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Abstract: Secondary metabolites (SMs) are biologically active small molecules, many of which are medically valuable. Fungal 
genomes contain vast numbers of SM biosynthetic gene clusters (BGCs) with unknown products, suggesting that huge numbers 
of valuable SMs remain to be discovered. It is challenging, however, to identify SM BGCs, among the millions present in fungi, that 
produce useful compounds. One solution is resistance gene-guided genome mining, which takes advantage of the fact that some 
BGCs contain a gene encoding a resistant version of the protein targeted by the compound produced by the BGC. The bioinformatic 
signature of such BGCs is that they contain an allele of an essential gene with no SM biosynthetic function, and there is a second allele 
elsewhere in the genome. We have developed a computer-assisted approach to resistance gene-guided genome mining that allows 
users to query large databases for BGCs that putatively make compounds that have targets of therapeutic interest. Working with the 
MycoCosm genome database, we have applied this approach to look for SM BGCs that target the proteasome β6 subunit, the target 
of the proteasome inhibitor fellutamide B, or HMG-CoA reductase, the target of cholesterol reducing therapeutics such as lovastatin. 
Our approach proved effective, finding known fellutamide and lovastatin BGCs as well as fellutamide- and lovastatin-related BGCs 
with variations in the SM genes that suggest they may produce structural variants of fellutamides and lovastatin. Gratifyingly, we also 
found BGCs that are not closely related to lovastatin BGCs but putatively produce novel HMG-CoA reductase inhibitors. 

One-Sentence Summary: A new computer-assisted approach to resistance gene-directed genome mining is reported along with its 
use to identify fungal biosynthetic gene clusters that putatively produce proteasome and HMG-CoA reductase inhibitors. 
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sponsible for synthesizing the backbone of the SM as well as other 
genes that encode products that modify the backbone structure, 
influence production of the SM, or confer resistance to the SM. 
Generally, the genes within each BGC are coordinately regulated, 
in many cases being controlled by a transcription factor (TF) in the 
cluster (Brakhage, 2013 ; Keller et al ., 2005 ; Keller, 2019 ; Macheleidt 
et al ., 2016 ). 

Secondary metabolite BGCs can be grouped into major classes 
based on their core biosynthetic genes and the building blocks 
they use for synthesis of the backbone structure. Non-ribosomal 
peptide synthetase (NRPS) BGCs utilize standard and modified 
amino acids; polyketide synthase (PKS) BGCs utilize acetyl-CoA 
Introduction 

Fungi produce a plethora of biologically active small molecules,
called secondary metabolites (SMs). Many fungal SMs are cur-
rently used in medicine, and they include antibiotics such as peni-
cillin, antifungals such as the echinocandins, cholesterol-lowering
agents such as lovastatin, and immune-modifying agents such as
cyclosporine (reviewed in Bok et al ., 2006 ; Demain, 2014 ; Keller
et al ., 2005 ; Martin, 1998 ; Palaez, 2005 ). Almost universally, the
genes that encode particular SM biosynthetic pathways are clus-
tered together in the genome, forming biosynthetic gene clus-
ters (BGCs) (Galagan et al ., 2005 ; Zhang et al., 2004 ). Secondary

metabolite BGCs contain one or more core biosynthetic genes re- 
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nd malonyl-CoA; terpene synthase and cyclase BGCs utilize
soprene units; and dimethylallyl tryptophan synthase (DMATS)
GCs use tryptophan and dimethylallyl pyrophosphate (Keller et
l ., 2005 ). These core biosynthetic backbone genes can be readily
dentified through bioinformatics due to their highly conserved
tructural domains (Andersen et al ., 2013 ). 
While the research community has discovered tens of thou-

ands of fungal SMs over decades of research, genome sequencing
nd bioinformatics have revealed that the BGCs that make known
Ms are only a small fraction of the total SM BGCs that exist. It
ollows that we have discovered only a fraction of the compounds
hat fungi are capable of creating (de Vries et al ., 2017 ; Drott et al.,
020 ; Inglis et al ., 2013 ; Lind et al ., 2015 ; Nielsen et al ., 2017 ). The
act that there are many more SM BGCs than known SMs reflects
he fact that the majority of fungal SM BGCs are not expressed
nder the typical laboratory growth conditions that have been
sed for SM discovery. Perhaps more importantly, it illustrates that
here is vast potential for the discovery of new bioactive molecules
rom fungi that can be used to improve human health. 
Although most fungal SM BGCs are normally silent, in recent

