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ABSTRACT

Soil actinomycetes remain the single richest natural source of clinically used antibiotics, yet the great majority of
the biosynthetic gene clusters (BGCs) encoded in their genomes have never been linked to an isolated
compound, a gap commonly described as cryptic or silent biosynthetic potential. We conducted a systematic
phylogenomic survey of 1,842 publicly available actinomycete genomes spanning 47 genera, identifying and
classifying 21,406 biosynthetic gene clusters with antiSMASH and cross-referencing predicted cluster products
against the MIBIiG and NPAtlas reference databases to distinguish clusters with a known product from those that
remain functionally uncharacterised. Sequence similarity networking of clusters encoding non-ribosomal peptide
synthetases and type | polyketide synthases, the two BGC classes responsible for the large majority of clinically
important actinomycete antibiotics, resolved 3,912 gene cluster families, of which only 612 (15.6%) could be
confidently linked to a characterised product, leaving 3,300 families of uncertain biosynthetic output. Mapping
cluster family distribution against a genus-level phylogeny built from 120 conserved marker genes showed that
biosynthetic novelty is not evenly spread: genera isolated primarily from under-sampled soil environments,
including semi-arid grassland and high-altitude alpine soils, harboured a significantly higher proportion of orphan
gene cluster families than genera dominated by temperate agricultural soil isolates, a pattern that held after
controlling for genome assembly quality and sampling depth per genus. A focused case study on eleven orphan
clusters showing strong sequence homology to validated antitumour or antifungal biosynthetic pathways, but
lacking any matched product, is presented as a prioritised shortlist for downstream heterologous expression.
These results indicate that the biosynthetic dark matter of soil actinomycetes remains substantial and
non-randomly distributed across the phylogeny and across sampling environments, and that systematic genome
mining targeted at under-sampled lineages is likely to be a more productive discovery strategy than continued
resequencing of already well-characterised genera.
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The antibiotic discovery pipeline built on solil
actinomycetes, and Streptomyces in particular, delivered
most of the clinically important antibacterial, antifungal
and antitumour natural products discovered in the
twentieth century, but the rate of discovery of genuinely
new chemical scaffolds from this source fell sharply from
the 1960s onward, largely because repeated screening
of the same easily culturable soil isolates kept
rediscovering the same already-known compounds, a
phenomenon often called the rediscovery problem [2,7].
The advent of low-cost whole-genome sequencing
reopened the field by revealing that actinomycete
genomes typically encode twenty to fifty biosynthetic
gene clusters each, far more than the handful of
compounds ever isolated from any single strain by
classical fermentation and bioassay-guided screening,
implying that the large majority of an organism's
biosynthetic capacity had simply never been switched
on, or never been looked for, under standard laboratory
culture conditions [1,4].

Biosynthetic gene cluster prediction tools such as
antiSMASH have made it computationally straightforward
to identify candidate clusters from genome sequence
alone, classify them by the enzymatic machinery they
encode, non-ribosomal peptide synthetase, polyketide
synthase, ribosomally synthesised and
post-translationally modified peptide, terpene, and
several rarer classes, and estimate, with variable
confidence, what kind of chemical scaffold the cluster is
likely to produce [5,8]. What remains substantially harder
is connecting a predicted cluster to an actual,
characterised chemical product, since doing so
conclusively generally requires either isolating the
compound from native or heterologous fermentation and
matching it structurally to the cluster by gene knockout or
heterologous expression, or finding a sufficiently close
match in a curated reference database of previously
characterised clusters such as MIBIG [10,14]. The
resulting gap between predicted biosynthetic potential
and confirmed chemical output is often called
biosynthetic dark matter, and quantifying its size and
distribution across the actinomycete phylogeny, rather
than treating it as a vague aspiration, was the starting
motivation for this review.

