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ABSTRACT

The products of non-canonical isocyanide synthase
(ICS) biosynthetic gene clusters (BGCs) mediate
pathogenesis, microbial competition, and metal-
homeostasis through metal-associated chemistry.
We sought to enable research into this class of com-
pounds by characterizing the biosynthetic potential
and evolutionary history of these BGCs across the
Fungal Kingdom. We amalgamated a pipeline of tools
to predict BGCs based on shared promoter motifs
and located 3800 ICS BGCs in 3300 genomes, mak-
ing ICS BGCs the fifth largest class of specialized
metabolites compared to canonical classes found
by antiSMASH. ICS BGCs are not evenly distributed
across fungi, with evidence of gene-family expan-
sions in several Ascomycete families. We show that
the ICS dit1/2 gene cluster family (GCF), which was
prior only studied in yeast, is present in ~30% of
all Ascomycetes. The dit variety ICS exhibits greater
similarity to bacterial ICS than other fungal ICS, sug-
gesting a potential convergence of the ICS backbone
domain. The evolutionary origins of the dit GCF in
Ascomycota are ancient and these genes are diversi-
fying in some lineages. Our results create a roadmap
for future research into ICS BGCs. We developed a
website (https://isocyanides.fungi.wisc.edu/) that fa-
cilitates the exploration and downloading of all iden-
tified fungal ICS BGCs and GCFs.
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INTRODUCTION

Fungal specialized metabolites (SMs; also called secondary
metabolites or natural products) are essential sources of
antimicrobial (e.g. penicillin, griseofulvin) and therapeutic
(e.g. cyclosporine, mycophenolate) compounds (1-3). In
nature, SMs enable niche adaptation by conferring protec-
tion from abiotic and biotic stressors, as well as aiding in
nutrient acquisition and competitive interactions (4). The
bioactive properties of these molecules have propelled the
research community to identify strategies to find new fun-
gal SMs. Current genome-mining algorithms that predict
SM-producing biosynthetic gene clusters (BGCs) in fungal
genomes utilize the contiguous physical arrangement of
genes to enable BGC predictions (5-7). This approach has
successfully revealed millions of putative BGCs, many of
which remain uncharacterized (8,9). However, these algo-
rithms rely on prior knowledge of chemical-class defining
‘backbone’ synthases/synthetases (e.g. nonribosomal
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synthetases, polyketide synthases, terpene
synthases/cyclases), biasing results towards well-
characterized classes of BGCs. This approach cannot
find BGC architectures with uncharacterized backbone
genes (i.e. non-canonical). While there have been several
recent efforts to predict non-canonical BGC architectures
(10,11), the uncharacterized nature of non-canonical
BGCs has made them challenging to incorporate into
genome-mining software, obfuscating our broader under-
standing of their prevalence and function. Our inability
to mine ‘unknown’ BGCs (12) remains one of the greatest
challenges hindering the discovery of novel compounds
with bioactive properties (13).

Isocyanides (also called isonitriles) are a chemical class of
SM produced by bacteria and fungi (14). These compounds
are produced by non-canonical BGCs that are not detected
by current genome-mining software. They are characterized
by the presence of the highly reactive isocyanide functional
group (R=N*-C™), which is formed by the conversion of
the amino group on select amino acids (15). Isocyanide SMs
can participate in unique chemical reactions (16,17) and
possess potent antifungal, antibacterial, antitumor, and an-
tiprotozoal bioactivity (18-20). The isocyanide functional
group is renowned for its ability to chelate to metals (21,22),
and compounds with this group can preferentially bind to
specific transition metals and metalloproteins (16,19,23).

The first isocyanide backbone enzyme, isocyanide syn-
thase (ICS), was discovered by (24) while investigating the
metabolome of an unculturable soil bacterium. Since this
initial finding, a small number of ICSs have been shown to
serve as backbone synthases in bacterial and fungal BGCs
(23,25-27). The only three characterized fungal ICS BGCS
are: (i) xan (19), (ii) crm (16) and (iii) dit (28-30). While
the ditl (ICS) dit2 (p450) cluster produces dityrosine, a
core component in the cell wall of yeast ascospores that
has no known metal association (28-30), the xan and crm
BGC:s are both strongly up-regulated under copper starva-
tion (31). Despite the mounting evidence that ICS BGCs are
a rich source of bioactive microbial natural products, many
of which may have metal-associated properties (17,19,23),
their exclusion from existing genome mining software has
limited research on them relative to other canonical classes
of SMs. Lim et al. (2018) reported a diversification of ICS
proteins across both the fungal and bacterial kingdoms.
However, the chemical diversity of compounds that result
from these synthases depends on the extent to which ICSs
function as backbones in BGCs, as opposed to existing as
standalone genes (32), and has yet to be fully elucidated.

In the present study, we addressed the hypothesis that
ICS genes are core members in diverse fungal BGCs. We
present the first genome-mining pipeline, assembled from
preexisting tools to identify fungal ICS BGCs. We discov-
ered 3800 ICS BGCs in 3300 fungal genomes, making ICSs
the fifth-largest class of SM compared to canonical classes
found by antiSMASH (6). In exploring this dataset, we fo-
cused on two unanswered questions: (i) What is the preva-
lence of ICS BGCs across different taxonomic groups? And
(ii) what are the structural variations and commonalities
among ICS BGCs in fungi (e.g. size, protein domain con-
tent)? Finally, we conducted additional analysis to examine
the distinctive genomic and evolutionary signatures of the
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ditl /2 gene cluster family (GCF) that was previously only
described in yeast (referred to as the dit superfamily in this
study).

MATERIALS AND METHODS
Dataset and genomic-database annotation

All publicly available annotated fungal genomes were
downloaded from the NCBI database on 09/09/2021 using
the NCBI’s Dataset tool, version 11.32.1. We generated pro-
tein domain predictions using HMMER v3.1b2 (e-value <
= le-4) (33) with the Pfam database v34 (34). ICS proteins
were identified based on the presence of the ICS-specific do-
main PF05141.1 (named ‘DIT1_PvcA’ in the Pfam database
in reference to the dit cluster) (31). All canonical BGCs were
predicted using the default settings within the fungal ver-
sion of antiSMASH v5 (6). See ‘Step 1’ in the Reproducible
Script for details on the code and specific parameters. See
Supplemental Table S1 for information on the taxonomy
and metadata of each genome.

