single BGC, can be fundamen-
tally dependent and impacted by enzymes from across the genome.

Detecting genes that co-occur or are mutually exclusive to BGCs in a genome
more often than would be statistically expected is thus an exciting area of methods
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development and research that could lead to a more holistic understanding of com-
plex biosynthetic routes for some secondary metabolites (59, 64, 66, 151) (Fig. 2B). A
recent study applied such a systematic approach to identify co-associated genes with
the clinically important colibactin BGC across E. coli genomes (69). Broader work in
pangenomics has suggested that genes can associate or dissociate from each other
similar to individual species in a microbiome (59, 65). In such an analogy, biosynthetic
gene clusters and operons would represent specific niches of a larger environment
where significant relationships between the residing genes are likely to be enriched.
While linkage is present across entire genomes in bacteria (126, 152), prior comparative
genomics in Neisseria gonorrhoeae has found significant support that derived alleles
that are within 300 kb of each other tend to exhibit greater coupling linkage (153). A
systematic analysis further revealed that microbial genomes are typically segmented into
100-300 kb blocks where each block is composed of either ancient or newer genes (154).
Nevertheless, resolving the boundary of biosynthetic gene clusters from the surrounding
genome might be challenging when presented with limited information from genomic
data alone.

Beyond genomics, other sequencing-based methods and data types, including those
to quantify gene expression and fitness, can also be leveraged to improve understanding
of how secondary metabolites interplay with the rest of the genome. In particular,
understanding the co-regulation of BGCs and other genes is an active area of research
to gain insight into the potential function of BGCs and determine which conditions they
might be expressed in (51, 53, 155-161). Dissecting regulons and regulatory networks
is particularly informative in BGC-rich species such as Streptomyces, where identifying
sets of co-regulated BGCs can help researchers partition them as being related to a
common cellular response for a specific ecological challenge (160). This task is challeng-
ing, however. Even in species where genomes typically contain a limited set of BGCs,
secondary metabolism regulation can be complex, and a single BGC might be involved
as a response to multiple environmental cues (162, 163).

In addition to standard untargeted and targeted transcriptomics, chromatin
immunoprecipitation sequencing (ChIP-Seq), a technology used to determine transcrip-
tion factor binding sites, has also been applied to understand the regulation of BGCs
(155, 164-166). Furthermore, transposon mutagenesis and screening of arrayed mutant
libraries have been used to investigate the metabolic effects and functional roles of
genes within BGCs (167-169). However, the use of pooled mutant libraries and high-
throughput Tn-Seg-based methods for identifying how BGCs might relate to their
genomic context is perhaps underused (170-176). While there are challenges with using
Tn-Seq to profile the fitness importance of BGCs, as we detail in the previous section,
technological advances have enabled the generation of large data sets profiling the
fitness of microbial genes across a multitude of conditions (128, 177, 178). Mining these
data sets to identify co-fit genes (128), genes that exhibit similar fitness profiles across
conditions, could lead to insights into the function of secondary metabolites produced
by uncharacterized BGCs.

The evolution of BGCs can also depend on their genomic context. In a recent study,
investigators found that two GCFs, each encoding for siderophore biosynthesis, did not
co-occur in individual genomes from the genus Salinospora (68). This finding highlighted
how BGC loss can occur when a functionally analogous BGC emerges to remove genetic
redundancy and increase fitness. In contrast, another study applied informatics analysis
to identify genes co-evolving with PKSs in Streptomyces and uncovered a discrete cluster
of such genes that experimentation validated can increase the production of multiple
metabolites (54). The application of methods to infer epistatic loci that exhibit signatures
of co-selection within and outside of BGCs (179, 180) represents an area of research that
should assist in improving understanding of how BGCs relate to their genomic context.
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THE ROLES OF ADAPTIVE AND NEUTRAL EVOLUTION ON BGCs

Inferring insight into the ecology of organisms based on signatures of adaptive evolution
in genes with known function is referred to as reverse ecology (107, 181, 182). However,
the extent to which microbial genomes and BGCs are sculpted by adaptive as opposed
to neutral evolution is unclear (107, 183-187). In particular, complications arise because
support for adaptive evolution is often contingent on ecological context, the course
of evolutionary time being investigated, and sequence representation in analyses (107,
186). In this section, we discuss how both neutral and adaptive evolution can shape BGC
evolution. First, we discuss how increased biosynthetic capacity might support adaptive
evolution that drives pangenome expansions. Then, we summarize recent theories on
the formation and evolution of BGCs, highlighting support for both adaptive and neutral
evolution in shaping BGCs. Finally, we discuss current uncertainty around whether key or
auxiliary biosynthetic enzymes are differentially impacted by adaptive evolution.