A further complication, and one that has received
comparatively less systematic attention than cluster
prediction itself, is that biosynthetic novelty appears not
to be evenly distributed across actinomycete taxa or
across the environments from which strains are isolated.
Culture collections assembled over the past century are
heavily weighted toward temperate agricultural and
forest soils, simply because these were the environments
most accessible to the microbiologists who built those
collections, and there is a reasonable prior expectation,
supported by scattered reports in individual genome
papers, that under-sampled soil environments, arid,
saline, high-altitude or otherwise extreme relative to the
temperate norm, might harbour a disproportionate share

Saez-Bermudez et al. (2024)

2

Vol 1 |Issue 1| pp.1-7|2024

of taxonomically and biosynthetically novel lineages,
simply because they have been looked at so much less
[11,17]. Testing that expectation systematically requires
a phylogenomically resolved dataset large enough to
compare cluster novelty across environment categories
while controlling for the confounding effects of genome
assembly quality and uneven sampling depth per genus,
which existing individual genome-mining papers, each
typically focused on one or a handful of new isolates, are
not designed to provide.

We therefore assembled and phylogenomically analysed
the largest publicly available collection of actinomycete
genomes we could access with associated, reasonably
reliable isolation-environment metadata, with three linked
aims: first, to quantify the overall proportion of
biosynthetic gene cluster families that remain functionally
uncharacterised across this collection; second, to test
whether that proportion varies systematically with
genus-level phylogenetic position and isolation
environment once assembly quality and sampling depth
are accounted for; and third, to translate the resulting
picture into a concrete, prioritised shortlist of orphan
clusters that show strong homology to validated bioactive
pathway classes and are therefore reasonable near-term
candidates for heterologous expression and compound
isolation, rather than leaving the analysis as a purely
descriptive exercise.

2. MATERIALS AND METHODS

This review followed a predefined, registered analysis
protocol for genome retrieval, biosynthetic gene cluster
prediction, and gene cluster family classification,
summarised below; deviations from the original protocol,
all minor, are documented in the data availability
statement.

I 2.1 Genome dataset assembly

Publicly available actinomycete genome assemblies
were retrieved from NCBI RefSeq, restricted to
assemblies flagged as complete or high-quality draft
(fewer than 200 contigs, N50 greater than 100 kb) and
annotated at genus level, yielding 1,842 genomes
spanning 47 genera after removal of duplicate strains
and assemblies flagged as contaminated by CheckM.
Isolation-environment metadata, where available in the
associated BioSample record, was manually curated into
six broad -categories (temperate agricultural soil,
temperate forest soil, semi-arid or arid soil, high-altitude
or alpine soil, marine sediment, and other/unspecified);
genomes lacking any environment metadata were
retained for cluster analysis but excluded from the
environment-comparison analysis described below.

| 2.2 Biosynthetic gene cluster prediction and classification

Biosynthetic gene clusters were predicted for every
genome using antiSMASH 7.0 in relaxed detection
mode, classified by predicted cluster class
(non-ribosomal peptide synthetase, type I/1l/Ill polyketide
synthase, terpene, ribosomally synthesised and
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post-translationally modified peptide, and other/hybrid),
and the predicted core biosynthetic domains for each
cluster were extracted for downstream sequence
similarity analysis. This review focused subsequent
family-level and  product-linkage  analysis  on
non-ribosomal peptide synthetase and type | polyketide
synthase clusters specifically, since these two classes
account for the large majority of clinically important
actinomycete-derived antibiotics and antitumour agents
and carry sufficient sequence information in their
adenylation and ketosynthase domains for reliable
similarity networking [8,10].

| 2.3 Gene cluster family networking and product linkage

Clusters were grouped into gene cluster families (GCFs)
using BIiG-SCAPE with default distance thresholds
calibrated against the MIBIG reference set, and each
resulting family was searched against MIBIG and
NPAtlas reference clusters and compounds. A family
was classified as product-linked if it contained, or fell
within the calibrated similarity threshold of, a MIBIG
reference cluster with an experimentally validated
product; all other families were classified as orphan.
Confidence in orphan status was cross-checked by
BLASTP search of core biosynthetic domains against the
NCBI non-redundant protein database to rule out simple
database incompleteness as the explanation for an
apparent orphan classification.

I 2.4 Phylogenomic analysis

A genus-level phylogeny was constructed from 120
conserved, single-copy marker genes extracted with
GTDB-Tk, aligned with MAFFT, and used to build a
maximume-likelihood tree in 1Q-TREE under the LG+G4
substitution model with 1,000 ultrafast bootstrap
replicates. Gene cluster family counts and orphan
proportions were mapped onto this phylogeny, and
phylogenetic generalised least squares regression was
used to test for association between orphan cluster
family proportion and isolation environment category
while controlling for genome assembly N50 and the
number of genomes sampled per genus, since both are
known to influence apparent biosynthetic diversity
independent of true biological novelty.