Locating putative ICS BGCs from regulatory-motif conser-
vation

Genes within a BGC often share cluster-specific promoter
motifs (i.e. genetic regulatory elements) that allow for the
co-regulation of a cluster by a single transcription factor
(35). To generate our BGC predictions, we examined the
genes surrounding ICSs for shared promoter motifs using
the eukaryotic BGC-detection algorithm, CASSIS vl (36).
All CASSIS predictions that contained one or more neigh-
boring genes next to the ICS gene were considered BGCs
and included in the subsequent analysis in accordance with
past definitions of BGCs (7). Scripts detailing the imple-
mentation of CASSIS can be found in ‘Step 2’ of the Re-
producible Script.

Guidance for interpreting promoter-motif based BGC predic-
tions

Resulting predictions from CASSIS assume co-regulation
of all genes within a BGC and that co-regulation is medi-
ated by a single, consistent regulatory motif (37). A ma-
jor strength of this approach is that differences in regula-
tion may be biologically relevant (e.g. divergence of regu-
latory motifs might suggest a change in or loss of a clus-
ter’s functionality). However, we cannot be certain that all
co-regulatory motifs across all genomes and/or genes are
called correctly. We urge caution when interpreting individ-
ual predictions (or lack thereof) in individual species of in-
terest. The focus of this study is to identify kingdom-wide
patterns in ICS BGCs. At this scale, BGCs can be grouped
into GCFs. This amalgamation offers additional data on
the gene content of specific clusters. We have implemented
strategies to harness patterns across GCF to strengthen our
inferences and offer fundamental insights into ICS GCFs
across the fungal kingdom.

Converting BGC predictions into standard file formats

Raw CASSIS predictions were run through a custom
Python pipeline that converted each prediction into a
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GenBank (gbk), FASTA (fna) and General Feature Format
(gff) file, enabling us to leverage existing BGC-processing
software such as BiG-SCAPE (38), and cblaster (39). The
raw gbk, fna, and gff files for all 3800 ICS BGCs can be
downloaded from the Supplementary Repository. Coding
regions (CDSes) encoding SM-related biosynthetic protein
domains (6) were flagged as ‘biosynthetic’ because BiG-
SCAPE places more emphasis on these proteins when de-
termining the relatedness of BGCs. The scripts used in this
step can be found in ‘Step 3’ of the Reproducible Script. Re-
fer to Supplemental Tables 2-4 for detailed summaries of
the number of ICS BGCs in each species/genome and the
protein domains present in each BGC.

Grouping the ICS BGCs into GCFs

BGCs that belong to the same GCF are thought to produce
identical or closely related natural products based on gene
content and protein identity thresholds. ICS BGC gbk files
were clustered into GCFs using BiG-SCAPE v1.0.1 (‘Step
4’ in Reproducible Script) (38). We created a modified ‘an-
chor file’ to ensure BiG-SCAPE treated each ICS gene as
a chemical-class defining synthase (i.e. a backbone gene).
Parameters for ICS GCF classification were tested using 13
different cutoffs ranging from 0.2 to 0.8 in increments of
0.05. Cutoff values above 0.45 were found to be too relaxed,
leading to the merging of major ICS GCFs that were sep-
arate at lower cutoffs. Conversely, cutoffs below 0.25 were
too strict, forming only small GCFs comprising BGCs from
closely related species. A value of 0.3 (which is also the de-
fault value) was confirmed as the optimal cutoff. A net-
work visualization of the BiG-SCAPE output was created
with Cytoscape v3.9.1 (40) and can be found in Supplemen-
tary Figure S1. For more information on the dereplication
pipeline run on the BiG-SCAPE output, refer to the Sup-
plementary Methods.

Identifying core genes in highly conserved ICS GCFs

CASSIS assumes that all the genes within a BGC
share a cluster-specific promoter motif (36,37). Although
promoter-based BGC mining is an effective method for
identifying fungal BGCs (6,37), this approach fails to lo-
cate BGCs with differentially regulated genes (41). There-
fore, we employed a second GCF-verification approach to
identify genes that were common across a GCF but may
not have conserved regulatory motifs. Briefly, we searched
for co-localized orthologous genes in each GCF to iden-
tify genes conserved across evolutionary time using the pro-
gram cblaster (v1.3.15) (39). The set of highly conserved
genes within a GCF is referred to as a GCF’s biosyn-
thetic core and represents the subset of genes essential for
the biosynthesis of a given SM pathway (25,42). Accessory
genes, which are defined by their variability within GCFs,
are thought to modify the SM produced by the biosyn-
thetic core (4). Therefore, GCFs with the same core genes
often produce related families of SMs (38). Several GCFs
were identified as sharing a common biosynthetic core with
other GCFs suggesting that these GCFs were not entirely
resolved (9). In these instances, we collapsed GCFs with
identical cores into a composite GCF that we call a ‘super-
family’ and refer to original GCFs as ‘Clans’ to clarify their

distinct accessory gene complements. It was not feasible to
perform manual steps of this analysis on all BGC predic-
tions, so we focused on clusters present in the 31 ICS GCFs
that contained at least five distinct species (core regions are
also more easily identified among species). A detailed ex-
planation of this methodology can be found in the Supple-
mental Methods. In this study we use cblaster predictions
to identify core and accessory genes within our predictions
from CASSIS (Supplementary Table S11). However, a small
subset of clusters that were predicted only with cblaster are
included in Supplementary Table S14 to facilitate future re-
search.

Estimating the extent of linkage disequilibrium in GCFs

We validated GCFs by confirming that the co-occurrence
of genes found in BGCs within a GCF (i.e. linkage dise-
quilibrium) could not be explained by random chance (i.e.
genetic drift) (10). Whole-genome levels of linkage disequi-
librium (LD) for species represented in a GCF were calcu-
lated around BUSCOs (e.g. ‘Benchmarking Single Copy Or-
thologs’) (v3.0.3) (43) present across all species (n = 287).
Around each BUSCO, we identified orthologous genes us-
ing Orthofinder v2.5.2 (default settings) (43) and calculated
the percent conservation of orthologous genes across all
species in a GCF as a proxy for LD. An identical process
was used to estimate LD at ICS loci. The distribution of LD
estimates around each BUSCO served as a null distribution
to determine the significance of LD acting on ICS loci. The
significance of LD was calculated using a percentile rank for
each GCF (SciPy v1.5.2) (44). Visualizations of the genes
detected under significant LD can be found in Supplemen-
tary Figure S11. Plots showing estimations of LD across
each GCF can be found in Supplementary Figure S13. Ad-
ditionally, the co-occurrence rate of the four most common
protein domains in ICS gene clusters was compared to a
null distribution using a binomial expression to determine
if such domains were preferentially occurring next to ICS
backbone genes (refer to the Supplemental Methods for
details).