Beyond mutations, horizontal gene transfer (HGT) and gene sweeps that involve
functional traits of potential benefit to microbial fitness and are therefore positively
selected under some environmental conditions are often regarded as cases of adaptive
evolution (107, 152, 188, 189). Expanding on this, Mclnerney and colleagues further
suggested that highly open pangenomes in bacteria are also largely the result of
adaptive evolution (57), but this was contradicted by other studies that suggested
pangenomes can simply arise through neutral evolution (58, 103). Another perspective
piece on the topic later suggested that investigations of individual genes or gene
categories might lead to a better understanding of whether pangenome expansion is
largely the product of adaptive as opposed to neutral evolution (190).

Provided that many secondary metabolites mediate microbe-microbe interactions,
host-microbe interactions, or response to intermittent environmental challenges, it is
expected that BGCs and their individual genes are more commonly under adaptive
evolution relative to other gene categories (6-8, 15, 42, 114, 133, 191-196). If future
research supports that pangenome expansion rates and increased biosynthetic potential
are associated for certain taxa (Fig. 1B), then this might more broadly support the
proposal by Mclnerney and colleagues (57) that expansive pangenomes can be a result
of adaptive evolution. This is because the accumulation of BGCs in a taxon’s pange-
nome, through long-term retention of gene duplications or horizontal acquisitions, two
mechanisms of biosynthetic gene gain (Fig. 2C), suggests an expansion in conditionally
important gene content.

Phylogenetic analysis has shown that duplication and sequence divergence, or
“expansion,” of primary metabolic genes have led to the origin of new enzymes involved
in secondary metabolism (7, 8, 197-200). Evolutionary shifts in genes and enzyme
function can be subtle, in particular for promiscuous enzymes that can interact with
a broad range of substrates (8, 148, 201). In contrast, it can also be abrupt, through
duplication events of core biosynthetic genes, such as PKSs and NRPSs leading to
functional redundancy and evolutionary bifurcation. Such bifurcation can then allow
microbial populations to more radically “explore” new biosynthetic pathways while
mitigating the risks of losing a functional version of the BGC (202). Mechanisms of
sequence evolution following duplication can extend beyond mutation. Owing to large
stretches of sequence conservation and skews in nucleotide composition, sequence
evolution for large and modular biosynthetic genes, such as PKSs and NRPSs, can often
involve recombination and gene conversion with homologous genes from across the
genome (8, 203). Additionally, the dynamic chemical matrix evolutionary hypothesis
was recently formulated and posits that expanded enzymes can aggregate within
genomes to form new BGCs and over time, through negative and positive selective
pressures, become optimized for the production of secondary metabolites that serve
specific ecological functions (8). Recent reports that genes tend to aggregate by
age along microbial genomes appear to provide compelling support for this model
(154). Importantly, because gene order dictates the synthesis of metabolites for some
“assembly-line” BGC classes (48), duplication events of biosynthetic genes or full BGCs
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can also result in selection-driven changes to gene order, as suggested by another
evolutionary model, the SNAP hypothesis (204).

BGCs can also be carried on MGEs (77, 205-210), such as plasmids, that are units
of HGT through conjugation, transduction, transformation, or other mechanisms. In
particular, Streptomyces and other BGC-rich actinomycetes are known to carry genes
encoding for biosynthetic machinery on large mega-plasmids or the telomeric ends of
linear chromosomes that can exhibit high variability in content between even closely
related isolates (205, 207, 211, 212). While fitness costs associated with retaining BGCs
are likely substantial for long-term retention in recipient bacteria of transfer events (9,
129, 213), BGCs that do not incur a huge influence on fitness could still be retained for
a period of time (107). Other studies have suggested the impact of HGT on BGC-ome
and genome evolution of actinomycetes to be less pronounced than earlier estimates
(214) and reported that their BGCs largely evolve vertically (97, 125), where genetic drift
might play a bigger role in shaping their evolution. The likely impact of neutral evolution
on BGC sequence space in biosynthetically gifted actinomycetes is corroborated by
the observation that some BGCs are only activated under specific conditions (160, 161,
215), providing ample pockets of time without strong selective pressure to preserve
their functional integrity, thereby allowing them to deteriorate or to develop into new
functional roles.

To assess selective pressures acting on BGCs in an actinomycetes species that is
well known to evolve mostly vertically, we reinvestigated data from a study measuring
evolutionary statistics for genes in Mycobacterium tuberculosis (216, 217). Genes within
BGCs were found to have lower Tajima’s D values, a measurement of genetic diversity
(218), in comparison to other genes found outside of BGCs (P = 0.01, one-sided Wilcoxon
rank-sum test; Fig. 2D). While this suggests BGC genes are highly conserved and might
be under purifying selection, significant differences between genes within and outside
BGCs were no longer observed when comparing genes of a similar length. Thus, BGCs
appear similarly conserved relative to other genes in the M. tuberculosis genome.