I 2.5 Orphan cluster shortlisting

Orphan gene cluster families were further screened for
structural resemblance to validated bioactive pathway
classes by comparing core biosynthetic domain
architecture and adenylation domain substrate-specificity
predictions against MIBIG clusters annotated as
antitumour or antifungal, using domain-level rather than
whole-cluster similarity to allow partial matches to be
identified. Eleven orphan clusters meeting a predefined
domain-architecture similarity threshold to validated
antitumour or antifungal reference pathways were
retained as a prioritised shortlist, described in the Results
as illustrative rather than exhaustive.
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| 2.6 Statistical analysis

Comparisons of orphan cluster family proportion across
environment categories used the phylogenetic
generalised least squares model described above, with
genus treated as the phylogenetic unit and environment
category, mean assembly N50 and genomes sampled
per genus as covariates. All analyses were performed in
R version 4.3 using the ape, phytools and nime
packages.

3. RESULTS

Across the 1,842 genomes analysed, antiSMASH
predicted a total of 41,286 biosynthetic gene clusters of
all classes, of which 21,406 belonged to the
non-ribosomal peptide synthetase or type | polyketide
synthase classes prioritised for family-level analysis.
BiG-SCAPE networking resolved these into 3,912 gene
cluster families at the calibrated distance threshold,
ranging in size from singleton families found in only one
genome to the largest family, closely related to the
well-characterised desferrioxamine siderophore pathway,
present in 1,140 genomes across 31 genera. Of the
3,912 families, only 612 (15.6%) could be confidently
linked to a MIBIG or NPAtlas reference cluster with an
experimentally validated product, leaving 3,300 families
(84.4%) classified as orphan under our criteria. Table 1
breaks down cluster family counts and orphan proportion
by biosynthetic class and by the six most heavily
sampled genera in the dataset.

Table 1. Gene cluster family counts and orphan proportion
by biosynthetic class and genus.

Orphan  Orphan Genomes
GCFs (n) proportion  (n)
NRPS
clusters (all 2,104 1,762 83.7% 1,842
genera)
Type | PKS
clusters (all 1,808 1,538 85.1% 1,842
genera)
Streptomyce
S sensu 1,240 719 58.0% 612
stricto
Actinoplanes 186 179 96.2% 94
E'tasatos"or 214 201 93.9% 118
Amycolatops - ,qg 241 80.9% 156

IS

GCF = gene cluster family; orphan = no confidently matched
MIBIG/NPAtlas reference product.

Orphan proportion varied considerably across genera,
from 58% in the heavily studied and historically
well-mined genus Streptomyces sensu stricto to 96% in
Actinoplanes and 94% in Kitasatospora, two genera with
substantially smaller representation in the historical
antibiotic  discovery literature despite reasonably
well-populated genome counts in our dataset. The
phylogenetic generalised least squares model found a
significant association between orphan cluster family
proportion and isolation environment category after
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controlling for assembly N50 and genomes sampled per
genus (F(5,41)=6.8, P<0.001): genera dominated by
semi-arid or alpine soil isolates showed a mean orphan
proportion of 89.2% (95% CI 85.1-92.7%), significantly
higher than genera dominated by temperate agricultural
soil isolates at 71.4% (95% CIl 66.8-75.6%), while
marine-sediment-dominated genera fell at an
intermediate 79.8% (95% CIl 73.2-85.1%) (Figure 1).
Assembly N50 and genomes-per-genus were both
significant covariates but did not eliminate the
environment association, indicating the pattern is not
simply an artefact of assembly quality or uneven
sampling intensity.

gge/:l?:rll) biosynthetic gene cluster family proportion by isolation environment (PGLS model estimate,

100 §
89.2%

80 7 71.4%

84.6%
79.8%
75.8%
60 -
40
20
0- ' T ' T "

Temperate Temperate Marine Semi-arid/ Alpine/high-
agricultural forest sediment arid soil altitude soil

Orphan gene cluster family proportion (%)

Figure 1. Mean orphan gene cluster family proportion by dominant
isolation environment category across genera (phylogenetic
generalised least squares model estimate and 95% CI, controlling
for assembly N50 and genomes sampled per genus).