Phylogenetic inference by maximum likelihood (ML)

All maximum likelihood gene and protein trees were made
using the following pipeline. First, sequences were aligned
using MAFFT v7.475 with the ‘-auto’ parameter (45). Next,
the alignments were trimmed using trimAl v1.2 with ei-
ther the ‘-gappyout’ or ‘-gt’ parameters (46). Lastly, we
made phylogenomic trees from the trimmed alignments us-
ing IQTree v2.0.3 (47) and ran 1000 ultrafast bootstrap
replicates (48). The optimal model of sequence evolution
was selected using ModelFinder (49). All tree visualizations
were constructed using either iTOL v5 (50) ggtree v3.1.1
(51) or ETE 3 v3.1.2 (52). All trees created for this publica-
tion can be found in the Supplementary Repository, along
with the specific parameters used in their construction.

Reconstruction of the fungal kingdom’s species tree

We chose a coalescent-based approach to construct
a kingdom-level species tree because of this method’s
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computational scalability (53), compatibility with incom-
plete lineage sorting (54) and ability to handle missing data
(55). We identified a set of 287 BUSCOs that were conserved
across all 3300 genomes (lincage database: ‘fungi_odb9’)
(43). Unrooted maximum likelihood trees were generated
for each BUSCO as defined above and used as the input for
ASTRAL v5.7.8 (56). A species map file was generated and
passed into ASTRAL using the ’-a’ parameter to force iso-
lates within the same species to be monophyletic. We veri-
fied that our reconstructed tree closely aligns with Liet al.’s
(2021) established fungal tree of life. The tree was rooted at
Rozella allomycis, the only publicly available genome from
the earliest diverging lineage of the Fungal Kingdom, Cryp-
tomycota (57,58). BUSCO gene trees and the final species
tree are available for download from the publication’s Sup-
plemental Repository.

Constructing a phylogeny of ICS backbone enzyme sequences

The phylogenetic relationships between GCFs were inferred
from ICS backbone protein sequences using two datasets:
(1) the ICS-domain sequence alone and (ii) the entire pro-
tein sequence. Because both alignments produced topolog-
ically identical phylogenies, only the complete ICS protein
alignment is presented in subsequent analyses.

Creating the phylogeny of p450 proteins to gain insight into
the relatedness of dit2 orthologs

We investigated evolutionary relationships between Dit2
and other fungal p450 proteins to identify additional Dit2
orthologs. Constructing a phylogeny from every species’
set of p450 proteins was computationally prohibitive, as a
single Ascomycete genome can contain hundreds of p450
genes. A subset of ten species was selected to represent the
total diversity of the dit cluster. The species included: A4s-
pergillus clavatus, Candida tropicalis, Scheffersomyces stipi-
tis, Saccharomyces cerevisiae, Monosporascus cannonbal-
lus, Kluyveromyces lactis, Rhizodiscina lignyota, Ophiobo-
lus disseminans, Zygotorulaspora mrakii and Macrophom-
ina phaseolina. Candidate p450s were identified in these
genomes based on the presence of p450 protein domains.
The resulting dataset of 845 p450 protein sequences was
constructed into a maximum likelihood phylogeny as de-
fined above.

Topological comparison of the ditl/2 phylogeny and the re-
constructed species tree

Tests of phylogenetic incongruence were used as they are
considered the most reliable way to infer historical events
from genomic and proteomic sequences (59,60). Before cre-
ating a concatenated phylogeny from the Ditl (ICS) and
Dit2 (p450) protein sequences, we verified that phylogenies
inferred from these proteins had similar topologies, suggest-
ing that they had co-evolved. The individual protein trees
were topologically aligned using the R packages ape v5.6—
2 (61), phangorn v2.8.1 (62), and TreeDist v2.4.1 (63). The
optimal model of sequence evolution was estimated inde-
pendently for both genes using ModelFinder and found to
be LG + I + G4 in both cases (49). After verifying the co-
evolution of the Ditl and Dit2 proteins, we concatenated
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these sequences using FASconCAT-G v.1.05.1 (64) and re-
peated the process, performing a topological comparison
between the concatenated Ditl/2 tree and the species tree
to determine if this GCF’s evolutionary history could be ex-
plained by vertical transmission.

RESULTS AND DISCUSSION

ICS BGCs are not evenly distributed across the kingdom
fungi

Our ICS BGC-detection pipeline (see Methods) identified
4341 ICS genes within 3300 genomes representing 1329
unique species (Figure 1, Supplementary Table S1). Cluster-
specific promoter motifs were found in genes surrounding
3800 (87.5%) of the 4341 ICS genes. After selecting a single
representative for each species, the ratio of ICS proteins in
BGCs remained very similar, with 1190 BGCs found around
1394 detected ICS proteins (85.4%). This data suggests that
most ICSs function as backbone enzymes in fungal BGCs
(Supplementary Tables S2-S4).

The genomes of species within the Ascomycete classes
Sordariomycetes, Dothideomycetes, and Eurotiomycetes
contained the most ICS BGCs (Fisher’s exact test:
p = 1.997%2; Supplementary Figure S2; Supplementary
Methods). However, the genomes of some individual
species outside of these groups were also found to con-
tain several ICS clusters; for example, the genome of the
saprobic Basidiomycete species Tetrapyrgos nigripes con-
tained 6 ICS BGCs and the coral mushroom Clavulina
sp.’s genome contained five ICS BGCs (Figure 2; Supple-
mentary Table S2). A preliminary examination of the ex-
pansion of ICS BGCs across the phylogeny of Ascomy-
cota identified 17 branches where sister lineages showed
significant differences in the number of clusters (Supple-
mentary Figure S3; Supplementary Methods), suggesting
a gene-family expansion and/or contraction in these lin-
eages. For example, genomes in one lineage of the genus Col-
letotrichum contained an average of four ICS BGCs, while
its sister lineage had an average of one ICS BGC. Plant
pathogenic taxa, such as Penicillium, Bipolaris (Cochliobo-
lus), Colletotrichum, and Fusarium (65,66), were found to
harbor the greatest number of ICS BGCs. However, the
overrepresentation of plant pathogenic genomes relative to
fungi of other ecologies could skew this inference. Better an-
notation of fungal ecology is needed on a kingdom level to
clarify the importance of this trend. Future research should
focus on determining the ecological drivers of ICS gene
cluster expansions and contractions in these lineages.