Importantly, BGCs often include “key” genes, responsible for synthesizing the scaffold
of secondary metabolites, as well as “auxiliary” genes which might tailor and modify the
secondary metabolite structures further (48, 73). For instance, in the BGC responsible
for synthesizing aflatoxin, a toxin with a huge economic impact on the agricultural
sector, there is one key biosynthesis gene encoding for the polyketide synthase PksA
but several additional auxiliary genes. Some of the auxiliary enzymes are essential for
tailoring the final structure of aflatoxin, whereas others affect the flux rate for how much
of the metabolite is produced (219, 220). Population genetic and experimental studies
have shown that balancing selection exists within the BGC for aflatoxin biosynthesis
across Aspergillus species (221-223), with a recent analysis showing that in the spe-
cies Aspergillus flavus, greater sequence variation exists in auxiliary genes in the BGC,
including those that might control flux rate for production of the toxin (224). Investiga-
tion of Tajima’s D values for genes from multiple BGCs in A. flavus genomes revealed that
key genes underlying the synthesis of the chemical backbones of metabolites generally
had lower values and are thus likely more impacted by purifying selection in comparison
to auxiliary biosynthetic genes (P = 0.002, one-sided Wilcoxon rank-sum). However,
a similar analysis in Streptomyces albidoflavus revealed a contrasting trend where key
biosynthesis genes had higher Tajima’s values than auxiliary genes in BGCs, suggesting
a higher proportion of the former being under balancing selection (P = 0.011, one-sided
Wilcoxon rank-sum). Similar analyses across diverse taxa, BGC types, and habitats are
thus needed to describe robust trends on whether BGCs more frequently evolve via
changes to auxiliary or key biosynthesis genes.

PERSPECTIVE

Microbes and evolution have generated a vast catalog of diverse BGCs and chemical
metabolites, including many useful to us as natural products. The continued and
urgent need for new chemical solutions for a variety of challenges we face in health
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and agriculture is still very much present (225). Leveraging evolutionary and ecolog-
ical analysis has and can continue to prove useful in aiding the discovery of new
natural products and selecting putative BGCs to experimentally characterize from an
ever-increasing collection of microbial genomes (14, 42, 54, 67, 99, 200, 226, 227). Many
fundamental questions around how BGCs evolve remain only partially addressed, in part
due to conclusions being shaped by the scale of analyses performed, i.e., across a local
population specific to a particular microbiome vs the global population for a taxon (107,
186, 224, 228).

Mining metagenomic data sets for BGCs that are divergent in sequence to those
already characterized, including BGCs from difficult-to-culture or extinct bacteria, paired
with advances in heterologous expression, has recently proven to be a successful
approach for natural product discovery (47, 76, 229-235). Over the last decade,
researchers have also begun to apply long-read sequencing technologies for meta-
genomics, leading to more contiguous BGC assemblies (233, 236-239) and using
longitudinal metagenomics to identify signatures of adaptive evolution within individ-
ual microbiomes (77, 189, 240-244). Data sets that apply long-read sequencing for
longitudinal investigations of microbiomes are likely to be generated in the future and
appear promising for improving our understanding of BGC microevolutionary trends.
Meta-analyses of such trends across microbiomes from different habitats could then
further improve our holistic perspective on the extent to which adaptive as opposed to
neutral evolution shapes microbial BGC-omes, genomes, and entire pangenomes.

Tracking microevolutionary trends might appear inconsequential since changes
observable over realistic time spans for experiments are unlikely to significantly alter the
functions of downstream secondary metabolites. However, improving our fundamental
understanding of evolutionary rates and paths across taxonomic and environmental
contexts, even over short time spans, would allow us to begin charting evolutionary
landscapes and timescales for BGCs missed by examination of evolutionarily distant and
ecologically unrelated instances. Practically, such research can aid the identification of
which microbial taxa in specific environments are the most replete for natural products
mining through extrapolation of evolutionary trends and tracking their pangenome
breadth over time. These investigations can also guide the efficient synthesis of new
secondary metabolites (245) and even help uncover fundamental trends and principles
around how certain ecological conditions relate to increased biosynthetic diversity. For
instance, future studies leveraging longitudinal metagenomics might lead to a better
understanding of how microbial species and their BGCs evolve in the context of low-
vs high-diversity microbiomes (246) or when exposed to intermittent “pulses” vs a
consistent “press” of a stressor or selective pressure (247, 248).
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