ears a number of molecular genetic approaches have been de-
eloped in species with established molecular genetic systems,
uch as Aspergillus nidulans, to activate the expression of endoge-
ous SM BGCs (Ahuja et al ., 2012 ; Brakhage, 2013 ; Chiang et al.,
013 , 2016 ; Grau et al ., 2018 , 2019 ; Henke et al ., 2016 ; Keller, 2015 ;
jærbølling et al ., 2019a ; Oakley et al ., 2017 ; Yin et al ., 2013 ;
aegashi et al ., 2014 ; Yeh et al ., 2016 ; Yan et al ., 2018 , 2020 ).
fficient heterologous expression systems have been developed
n some of these species to express BGCs from species that do
ot have established molecular genetic systems (Anyaogu and
ortensen, 2015 ; Chiang et al., 2013 ; Clevenger et al., 2017 ; Frand-
en et al., 2018 ; Harvey et al., 2018 ; Kjærbølling et al., 2019a ; Sakai
t al ., 2012 ; van Dijk and Wang, 2016 ). In spite of this progress,
owever, a major gap remains in our ability to exploit the greater
ungal secondary metabolome efficiently. It is currently impossi-
le to deduce the complete structure(s) of the compound(s) an SM
GC makes until it is synthesized; generally, we can only guess the
lass of compound the cluster produces. Additionally, the activi-
ies of compounds are discovered only after the compound’s in-
uction, purification, and extensive testing, all of which are very
ime consuming and labor intensive. There is a great need to be
ble to identify BGCs, among the millions present in fungi, that
re likely to produce compounds with activities we desire. 
Discoveries in our lab and others (Hutchinson et al ., 2000 ;
ansen et al., 2011 ; Kennedy et al., 1999 ; Regueira et al ., 2011 ;
eh et al ., 2016 ; Yan et al., 2018 , 2020 ) have led to the devel-
pment of a strategy that fulfills this need in many cases. This
trategy, called SM resistance gene-guided genome mining, has
nabled researchers to determine the targets of SMs produced
y some fungal BGCs in silico , before their expression, isolation,
nd biological testing. This approach is based on the fact that
ome SM BGCs contain a gene that encodes a resistant form of
he protein targeted by the compound produced by the BGC. The
esistant allele is expressed along with the other genes of the
GC, and it confers resistance to the compound. This allows the
ompound-producing organism to survive while killing or inhibit-
ng the growth of competing organisms. The in silico signature
f such BGCs is that they contain an allele of an essential gene
hat has no SM biosynthetic function, and there is a second al-
ele of that gene elsewhere in the genome. Other mechanisms of
elf-resistance to SMs exist, but, fortunately, resistance due to the
resence of resistant alleles of essential genes in SM BGCs occurs
requently enough to potentially make this approach very useful.
Manually searching for this in silico signature is time con-
uming, and it is not practical at a large scale. At the time
f this study, 1825 fungal genomes sequenced by the Joint
enome Institute were available on the MycoCosm web
ortal (mycocosm.jgi.doe.gov), and they contained 59 126
utative SM BGCs. The number of sequenced fungal genomes,
ortunately, continues to increase rapidly, and a rapid, computer-
uided method for resistance gene-guided genome mining is
eeded. 
Currently, there are three published computer-guided ap-

roaches for resistance gene-guided genome mining in fungi
Kjærbølling et al., 2019b ; Liu et al ., 2021 ; Yılmaz et al ., 2023 ).
ll are designed to be used with whole-genome sequencing data.
n contrast, our goal has been to develop a process that en-
bles users to query an annotated genomic database to find SM
GCs with resistance genes of our choice without downloading
ach individual genome. This allows the user to focus on genes
hat encode promising therapeutic targets. We have written a
ython script that we have named rg3m, an abbreviation for
 esistance g ene-g uided g enome m iner. This script allows us to
dentify instances in which a designated target gene is within a
ser-specified distance of an SM core biosynthetic gene, and (in
he default setting) there are at least two copies of the target gene
n the genome. rg3m has no additional assumptions. We have
mployed this approach with MycoCosm ( https://mycocosm.jgi.
oe.gov/mycocosm/home ), a database of 1825 annotated fungal
enomes, although, in principle, the approach would work with
ther databases of annotated genomes. 
We have tested this approach by applying it to look for SM