ICS BGCs accounted for 3% of the Fungal Kingdom’s
predictable biosynthetic potential (i.e. not including cryp-
tic clusters or undescribed chemistries), with an additional
84 657 canonical BGCs identified by antiSMASH (Ta-
ble 1; Supplementary Figure S4) (6). Proportionally, this
makes ICSs the fifth-largest class of predictable fungal
BGCs. While siderophores are the most prominent group
of SMs that facilitate microbial interactions with met-
als (67,68), we discovered three times more ICS BGCs
than siderophore BGCs (Table 1). Much like the metal-
regulation of siderophore synthesis (69), both characterized
isocyanide natural products in Aspergillus fumigatus were
recently shown to be tightly regulated by external copper
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Figure 1. Full isocyanide synthase (ICS) biosynthetic gene cluster (BGC)
genome-mining pipeline. First, clusters of co-regulated genes around ICSs
are predicted. These BGCs are then grouped into gene cluster families
(GCFs) based on sequence similarity and shared protein domains. To iden-
tify the core genes in GCFs, we searched for co-localized orthologous genes
across every genome in the dataset. Finally, a subset of the GCFs were val-
idated by confirming that the co-occurrence of genes found in the GCFs
(i.e. conservation of genes across BGCs in a given GCF) exhibited signif-
icant linkage disequilibrium (LD) relative to whole-genome levels of LD
(i.e. conservation of orthologous genes around BUSCOs).
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concentrations. The isocyanide, xanthocillin, synthesized
from the xan BGC not only provides chalkophore-like prop-
erties for A. fumigatus but also inhibits growth of bacteria
and other fungi by withholding copper from these microbes
(19). Similar metal-associations have been found with bac-
teria isocyanides (2,23). A bacterial isocyanide, rhabduscin,

decorates the cell surface of some gram-negative bacteria
and enables infection of insects by inhibiting the activity of
central immune system copper-dependent metalloenzymes
(17). The prevalence of fungal ICS BGCs, along with evi-
dence of their metal associations, raises questions about the
potential importance of this class of SM in mediating metal-
associated fungal ecology and pathogenicity, emphasizing a
new opportunity to expand our understanding of how fungi
interact with and utilize metals.

‘While most taxonomic families contained 0-2 ICS BGCs,
the right tail of the ICS BGC distribution among taxa
comprised 12 families with 4-7 ICS gene clusters (Sup-
plementary Figure S5a, b). In this group, ICSs accounted
for 7-15% of the species’ total SM BGCs (Supplemen-
tary Table S5). Overall, the number of ICS BGCs within
a genome had a strong positive correlation with the num-
ber of BGCs (canonical & ICS, Pearson’s coefficient: 0.39;
P =2.09 x 10~7°). Part of this association may reflect that
larger genomes (as defined by gene counts) have more BGCs
(Pearson’s coefficient: 0.30; P = 1.86 x 1072%) (Figure 3A).
We also investigated the impact of genome sequence quality
on the number of BGCs and observed a strong positive cor-
relation (Supplementary Figure S5c; Pearson’s coefficient:
0.22; P = 1.14 x 10~'%). While several studies have posited
ecological drivers for the number of clusters in genomes
(10,70), they have not counted for genome size. Our find-
ing suggests that the number of BGCs in a genome may, to
some degree, correlate with size of the genome or genomic
sequence.

The structural diversity of ICS proteins and ICS BGCs

AILICS enzymes in our dataset matched one of three protein
domain variations summarized by Lim et al. (2018) (Figure
4B): monodomain ICSs (29), two domain ICS-dioxygenases
(ICS-TauD) (19), and the multidomain ICS-nonribosomal
peptide synthase-like (ICS-NRPS-like) variants (16) (refer
to Lim et al. (2018) for diagrams detailing each backbone
variant). The relative abundance of each backbone-gene
variant across species (with only a single genome represent-
ing each species) was approximately equal. ICS-TauD, ICS-
NRPS-like and ICS monodomain accounted for 36.2%,
32.8%, and 31% of the total ICS proteins, respectively. Out-
side of the backbones, 55.5% of clustered genes encoded
protein domains associated with SM biosynthesis, trans-
portation, or regulation, 22.7% encoded protein domains
not typically associated with SM biosynthesis (e.g sugar
transporters, membrane proteins, RNA-related enzymes),
and 21.8% lacked a predictable domain altogether.

ICS BGC:s are significantly smaller than all other classes
of SM BGC:s except for siderophores (refer to Supplemen-
tary Methods; Supplementary Table S6). ICS BGCs have
a mean length of 20 589 bp and contain an average of
8.42 genes per cluster (Figure 3B; Supplementary Figure
S6). The small size of ICS BGCs may suggest that re-
sulting compounds are subject to less chemical modifica-
tion by tailoring enzymes than compounds resulting from
other classes of BGC, although we cannot rule out that
differences in BGC size between SM classes could result
from biases in BGC-border prediction defined by genome-
mining algorithms. The observation that ICS BGCs tend
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Figure 2. Distribution of isocyanide synthases (ICSs) and associated clusters biosynthetic gene clusters (BGCs) across the fungal kingdom. The species tree
was estimated using a multi-species coalescent model, and is rooted at the early-divergent subphylum, Cryptomycota. Tips are colored based on phylum,
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(dark blue), and number of ICS BGCs (light blue). Fully dark blue bars denote that all ICS genes act as backbones in ICS BGCs, while fully light blue
bars indicate that none of the predicted ICS genes were found in co-regulated gene clusters.

to be small is consistent with what has been found in char-
acterized fungal ICS BGCs, with dityrosine production in
S. cerevisiae requiring only two genes (29) and the xan
BGC in A. fumigatus containing only five genes (19). How-
ever, small BGCs can generate outsized chemical diver-
sity through trans-BGC interactions. We speculate that the
highly reactive isocyanide backbone may be more likely
to have such interactions. Indeed, the ICS product of the
crm BGC can react with an ergot alkaloid precursor pro-

duced by another BGC, resulting in a novel class of alka-
loids known as the fumivalines (16). Such reactions could
dramatically increase the chemical diversity generated by
ICS BGCs despite the relatively small size of these clusters.
The nucleophilic, electrophilic, and metal-ligand properties
of isocyanides (18) that have made them widely utilized in
synthetic (71,72) and medicinal chemistry (22,73), suggests
exciting prospects for exploring their potential biological
activities.
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Table 1. The proportion of each biosynthetic gene cluster (BGC) class
across all fungal genomes. Isocyanide synthase (ICS) BGCs are bolded.
Multiple isolates within the same species were filtered to avoid overrep-
resentation bias of estimates stemming from differences in the number of
genomes available for a given species

BGC classes Percent
Nonribosomal peptide synthase (NRPS) 34.60%
Type | polyketide synthase (T1PKS) 22.70%
Terpene 22.40%
NRPS, TIPKS 6.40%
Isocyanide synthase (ICS) 3.00%
Indole 2.80%
Type 3 polyketide synthase (T3PKS) 1.40%
Betalactone 1.10%
Siderophore?® 0.90%
Fungal ribosomally synthesized, post-translationally 0.40%
modified peptide (fungal-RiPP)

®Other 4.30%

4 The siderophore BGC class is composed of both NRPS and PKS
siderophore pathways (per antiSMASH classifications).
b The ‘Other’ row includes all fungal BGC classes present at <0.4%.