The eleven-cluster orphan shortlist, selected for
domain-architecture resemblance to validated antitumour
or antifungal pathway classes, spanned seven genera,
four of them from semi-arid or alpine soil isolates and
none from Streptomyces sensu stricto, consistent with
the broader pattern of biosynthetic novelty concentrating
outside the most heavily studied genus. Three of the
eleven shortlisted clusters carried adenylation domain
substrate-specificity  predictions  closely  matching
non-proteinogenic amino acid incorporation patterns
seen in validated cytotoxic cyclic peptide pathways, a
feature we regard as a moderately strong prioritisation
signal given how consistently such patterns have tracked
genuine bioactivity in previously characterised clusters
[19,24]. Table 2 lists the eleven shortlisted clusters
together with their source genus, isolation environment,
predicted class, and the specific structural feature
motivating prioritisation.

Table 2. Shortlisted orphan gene clusters prioritised for
heterologous expression.

Cluster ID Source genus  Environment P aitee
class

GCF_0446 Amycolatopsis ~ Semi-arid soil  Reo (cyclic
peptide-like)

GCF_1187 Actinoplanes Alpine soil Type | PKS

GCF_2093 Kitasatospora Semi-arid soil NRPS-PKS
hybrid

GCF_2450 Nonomuraea Alpine soil NRPS (c_ycllc
peptide-like)

. Marine
GCF_3018 Actinoplanes sediment Type | PKS
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A secondary analysis restricted to the subset of 340
genomes with high-quality complete assemblies (rather
than draft assemblies) produced materially the same
pattern of orphan proportion by environment category,
reducing concern that the association is driven
disproportionately by fragmented draft genomes in which
biosynthetic gene clusters are more likely to be split
across multiple contigs and consequently harder to
classify confidently. Cluster density, defined as gene
cluster families per megabase of genome, also varied by
environment category but in a pattern only partially
overlapping with orphan proportion, with semi-arid and
alpine genera showing both higher orphan proportion
and modestly higher overall cluster density than
temperate agricultural genera, suggesting these
under-sampled lineages are not merely harder to
annotate but may genuinely encode a larger and
less-characterised biosynthetic repertoire.

4. DISCUSSION

The headline figure from this survey, that 84% of
non-ribosomal peptide synthetase and polyketide
synthase gene cluster families across 1,842
actinomycete genomes remain without a confidently
matched product, sits toward the higher end of estimates
reported in smaller or more taxonomically restricted
surveys, and we think the difference is attributable mainly
to breadth of taxonomic and environmental sampling
rather than to a methodological artefact, since our
secondary analysis restricted to complete assemblies
reproduced the same overall pattern [4,10]. The scale of
this biosynthetic dark matter is, on one level, an old and
by-now familiar observation in the field, but
demonstrating that it is unevenly distributed across
environment categories in a way that survives controlling
for assembly quality and sampling depth is, we believe, a
more actionable finding than the aggregate percentage
on its own, because it points toward where future
isolation and sequencing effort would be most
productively directed.

The finding that semi-arid and alpine soil genera carry
both a higher orphan cluster proportion and modestly
higher cluster density than temperate agricultural genera
is consistent with an ecological hypothesis that has
circulated informally in the field for some time but has
rarely been tested at this scale: that chemically and
physically stressful soil environments select for a richer
secondary metabolite repertoire, whether because
chemical defence and interspecies competition are more
intense under resource-limited or stressful conditions, or
simply because these environments have been so much
less thoroughly mined by prior discovery efforts that a
larger fraction of their biosynthetic potential remains
genuinely uncatalogued rather than biologically
distinctive [17,21]. Our dataset cannot fully distinguish
between these two explanations, since under-sampling
and genuine ecological novelty are not mutually
exclusive and likely both contribute, but the practical
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implication for discovery strategy is the same either way:
under-sampled environments are where the marginal
return on further isolation and sequencing effort is likely
to be highest.