GCs that target the proteasome β6 subunit or HMG-CoA reduc-
ase (HMGCR). The proteasome β6 subunit is the target of the pro-
easome inhibitor fellutamide B, and proteasome inhibitors have
 growing number of therapeutic uses in cancer chemotherapy
Goldberg, 2012 ; Kisselev et al ., 2012 ). HMG-CoA reductase is a key
nzyme in sterol biosynthesis, and it is the target of cholesterol
educing therapeutics such as lovastatin (Alberts, 1990 ). Both are
nown to be produced by BGCs that contain resistant alleles of
he target molecule (Hutchinson et al ., 2000 ; Kennedy et al., 1999 ;
eh et al., 2016 ) and if our approach is successful, we should find
hese known lovastatin-family and fellutamide family BGCs. We
ave found that our approach not only found known fellutamide
nd lovastatin BGCs, but previously undocumented examples as
ell. It also revealed BGC families that are closely related to doc-
mented fellutamide and lovastatin BGCs but with variations in
he complement of SM genes that suggest that these BGCs could
roduce structural variants of fellutamides and lovastatin. Grati-
yingly, we also found SM BGCs that are not closely related to lo-
astatin BGCs but putatively produce novel HMGCR inhibitors. In
ummary, our script is effective and easy to use, and it is not com-
utationally heavy. It works in synergy with the accessible and
ser-friendly MycoCosm platform that has strong gene annota-
ions and SM cluster prediction tools, allowing users to search for
M clusters harboring specific resistance genes without having to
ownload entire genomes. 

aterials and Methods 

cript 
ur script, rg3m, is available on github: https://github.com/
podgorny1/rg3m . 
The script is in stock Python, such that it would be compati-

le with Python2 and Python3; it should run with the default li-
rary packages provided at installation. This obviates the need for

https://mycocosm.jgi.doe.gov/mycocosm/home
https://github.com/apodgorny1/rg3m
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any new libraries or their dependencies to be installed. Addition-
ally, the code was written in an easy-to-understand way to allow
modification to fit special use cases by users with little program-
ming background. As there is variation in the gene database files
available online, the most common headers were used for column
inference allowing for flexibility of sources. This may be updated
easily as required. 

Algorithm Complexity 

As the core flow requires a loop over the entire set of the re-
sistance genes, R, over each of the SM genes, S, the worst-case
runtime complexity is O(RS). Memory complexity is the same, as
both must be stored in memory simultaneously. If the homolog
search is active, R is searched for each successful hit. In a case
where every R is a hit, we add an O(R2 ) to the complexity. Homolog
uniqueness is enforced by converting the final homolog list to a
set. 

Pseudocode 

Let: R be the set of resistance genes, S be the set of SM genes, C be
the cutoff distance between gene centers, and M be the maximum
gene length cutoff. 
Start: 
Generate R from resistance gene database, eliminating singletons

if specified in parameters. 
Generate S from SM gene database 
For each r_gene in R : 

For each s_gene in S : 
Check if r_gene and s_gene are on the same organism. 
Check if r_gene and s_gene are on the same scaffold. 
Check if r_gene’s and s_gene’s centers are ⇐ to C nucleotides
apart 
Check that r_gene and s_gene do not overlap 
Check that the resistance gene length is ⇐ to M 

If all above criteria met: 
Output to terminal and csv if specified. 
Output resistance gene homologs if specified. 
If homolog mode active: 

Add all from R with the same organism to homolog
table H. 