ICS biosynthetic diversity across taxonomic ranks

We dereplicated ICS BGCs into GCFs (Supplementary Fig-
ure S1) (8-10) to clarify the biosynthetic potential that these
clusters represent. Of the 3800 ICS BGCs, 92.4% could be
categorized into GCFs (Supplementary Table S7), while the
remaining clusters were found only in a single genome. Of
the 200 GCFs we identified, 47.3% (n = 90) were detected
in multiple species, while 52.7% (n = 110) were found only
within isolates of the same species (Supplementary Figure
S7; Supplementary Table S8). In rare instances, we observed
multiple copies of the same GCF in individual genomes
(Supplementary Table S9). While on average the ICS GCFs
were highly conserved within species (98.6%), we located
1963 instances where intraspecies isolates shared less than
50% of the same ICS GCFs. While intraspecific differences
in SMs have historically been treated as random variation,
recent work has shown that such differences can help to
explain niche adaptation and macroevolutionary processes
(74). More work is needed to clarify if intraspecific vari-
ations in ICS BGCs are associated with specific lineages
within species. The vast majority of GCFs found across
multiple species were unique to a single genus (70%). Al-
though a small portion of the GCFs we identified (n =22 or
11.5%) was found in two or more taxonomic families, these
GCFs were highly conserved across the Fungal Kingdom
and accounted for a disproportionate 40.7% (1547/3800) of
all ICS BGC predictions.

The distribution and evolution of ICS GCFs in fungi

Understanding the evolutionary history of fungal GCFs
presents a challenge because different GCFs frequently lack
a shared set of orthologous genes (75,76). However, by def-
inition, backbone genes (and or enzymes) are conserved
across GCFs of a given biosynthetic class and can thus
be used to infer the evolution of these clusters (77). We
investigated the phylogenetic relationships of ICS back-
bone proteins from a subset of 10 ICS GCFs (see Mate-
rials and Methods), with the goal of determining whether

the gene combinations that define BGCs within a GCF
shared a single origin or whether they evolved convergently.
Most GCFs could be mapped to monophyletic clades of
backbone enzymes, indicating that these GCFs had a sin-
gle common ancestor (Figure 4B). The ICS enzymes from
GCFs 9 and xan were nested within GCFs 6 and 7, respec-
tively. This suggests the ICS proteins in GCFs 9 and xan
may have evolved from ICS within GCFs 6 and 7, respec-
tively, sometime after the latter GCFs had already evolved.
However, these BGCs do not share any genes beyond their
ICSs. This pattern could be explained by the translocation
of an ICS backbone gene from a parent GCF into a new
genomic context. However, despite strong bootstrap sup-
port for the topology of these branches (Supplementary
Figure S8), we cannot rule out that these relationships are
not fully resolved in our phylogeny, as single-protein trees
offer relatively little phylogenetic resolution. The two ICS
backbone enzymes found within GCF 1 formed two dis-
tinct clades stemming from a single common ancestor (Fig-
ure 4B). A small clade of ICSs intercedes the two aforemen-
tioned clades in the full ICS phylogeny (see full ICS phy-
logeny in Supplementary Repository), however, none of the
species represented in this clade have GCF 1. This observa-
tion suggests that the two enzymes in GCF 1 arose from an
ancestral duplication event, which has been conserved over
evolutionary time.

The three ICS protein-domain variations (see structural
diversity section above) did not form monophyletic group-
ings, raising questions about the possibility of multiple
emergences of the two variants with discontinuous distri-
butions: the ICS-TauD and monodomain ICS variations
(outer ring on Figure 4B). A parsimonious explanation is
that an ICS-TauD ICS was the common ancestor of the
ICSs found in GCFs 6, 7, and 9 and that multiple loss-of-
function mutations led to the evolution of the monodomain
ICS found in GCFs 1, 4, 5, and 8. However, we cannot rule
out the possibility that the ICS-TauD could have indepen-
dently emerged once in the ancestor of GCF 7 & xan and
again in the ancestor of GCFs 6 & 9. It is also possible that
the observed discontinuous patterns of ICS domain varia-
tions result from hemiplasy caused by incomplete lineage
sorting, rather than gene loss or independent emergences
(78). The crm GCF is the only example of an ICS-NRPS-
like backbone gene (16). However, the GCF with an ICS
that is the closest relative of crm (GCF 8) contained a mon-
odomain ICS backbone that is co-localized with an NRPS
gene identical to the NRPS-like region in crm ICS-NRPS-
like backbones (Supplementary Figure S11). A parsimo-
nious interpretation is that a mono domain ICS fused with
a nearby NRPS in some lineages, but that these genes re-
mained separate in an ancestral Fusarium species.

We observed three main patterns of distribution among
GCFs. GCFs 5, 8 and 9 had narrow distributions and
were primarily present in 1-2 closely related genera (Figure
4C). Similar distributional patterns of canonical GCFs are
thought to reflect the conserved functionality of a GCF that
may help define the ecological niche of closely related taxa
(1,79-81). GCFs xan, 1, 4 and 7 had discontinuous distribu-
tions (Figure 4C) but were more broadly spread across tax-
onomic groups. Three GCFs—dit, crm, and 6—were widely
distributed across Ascomycota (Figure 4C). While these
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marked on the plot.

latter GCFs are not found in every lineage (Supplemen-
tary Figure S9), similar distributional patterns of the pseu-
rotin gene cluster have recently been explained with ver-
tical transmission — a pattern that emphasizes the poten-
tial importance of incomplete lineage sorting and gene loss
even in SMs that often have strong ecological phenotypes
(82). The latter three GCFs are widespread and account
for 27.5% of all fungal ICS BGC:s. For example, ICS BGCs
from GCF 6 were present in the genomes of Eurotiomycete,
Sordariomycete, Leotiomycete, Dothideomycete, and a sin-
gle Basidiomycete species. Previous studies have suggested
that BGCs involved in essential biological functions, such as
growth and development, tend to be highly conserved and
broadly distributed (76,83). The distributional patterns we
identify offer insights into the niche overlap of these lineages
and raise questions about evolutionary forces maintaining
these genes in specific lineages.