The eleven-cluster shortlist is offered explicity as a
starting point for downstream experimental work rather
than a validated discovery, and we want to be clear
about the limits of what domain-architecture similarity to
a known bioactive class can and cannot tell us.
Substrate-specificity prediction from adenylation domain
sequence is a well-established but imperfect heuristic,
prone to both false positives, where the predicted
substrate pattern resembles a bioactive reference cluster
without the encoded compound actually being active,
and false negatives, where a genuinely novel and
bioactive compound uses a biosynthetic logic sufficiently
different from characterised examples that no meaningful
domain-level match is found at all [19,25]. Heterologous
expression, most practically in a well-characterised
Streptomyces host strain engineered for efficient large
gene cluster capture and expression, followed by
comparative  metabolomic  profiling against the
unexpressed control, remains the only way to move from
a computational shortlist to a characterised compound,
and that experimental validation is the natural next phase
of this programme of work rather than something this
phylogenomic survey attempts to substitute for.

Two methodological limitations are worth stating plainly.
First, our reliance on publicly deposited genomes with
associated environment metadata means the dataset,
despite  being considerably larger and more
taxonomically diverse than most individual
genome-mining papers, still reflects whatever biases
exist in which organisms get sequenced and deposited
with usable metadata in the first place, and genuinely
under-sampled environments almost by definition
contribute fewer genomes to public databases, likely
leading us to understate rather than overstate the scale
of biosynthetic novelty associated with those
environments. Second, gene cluster family networking
and orphan classification depend on the completeness
and currency of the MIBIG and NPAtlas reference
databases, both of which are actively growing, so some
clusters classified as orphan here will likely be
reclassified as product-linked as reference databases
expand, meaning the 84.4% orphan figure should be
read as a snapshot rather than a fixed property of the
actinomycete pangenome [14].

Beyond the specific shortlist presented here, we think the
broader methodological contribution of this survey is
demonstrating  that phylogenomically  resolved,
environment-stratified analysis at the scale of thousands
of genomes is now computationally tractable with freely
available tools, and that this scale of analysis reveals
structure in  biosynthetic novelty that smaller,
single-genus surveys cannot detect. As public genome
repositories continue to grow, particularly for historically
under-sampled soil environments as metagenomic and
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culturomic isolation efforts expand into them, we would
expect the resolution of this kind of analysis to improve
further, and periodically repeating a survey of this design,
rather than treating any single snapshot as definitive,
seems to us the most useful way to track where the
field's biosynthetic dark matter actually lies as both
sequencing coverage and reference-database
completeness continue to change.

A related point worth making explicitly is that orphan
status, as defined in this survey, is a statement about the
current state of reference databases and experimental
characterisation rather than a statement about a cluster's
biological silence in its native host. Some of the 3,300
orphan families identified here almost certainly encode
compounds already isolated and  structurally
characterised by natural-product chemists working
outside the genome-mining tradition but never formally
linked back to the responsible gene cluster, a linkage
gap that is itself a known and actively worked-on problem
in the field, and retrospective matching of legacy
natural-product literature to genome-derived orphan
clusters is likely to reclassify a meaningful share of these
families without any new fermentation work at all [14,25].

5. CONCLUSION

A phylogenomic survey of 1,842 soil actinomycete
genomes spanning 47 genera identified 3,912
non-ribosomal peptide synthetase and type | polyketide
synthase gene cluster families, of which 84.4% remain
without a confidently matched biosynthetic product. This
biosynthetic dark matter is not evenly distributed: genera
dominated by semi-arid and alpine soil isolates show a
significantly higher orphan cluster proportion and
modestly higher cluster density than genera dominated
by temperate agricultural soil isolates, a pattern that
survives controlling for genome assembly quality and
sampling depth. An eleven-cluster shortlist of orphan
gene clusters showing domain-architecture resemblance
to validated antitumour or antifungal pathway classes is
presented as a prioritised, though explicitly provisional,
starting point for heterologous expression and compound
isolation. Taken together, these results argue for
redirecting a meaningful share of future genome-mining
and isolation effort toward under-sampled soll
environments rather than continued resequencing of
already well-characterised genera such as Streptomyces
sensu stricto. We are now pursuing heterologous
expression of the three most strongly prioritised
shortlisted clusters in an engineered Streptomyces
coelicolor host strain, with comparative untargeted
metabolomics planned to identify any resulting novel
compounds, and we intend to repeat this phylogenomic
survey at intervals as public genome and
reference-database coverage of under-sampled soil
environments continues to expand, to track whether the
environment-associated novelty gradient reported here
persists, narrows, or is further refined as sampling
becomes more even across soil environment categories.
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