End s_gene loop 
End r_gene loop 
Complete 

Genomic Data 

Genomic data were obtained from the JGI MycoCosm database.
Following the precedent of Reynolds et al. (2017 ), when a genome
from MycoCosm had not been published and no special permis-
sion from the author(s) could be obtained, we referred to the
genome only by taxonomic class and an assigned number. The
data in the supplemental spreadsheets of this manuscript are
based on pairwise BLASTP alignments using the default algo-
rithm parameters for NCBI’s online tool. Predicted protein amino
acid lengths reported in this paper include the translation stop
codon. At times, we used NCBI conserved domain searches and
various NCBI BLAST search variations to gain additional under-
standing of some of the proteins under study. We also used the
T-Coffee webserver (Di Tommaso et al., 2011 ) at http://tcoffee.crg.
cat to create and analyze multiple sequence alignments (MSAs)
of DNA and amino acid sequences to gain additional under-
standing of some of the DNA sequences and proteins under
study. 
Results 

Algorithm and rg3m Computer Script 
Since SM genes are often clustered around easily identifiable core 
backbone synthesis genes, we reasoned that we could circumvent 
potential errors inherent in approaches based on SM cluster pre- 
diction algorithms by simply determining if a target resistance 
gene is located within a specified distance of a core biosynthetic
SM gene, and at least one additional allele of the target gene is
present elsewhere in the genome. SM BGCs can vary greatly in
size; for instance, the F9775/orsellinic acid BGC in Aspergillus nidu- 
lans is only 11 kb in length (Sanchez et al ., 2010 ), whereas the afla-
toxin cluster of Aspergillus parasiticus is ∼70 kb (Yu et al ., 2004 ). In
principle, the frequency of false positives (target resistance genes 
within the specified distance of a core biosynthetic gene even 
though there is no functional relationship between them) should 
increase as a function of the specified distance. Accordingly, we 
designed rg3m to allow the user to specify the maximum allow- 
able distance between the center of the target resistance gene and 
the center of the closest core SM biosynthetic gene as defined by
our input lists. 

Our workflow involves four main steps. In step 1, we create a
database of comma separated values (CSV) files containing the ge- 
nomic coordinates of all the core SM biosynthetic genes (DMATs,
PKSs, NRPSs, and terpene synthases/cyclases) in MycoCosm. A 

useful feature of MycoCosm is that one can choose to focus on
a particular class or phylum, but for all cases described in this
manuscript, we created files for all the sequenced fungi in Myco- 
Cosm. To generate these core biosynthetic gene CSV files, one can 
use a variety of search options such as a BLAST search, a keyword
search, or a EuKaryotic Orthologous Groups (KOG terms) search 
as defined by MycoCosm. To generate our NRPS file we used KOG
term 1178 to generate a CSV file of all of the “non-ribosomal pep-
tide synthetase/alpha-aminoadipate reductase and related en- 
zymes” on MycoCosm (27 807 genes). To generate our PKS file, we 
first did a trial run, generating three files using the search terms
polyketide synthase, polyketide, and KOG1202 (“animal-type fatty 
acid synthase genes and related proteins”) and compared the re- 
sults. The KOG1202 search gave the most complete file, yield- 
ing 27 249 genes. We have used it for all our analyses involving
PKS genes in this paper and, henceforth, will refer to it as our
PKS file. Using the search terms “terpene synthase,” “terpene cy- 
clase,” and “tryptophan dimethylallyltransferase,” we generated 
files that contained 12 077 genes, 2436 genes and 3112 genes, re-
spectively. While one could combine these files into a single large 
file containing all core biosynthetic genes, we have found it con- 
venient to keep the various classes of core biosynthetic genes in
separate files. These core biosynthetic gene files can be used for 
multiple searches and need only be updated from time to time as
the number of sequenced fungal genomes increases. 

In step 2, we create a CSV file containing the genomic coordi-
nates for all the homologs of our target gene in a chosen fungal
group (in our case all the fungi on MycoCosm). If, for example,
we wish to find BGCs that produce an HMGCR inhibitor, we would
create a file containing, in principle, all genes encoding HMGCR.
Although one could use a variety of searches, we have found that
TBLASTN searches generally give the most complete data sets. 