Protein domains found within ICS GCFs

Canonical BGCs contain a core synthase and/or syn-
thetase, as well as tailoring enzyme genes (4), and fre-
quently include genes for transporters, protective enzymes,
and transcription factors (70,81). Available evidence sug-
gests that ICS BGCs share many of the same genomic sig-
natures, as all characterized bacterial and fungal ICS BGCs
contain both a backbone synthase and tailoring enzymes
(19,23,27,28). However, the importance of specific protein
domains in the function of ICS BGCs remains poorly un-
derstood. To identify protein domains associated with the

evolution of ICS BGCs, we analyzed protein domains of all
3800 ICS BGCs and within a subset of 10 ICS GCFs (see
Materials and Methods; Figure 4).

Major facilitator superfamily (MFS) genes, which are
typically associated with substrate transport (84), were the
most common type of gene (after ICS backbones) in ICS
BGCs, with approximately 60% of all ICS BGCs containing
at least one MFS (Supplementary Table S10). The follow-
ing three most common genes encoded cytochrome p450s
(34.6%), zinc finger transcription factors (21.3%), and iso-
cyanide hydratases (21.1%), the latter hypothesized to pro-
vide self-protection from isocyanide moieties (85). We fur-
ther confirmed that these four domains are more frequently
collocated with ICS backbone genes than can be explained
by random chance (binomial distribution: P < 0.01 x 107?)
by comparing the observed cooccurrence of domains in a
genomic window to a null distribution calculated with a bi-
nomial distribution (refer to Supplementary Methods). For
a complete list of the most common protein domains found
in all the ICS BGCs, refer to Supplementary Table S10.

We then looked at the biosynthetic core of 10 sam-
pled GCFs. A GCF’s biosynthetic core is highly conserved
and typically represents the minimum set of genes es-
sential to produce a given SM pathway (25,42). There-
fore, we hypothesized that the ICS GCF biosynthetic cores
would contain a higher proportion of genes associated with
SM biosynthesis, transportation, or regulation than all the
genes present within the ICS BGCs. Among the 57 core
genes analysed, 48 (84.2%) were found to encode protein
domains associated with SM production (Supplementary
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Figure S10b; Supplementary Table S11). This is nearly 30%
higher than the prevalence of these domains across all genes
(including accessory) found in ICS BGCs (Supplementary
Figure S10a).

The most abundant protein domains found in GCF
core genes were also the most common overall domains
in ICS BGCs (encoding MFSs, p450s and isocyanide
hydratases), emphasizing their importance to isocyanide
metabolic pathways. The functionality of other core genes
was specific to individual GCFs. These genes encoded
alpha/beta-hydrolases, alcohol acetyltransferases, oxidore-
ductases, efflux pumps, lycopene cyclases, multicopper ox-
idases, and terpene cyclases, among others, as shown in
Figure 4A, Supplementary Figure S11, and Supplementary
Figure S12. Overall, many of the commonly co-opted genes
are similar to those found in canonical fungal BGCs.

Lastly, we checked for the presence of ICS BGCs that
also contain a canonical synthetase and or synthase. BGCs
containing two or more synthetases/synthases are not un-
common in the fungal kingdom (86) and can contribute
to the chemical complexity of SMs (87). We focused our
search on ICS BGCs containing NRPS, PKS, or terpene
domain proteins (Table 1; Supplementary Methods). We
found 12.8% (n = 685) of all ICS BGCs had genes encod-
ing various NRPS domains. Most of these cases were ex-
plained by ICS-NRPS-like variants within GCF c¢rm that
commonly contain an ICS domain, an AMP binding do-
main, a phosphopantetheine (PP) loading domain, and a
transferase domain (16). A total of 95 ISC BGCs contained
genes encoding both NRPS-like proteins and terpene syn-
thases; the majority (89.5%) of these cases were found in
the Fusarium-specific GCF 8 (Supplementary Table S12).
A small number of BGCs (n = 12) also contained a pu-
tative PKS within the ICS BGC, primarily in the genomes
of select Dothideomycetes and Sordariomycetes species. Al-
though multiple backbone genes have been shown to inter-
act to form a single SM (88), in other cases, BGCs with mul-
tiple backbone genes have been shown to encode distinct
products (89). Whether or not these genes encode activities
that contribute to ICS chemistry is yet to be determined.

Selection maintains ICS GCFs

We validated BGC predictions using the principles of link-
age disequilibrium (LD) to test the hypothesis that the co-
localization of genes in BGCs is most likely explained by
selection, not genetic drift (see Methods) (10). Between
species, LD can be impacted by recombination rates, genetic
drift, sampling, and selection. However, we aimed to isolate
the impact of selection by comparing LD estimates within
BGC:s to estimates made across the full genome (we assume
that drift and recombination impact the whole genome).
This approach found significant LD maintaining the struc-
ture of three known ICS GCFs: dit, crm and xan. Based
on these results, we focused our search on a small subset
of 15 out of the 200 GCFs (refer to Materials and Meth-
ods section on estimating LD). This subset was necessary
to capture the most taxonomically widespread ICS GCFs
because high LD found within species and between closely
related species offers little resolution to identify genes under
selection. Two of the GCFs exhibited strong LD (p < 0.07)
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and 12 GCFs had significant LD (p < 0.05) (Supple-
mentary Figure S13). A single GCF primarily present in
Colletotrichum species (GCF 26 in Supplementary Figure
S13n) exhibited no significant LD patterns (P = 0.15). In
this GCF, approximately 75% of BGC predictions included
a core set of 7-10 SM-related genes (e.g. transcription fac-
tors, tailoring enzymes, transporters), while the remaining
25% contained only 1-3 genes. Upon manual inspection, we
identified that the smaller BGC predictions were colocal-
ized with orthologs found in the larger predictions. How-
ever, these genes did not share the same promoter motif
as was found around the ICS backbone gene. These results
suggest that either new genes have been recruited to the clus-
ter in some lineages or, conversely, these genes are no longer
coregulated with the ICS. Different regulatory patterns be-
tween species, like those we inferred here, have previously
been associated with ICS gene clusters. The cluster-specific
transcription that is part of and regulates the ICS xan clus-
ter in A. fumigatus instead regulates the citrinin gene cluster
in Penicillium expansum where the xan promoter motif has
been lost (41).