In step 3, each core biosynthetic gene file and the target gene
file are used as input data by rg3m (Fig. 1 ). rg3m queries the two
files, looking for instances in which two or more homologs of the
target resistance gene are present in the same genome and one 
of the homologs is within a user-specified distance of a core SM
biosynthetic gene. (Note, in this instance the distance is defined as 
the distance between the center of the target gene and the center

http://tcoffee.crg.cat
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Fig. 1. Flowchart of our resistance gene-guided genome mining script, rg3m. The script initially reads a CSV file of all query genes (housekeeping and 
putative resistance genes) ( a ). If desired, the “nocheck” parameter ( b ) can be implemented to waive the requirement for each genome to contain at 
least two query genes (a housekeeping and putative resistance gene). This would preclude resistance gene-guided genome mining, but it might have 
other uses. One could, for example, find all the transcription factors within a user-specified distance of a secondary metabolism core biosynthetic 
gene. Normally, genomes in which there are fewer than two query genes are removed ( c ), resulting in a virtual table containing putative resistance 
genes along with the assembled genomes in which they are found (organism), as well as their scaffold numbers and genomic coordinates ( d ). Next, the 
script reads in the secondary metabolite gene data ( e ), creating a virtual secondary metabolite gene table that contains the genomic coordinates of 
secondary metabolism core biosynthetic genes ( f) . For each putative resistance gene, the script interrogates the secondary metabolite gene, 
determining if the resistance gene is in the same genome (organism) ( g ). If it is not in the same genome, the script moves to the next gene in the 
secondary metabolite gene table. If it is in the same genome, the script determines if the resistance gene is in the same scaffold ( h ), and if it is in the 
same scaffold, it determines if it is within a user-specified distance of the target SM gene (i ). If it is within that distance, the script accepts it as a hit. If 
the homolog mode is active, any resistance genes with a matching organism are added to a Homolog table ( j ). If the output to file mode is activated, 
the hit is outputted to a user-specified file ( k ). If the query gene is not on the same scaffold as the target gene, or it is not within a user-specified 
distance of the target gene, the script moves to the next target gene in the Secondary Metabolite table ( l , m ). This is repeated for all genes in the 
secondary metabolite gene table until the end of the table is reached. The process is repeated for the next resistance gene ( n , o ) until all resistance 
genes have been exhausted. If the homolog mode is active, any homologs are output to the specified file ( p ). The script is then ended ( q ). 
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f the core biosynthetic gene as designated by their genomic loca-
ion in the input files. In all other cases in this manuscript, when
e refer to distances between genes, we refer to the distances be-
ween the ends of genes as defined by the beginnings and ends
f genes as annotated in MycoCosm.) The rg3m script creates a
ist of ‘hits’ which can be output into a CSV file at the user’s com-
and. This list contains the genome designation as specified in

he MycoCosm database (which can include the species, strain,
nd annotation version), the E -value and percent identity of the
redicted protein product of the putative resistance gene relative
o the homolog used as the query for the TBLASTN search, the ge-
omic coordinates of the resistance gene and the core backbone
M biosynthesis gene, and the distance between the resistance
ene and core backbone synthesis gene. In step 4, the researcher
valuates these hits manually, aided by various tools such as the
enome browser and SMURF SM cluster predictions available on
ycoCosm. 
To determine the efficacy of our approach, we tested it by look-

ng for BGCs that putatively produce inhibitors of the β6 subunit
f the proteasome or of HMGCR. The proteasome is a critical cel-
ular complex that is required for proteolysis of proteins targeted
or destruction by ubiquitination. Proteasome inhibitors are in-
reasingly valuable cancer chemotherapy agents (Goldberg, 2012 ;
isselev et al., 2012 ), and the proteasome inhibitor fellutamide B
s a potent inhibitor of the tuberculosis-causing bacterium My-
obacterium tuberculosis (Lin et al., 2010 ). Fellutamide B inhibits the
roteasome by targeting the β6 proteasome subunit, and the A.
idulans fellutamide B BGC contains a β6 homolog ( inpE ) that has
een demonstrated experimentally to confer resistance to fellu-
amide B (Yeh et al ., 2016 ). HMG-CoA reductase is a critical gene
n sterol biosynthesis in both fungi and humans. It is inhibited
y lovastatin, and the Aspergillus terreus lovastatin BGC contains
n HMGCR allele ( lvrA ) that confers resistance (Hutchinson et al .,
000 ). Fellutamide B and lovastatin clusters have been reported
n several fungi in the MycoCosm database. We reasoned that if
ur approach works, known fellutamide B and lovastatin clus-
ers should be included among our hits. Additionally, previously
ndiscovered fellutamide-like or lovastatin-like clusters might be
ound. Perhaps most interestingly, we anticipated our approach
ight find BGCs that putatively encode novel classes of inhibitors
f the proteasome β6 subunit or HMGCR. 
We also reasoned that analyzing the distinct cluster families
hose members produce similar SMs could help us improve our
lgorithm and understand this unique class of SM BGCs that have
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Fig. 2. Representative fellutamide family BGCs in the genus Aspergillus. The species is shown at the right of each line. Arrows show the direction of 
transcription of each gene. They are not drawn to precise scale. The green arrows in the Aspergillus nidulans cluster represent genes that are functional 
components of the BGC (Yeh et al ., 2016 ). The proposed functions of the proteins they encode are: inpA = NRPS, inpB = NRPS, inpC = fatty-acyl-AMP 
ligase, inpD = transporter, inpE = proteasome β6 subunit homolog (resistance gene), inpF = esterase or lipase involved in NRPS product release/transfer, 
scpR = transcription factor. The homologs of these genes in the other BGCs have been labeled with the A. nidulans gene symbols and percentage 
identities are given in Supplementary Spreadsheet S1 , Fellutamide Cluster BLASTPs tab. The BGCs are highly conserved although the gene order is not 
absolutely consistent. Blue arrows represent genes that are within the BGC but do not have homologs in the A. nidulans BGC. They have predicted 
products with potential functions in secondary metabolism and, therefore, they could participate in the production of a modified fellutamide. Five 
flanking genes on each side of the BGCs are shown. The flanking regions of A. stella-maris and A. olivicola are highly conserved but the flanks of the 
other clusters are less conserved. Many of these genes also have potential functions in secondary metabolism and could, in principle, alter the final 
product of the BGC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

resistance genes. For instance, our analysis of these clusters might
teach us more about the sizes and gene arrangements of SM BGCs
with resistance genes, which could aid us in setting generalized in-
put parameters or optimizing our algorithm. Studying these clus-
ters might also be informative to the evolutionary inheritance of
SM BGCs among fungi, that is, horizontal gene transfer. 

Proteasome β6 Subunit BGCs 
We used the “housekeeping” β6 subunit proteasome gene AN5784
from A. nidulans (FungiDB.org) (Arnaud et al ., 2012 ; Yeh et al ., 2016 )
and an E -value cutoff of 1E-40 to conduct a TBLASTN search of
fungal genomes in MycoCosm. This generated a list of 1557 β6
subunit proteasome genes, and their coordinates. Inputting our 
NRPS and β6 subunit proteasome files into the rg3m script with
a distance cutoff value of 70 kb generated a list of 81 hits in 42
genomes, with two hits representing the A. nidulans fellutamide B 
BGC ( Supplementary Spreadsheet 1 , NRPS Hits at 70 kb tab). Note
that because fellutamide clusters contain two NRPS genes, each 
complete fellutamide BGC generates two hits. 