The 14 validated GCFs account for nearly 50% of all
fungal ICS BGCs (1865/3800). While we cannot entirely
rule out other factors that influence LD, the significant
co-occurrence of the same orthologous genes in these ICS
GCFs relative to whole-genome levels of LD strongly sug-
gests that selection is maintaining the structure of ICS
GCFs. Similar evidence has also been used to infer the se-
lection of BGCs by Gluck-Thaler ez al (2020). The physi-
cal clustering of genes into BGCs is often attributed to the
stepwise process of SM biosynthesis. The backbone gene
synthesizes a core chemical moiety that is then adorned by
tailoring enzymes. Pathway intermediates may be passaged
through cellular organelles (e.g. peroxisomes) by trans-
porters and the final SM product may then be exported
from the fungus through additional transporters. The loss
of any gene in this process can disrupt SM synthesis, even
leading to toxic impacts on the producing fungus (90).
While we were unable to validate LD acting on GCFs with
narrow taxonomic distributions or differentially evolved
regulatory patterns, these results validate our approach to
identifying ICS gene clusters and emphasize that these clus-
ters are maintained by strong natural selection.

The dit superfamily is widely distributed across ascomycota

The dit cluster (29) is the archetypal ICS cluster for which
the associated protein domain is named and defined in
protein-domain-finding algorithms used here (31,34). In
yeast, this cluster is made up of two genes, ditl (an ICS) and
dit2 (a p450), that together synthesize dityrosine. Dityrosine
is a structural component required for the normal forma-
tion of ascospore cell walls in S. cerevisiae. This compound
has only been reported in the yeasts S. cerevisiae (29) and
Candida albicans (91). While a recent study raised questions
if this cluster encodes a true ICS (92), most other papers rec-
ognize this cluster as an ICS, and all proposed biosynthetic
models and supporting experimental evidence suggest that
Ditl synthesizes an isocyanide intermediate (formyl tyro-
sine) from L-tyrosine, and thus conforms to our definition
of an ICS (15,93).
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Although ditl encodes an ICS, this backbone synthase
is deeply diverged from all other ICS enzymes (31). In-
deed, we confirmed Lim et al. (2018)’s finding that the dit
ICS is more closely related to bacterial ICSs than to other
fungal ICSs (Supplementary Figure S14). This divide is
particularly clear when plotting this phylogeny as an un-
rooted tree, where two distinct clades are evident (Figure
5B). Similar deep phylogenetic divides have been used to in-
fer convergent evolution (94). Although additional research
is needed, we speculate that the dit-variety fungal ICSs and
bacterial ICSs are descendants of a common ancestor, while
other fungal ICS enzymes have originated through conver-
gent evolution from a convergently evolved ancestor. Simi-
lar patterns of convergence in SM backbone proteins have
been documented within plant and microbial terpene syn-
thases (94,95). To explain the distribution of dit/ in both
fungi and bacteria, we suggest that either an ancient hor-
izontal transfer event occurred or that this cluster is truly
ancient and was present in a common ancestor of these
two kingdoms. Investigations of bacterial ICS are needed
to clarify the ancient evolutionary history of these genes.
It is important to note that incomplete lineage sorting or
differential selective pressures may have impacted our abil-
ity to accurately reconstruct the evolutionary history of ICS
enzymes, and thus, the possibility of alternative evolution-
ary scenarios cannot be entirely ruled out. To shed light on
the complicated evolutionary history involving bacteria, a
prokaryotic ICS BGC-mining pipeline that does not rely on
eukaryotic promoter motifs must be developed.

Three primary subclades were identified within the larger
dit clade of ICS enzymes, all of which were deeply diverged
from the ICSs of other GCFs (Figure 5B). The subclades
within the dit phylogeny largely correspond to three major
variations in BGC gene content (denoted as Clans 1-3). The
conservation of genes flanking the dit//2 genes could re-
sult from genetic hitchhiking, potentially impacting the al-
lele frequencies of neighboring neutral genes (96). However,
as flanking genes frequently shared cluster-specific promot-
ers with the ditl/2, it raises questions about their poten-
tial functionality as a coregulated unit. The variation in
genomic structure may reflect the divergent evolution of
unique functions within specific taxa. Together, the three
dit Clans constitute what we refer to as the dit superfam-
ily (as referred to in Figures 4 and 5). Clan 1 was found
primarily in Saccharomycete species, whereas Clan 2 was
distributed more broadly across Eurotiomycete and Sor-
dariomycete species, and Clan 3 was predominantly local-
ized in the Dothideomycetes (Figure 5D). These findings
shift our understanding of this cluster as it was previously
studied in only yeast-like organisms (28,91,92). All three
Clans are defined by the presence of both an ICS and a
p450 whose genes are in the same orientation as the Saccha-
romycetes dit! (ICS) and dit2 (p450) (Figure SA). Therefore,
we sought to verify that the p450 genes were true dit2 or-
thologs as opposed to being independently co-opted p450
proteins (i.e. convergent evolution). Phylogenetic analysis
of the putative Dit2 p450s, together with the many other
p450s found throughout relevant genomes (including those
found in other ICS BGCs), revealed a monophyletic clade
of Dit2 sequences distinct from other fungal p450s (Figure
5C). A topological comparison between the Ditl and Dit2

phylogenies revealed that the two genes closely matched, in-
dicating that the genes have been co-evolving (Supplemen-
tary Figure S15). This data suggests that all three dit cluster
Clans originated from the same ancestral dit/ /2 cluster. Ad-
ditionally, the ubiquitous presence of ditl and dit2 as core
genes across all dit cluster Clans and taxa provides com-
pelling evidence of their indispensable role in the biosynthe-
sis of dit cluster metabolites, regardless of the specific com-
pound(s) produced (i.e. divergent metabolites or conserved
dityrosine production).

In total, 17.1% of Ascomycete species in our dataset con-
tained a locus with co-localized dit//2 homologs. An ad-
ditional 11.2% of Ascomycetes have a fragmented varia-
tion where the ditl gene is present in a different genomic
locus than dit2 (Supplementary Table S13). It is uncertain
whether the observed fragmentation is entirely due to bio-
logical factors or partly due to fragmented genome assem-
blies. Given the ambiguity surrounding the functionality
and divergence of the fragmented dit variants, all analyses in
this study referencing the dit superfamily focused on species
that exhibit co-localized loci with ditl /2.