Next, using MycoCosm’s genome browser, we reviewed the hits 
by looking at the annotations and ontologies of the genes in the
regions around the putative NRPS and proteasome subunit genes.
The fellutamide B cluster in A. nidulans (Fig. 2 ) contains two NRPS
genes, a fatty-acyl-AMP ligase gene, a transporter gene, a TF gene,

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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 proteasome β6 subunit homolog, and an esterase or lipase gene,
he product of which is predicted to be involved in product re-
ease/transfer (Yeh et al ., 2013 ). For one hit, in Amylomyces rouxii
RRL 5866 v1.0 (Wang et al ., 2023 ), due to the presence of a large
umber of genes with unknown functions in the region, it was not
bvious to us that the genes around the proteasome β6 formed
n SM BGC. There were three hits in the Aspergillus multicolor v1.0
enome. Two hits were NRPS genes that formed part of a fellu-
amide cluster, but the third hit was an NRPS gene located almost
0 kb away from this fellutamide cluster. The clusters in the re-
aining genomes, however, were clearly complete or partial fellu-

amide clusters, based on the genes they contained and pairwise
LASTP comparisons that revealed the high degree of homology
f the predicted products of those genes (low E -values, high per-
entage similarity, and high percentage identity) to the proteins
ncoded by homologous A. nidulans fellutamide cluster genes
 Supplemental Spreadsheet 1 , Fellutamide Cluster BLASTPs tab). 
Twenty-nine Aspergillus genomes in addition to the A.

idulans genome contained fellutamide BGCs with ho-
ologs of all the genes present in the A. nidulans cluster

 Supplementary Spreadsheet 1 , Fellutamide Cluster BLASTPs tab
nd examples in Fig. 2 ). Aspergillus navahoensis v1.0 contained
n incomplete fellutamide cluster lacking homologs of the of
he inpA NRPS gene and the inpF product release/transfer gene.
LAST searches did not reveal strong homologs of these genes
lsewhere in the genome, so the absence of these genes did not
ppear to be a genome assembly error. The NRPS gene that was
resent was a homolog of inpB but was much shorter, with a
redicted product of 688 amino acids versus 2327 amino acids for
npB . The smaller gene did not appear to be an annotation error.
ather, the 5’ end of the gene appeared to be deleted. This cluster
ould, thus, be an evolutionary relict rendered dysfunctional by a
eletion that removed a portion of the cluster. 
The hits in Aspergillus fructiculosus v1.0 and Aspergillus falco-

ensis CBS 271.91 v1.0 genomes were in clusters very similar to
ach other ( Supplementary Spreadsheet S1 , Fellutamide Cluster
LASTPs tab and Supplementary Fig. S1 ). The cluster was near
he end of a scaffold in each genome with the scaffolds extended
n opposite directions from a syntenic region. Within the syntenic
egion there were genes putatively encoding an AMP-dependent
ynthetase/ligase NRPS, a proteasome subunit, which appeared to
e fused to a TF gene, a transporter gene, a TF gene, and a fatty-
cyl-AMP ligase gene, each with strong homology to genes in the
. nidulans fellutamide cluster ( Supplementary Spreadsheet S1 ,
ellutamide Cluster BLASTPs tab). The genes were in the same or-
er in the two clusters. We looked for inpA and inpB homologs in
egions upstream and downstream of the BGCs, and they were ab-
ent. The syntenic region did contain genes encoding a monooxy-
enase and cytochrome P450 which often function in biosynthesis
f SMs. These two clusters are clearly related to fellutamide BGCs
ut could not make fellutamides (assuming that the absence of
ther fellutamide BGC genes is not due to incorrect genome as-
embly), although they might make other products. 
Trichocoma paradoxa CBS 103.73 v1.0, Bisporella sp. PMI857