The dit superfamily phylogeny is largely congruent with the
fungal species tree

The dit superfamily is the most widely distributed ICS
GCF within fungi. We sought to determine the contri-
bution of horizontal and vertical transmission in gener-
ating its wide-ranging distribution. Phylogenetic relation-
ships inferred from Dit proteins (rooted at most recent com-
mon ancestor of Saccharomycetes) closely matched those
in the species tree among most Saccharomycete, Sordari-
omycete, Eurotiomycete, and Dothideomycete species (Fig-
ure SD); this pattern is consistent with vertical transmission
and lineage-specific loss. This result provides compelling
evidence that the dit cluster’s origins in Ascomycota are
ancient.

Our analysis identified a specific region on the Dit tree
that exhibited phylogenetic incompatibility with the species
tree (Figure 5D). This clade comprises species from major
Pezizomycotina lineages, including Sordariomycetes, Euro-
tiomycetes, Dothideomycetes, and the entire order Onyge-
nales. Several of these incompatibilities resulted from a du-
plicate copy of the dit cluster, where one of the copies in a
genome was congruent and the other was not. While some
of the differences between trees are deep in the Ditl /2 phy-
logeny, the difference in Onygenales (where there were no
duplications observed), are relatively shallow. In addition
to incompatibilities, the branch lengths within this region
were very long, suggesting rapid divergence of the Ditl/2
proteins in this group. The elongation of branch lengths in
this region is primarily driven by the divergence of the Ditl
backbone ICS (Supplementary Figure S15). While we can-
not fully rule out the possibility that the short sequences
here do not provide full phylogenetic resolution of true evo-
lutionary histories, the placement of these rapidly evolving
Ditl/2 proteins is strongly supported by the bootstrap (Dit
tree) and posterior probabilities (species tree). Onygenales
are the only major lineage of Ascomycetes that are known
to be dimorphic (having filamentous and yeast-like growth
forms) (97,98). The observed pattern in this order could
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be explained by the loss of the ditl/2 cluster and the sub-
sequent transfer of the putatively divergent dizl/2 cluster
prior to the speciation of this taxonomic order. The diver-
gence of this Ditl/2 clade raises questions about the role
of these genes in certain lineages and offers opportunity to
explore the diversification of duplicated dit genes.

The dit1/2 cluster in S. cerevisiae produces dityrosine, an
SM incorporated into the protective outer-cell wall layer in
its ascospores (28,29). Deleting dit2 in C. albicans led to
changes in hyphal morphology and increased susceptibility
to antifungals, which is believed to be caused by the absence
of a dityrosine cell wall layer (91). As reported by Beauvais
and Latgé (2018), it remains unclear whether dityrosine is
incorporated into the cell walls of filamentous fungi, as cur-
rent structural models of ascospores are limited to those of
S. cerevisiae (99). We found that up to 30% of Ascomycetes
possess a co-localized or fragmented copy of ditl and diz2,
with the genomes of select species (i.e. Endocarpon pusillum,
Botryosphaeria dothidea) encoding multiple copies. These
duplicated copies are part of a quickly evolving region of the
Ditl/2 phylogeny that also includes sequences from Ony-
genales (discussed above), a group of fungi known to be
pathogenic and have dimorphic growth patterns. Our results
raise questions about the potential role of dityrosine in the
formation of many Ascomycete ascospores and cell walls.
Future studies should aim to characterize the dit superfam-
ily SM products across a broader range of taxa, specifically
in the Pezizomycotina, to better understand its chemical
and ecological significance.

CONCLUSIONS

Our development of a new genome-mining pipeline has al-
lowed us to identify ICS BGCs across the fungal kingdom,
identifying evolutionary patterns that will help inform fu-
ture research into these compounds. The vast majority of
ICSs are part of BGCs that share regulatory motifs (3800
out of the 4341). These BGCs are maintained as contigu-
ous clusters over evolutionary time by natural selection,
similarly to canonical clusters. ICS clusters are significantly
smaller than most canonical clusters, perhaps suggesting
fewer chemical alterations are made to these compounds,
although we cannot fully rule out the potential impact
of different mining algorithms (i.e. antiSMASH vs CAS-
SIS) on the observed size differences. However, the highly-
reactive nature of isocyanide intermediates raises the possi-
bility of trans-BGC interactions and yet-unexplored chem-
istry (16,22). Indeed, we elucidate that 15.3% of ICS BGC
clusters contain synthases from other classes of SMs. While
some of these clusters may represent co-localized BGCs that
produce chemically distinct products as described for the
fumagillin/pseurotin cluster in A. fumigatus (89), we spec-
ulate that some are true hybrid clusters. Our use of con-
served regulatory elements to identify BGCs also allowed
us to identify patterns that may help future efforts to un-
derstand the regulation and evolution of ICS BGCs.

A future goal should be to examine the relationship of
isocyanide SMs with metal homeostasis. The reactive na-
ture of isocyanide SMs has been attributed to the isocyanide
functional group’s ability to interact with metal compounds
(21). The A. fumigatus xan and crm BGCs are regulated by

copper and copper transcription factors and their SM prod-
ucts aid in metal-homeostasis and metal-associated com-
petitive interactions (16,19,31). We find that the ICS BGCs
are three times more numerous than siderophore BGCs,
encoding the well-known iron-chelating SMs (100). The
unique chemical properties of isocyanide metabolites and
the abundance of ICS BGCs identified in this study un-
derscore the potential of these pathways in shaping metal-
associated microbial interactions and fungal ecology.

Finally, we find that ICS BGCs are not evenly distributed
across fungi, with some taxa, specifically those within the
Pezizomycotina, containing disproportionally high num-
bers of these clusters (Fisher’s exact test: P = 1.997%?; Sup-
plementary Figure S2). While a similar pattern has been
observed for canonical gene clusters, we identify that part
of this trend can be explained by genome size. Individ-
ual GCFs show different distributional patterns, raising
questions about the evolutionary histories of these clusters
and their role in the niche-adaptation of specific lineages.
The most widely distributed ICS GCF was the dit super-
family and was found in nearly 30% of all Ascomycetes.
The evolutionary history of the dit gene cluster was found
to closely align with the species tree, providing strong ev-
idence for its ancient origins within Ascomycota. Fur-
thermore, we observed a distinct group of Dit proteins
that displayed incongruent evolutionary patterns and long
branch lengths, highlighting its unique evolutionary trajec-
tory. Our findings shed light on important questions for
future ICS BGC research aiming to discover and utilize
the diverse and valuable ecological properties of isocyanide
metabolites (e.g. highly reactive metal-associated micro-
bial natural products) for anthropocentric aims (18,20,22).
With our web server (www.isocyanides.fungi.wisc.edu), re-
searchers can easily explore, filter, and download all identi-
fied ICS BGCs and GCFs, streamlining future research and
discovery.
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