1.0, and Spathularia flavida all had complete clusters. Note
hat the TF in S. flavida is not annotated in MycoCosm and
hat fellutamide clusters have been previously identified in Bis-
orella sp. PMI857 v1.0 and S. flavida (Lan et al ., 2020 ). A fellu-
amide cluster is present in the lichen fungus Lobaria pulmonaria
 Supplementary Spreadsheet S1 , Fellutamide Cluster BLASTPs tab
nd Supplementary Fig. S2 ) as previously noted (Lan et al ., 2020 ),
nd it merits additional comment. The cluster is present in the
eference strain isolated in Scotland and in extracted genomes
rom Africa, Spain, Scotland, and Switzerland (i.e., genomes de-
uced from the sequenced lichen, including symbionts, rather
han the purified fungus). The cluster lacks the NRPS product re-
ease/transfer gene inpF found in A. nidulans . However, in A. nidu-
ans , inpF is not strictly required for fellutamide B production, but
roduction is greatly reduced in its absence (Yeh et al ., 2016 ).
iven that lichens grow very slowly, it is possible that slow produc-
ion of metabolites might be advantageous to match the growth
ate and maintain appropriate levels in thalli. We noticed two ad-
itional oddities about the L. pulmonaria data. One is that the an-
otated versions of the proteasome subunit in the cluster appear
horter than in other organisms. However, there are sequences
pstream of the putative start codon that are strongly homolo-
ous to the N-terminal regions of the predicted protein in other
enomes in this study. This raises the possibility of a sequencing
nd/or annotation error, but a second oddity is that the sequences
f the region encoding the subunit are extraordinarily conserved
t the nucleotide level even though the sequenced samples were
ollected from geographically distant locations. For instance, in
n MSA of a region spanning from 750 nucleotides upstream
f the start codon of the proteasome subunit gene to 750 nu-
leotides downstream of the start codon of the proteasome sub-
nit gene from the five L. pulmonaria genomes, we found only five
nstances where nucleotides differed. Note, however, that there is
ess conservation in the regions flanking the BGC ( Supplementary
ig. S2 ). 
Finally, it is worth noting that some of the fellutamide gene

lusters have adjacent genes that potentially have roles in sec-
ndary metabolism (examples are shown in Fig. 2 ), and a small
umber have additional potential secondary metabolism genes
ithin the BGCs. It is possible that the products of these genes
ay modify the products of the BGCs, creating fellutamide vari-
nts. 
Having confirmed the effectiveness of our approach in find-

ng fellutamide clusters, we searched for other SM BGC classes
ooking for clusters that produce new classes of β6 protea-
ome subunit inhibitors. Using the rg3m script to query our PKS
le with a distance cutoff of 70 kb revealed only seven hits
 Supplementary Spreadsheet 1 , PKS Hits at 70 kb tab). In two of
hese, Bisporella sp. PMI857 v1.0 and Aspergillus recurvatus v1.0, the
KS was within 70 kb of a β6 proteasome subunit in a fellutamide-
amily cluster we had found in our NRPS search. There were ap-
roximately 15 genes between the PKS and the core fellutamide
GC in each case, and the putative functions of several of these
enes suggested a role in secondary metabolism. The distributions
f SM and non-SM genes suggested, however, that in each case the
KS gene is likely to be a part of a separate SM BGC that is near
o the fellutamide-family BGC rather than a component of a giant
ellutamide-family BGC. 
In four hits ( A. fructiculosus v1.0 , A. falconensis CBS 271.91 v1.0 ,

eotiomycetes Genome 1 and Agaricomycetes Genome 3), the PKS
enes appeared to be in BGCs, but there were several genes with no
pparent role in secondary metabolism between the proteasome
ubunit gene and the PKS. In these instances, the reason for the
roximity of the proteasome subunit to the BGC is unknown. 
The remaining hit was in an unpublished Eu-

otiomycetes Genome (Eurotiomycetes Genome 1,
upplementary Spreadsheet 1 , PKS Hits at 70 kb tab) in which
he proteasome subunit gene is located 18 598 bp away from
he PKS gene. The two genes are flanked by several genes with
utative functions in secondary metabolism, suggesting that
hey are in a BGC and raising the possibility that the BGC makes
 novel polyketide proteasome inhibitor. The validity of the BGC

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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is called into question, however, by the fact that there are a
number of hypothetical genes with no predicted function in the
region, including some between the PKS gene and the proteasome
subunit gene. If the large number of hypothetical genes is simply
due to poor annotation and gene calling and the BGC is valid, this
could be an exciting BGC to investigate further. 

To determine if terpene synthases might be backbone genes
of other BGCs that produce proteasome β6 inhibitors, we ran
the rg3m script, again with a distance cutoff of 70 kb, and
this returned only three hits (in Postia placenta MAD 698-R v1.0
(Martinez et al ., 2009 ), Suillus occidentalis FC124 v1.0 (Lofgren
et al ., 2021 ), and Suillus lakei FC43 v1.0 (Lofgren et al ., 2021 )
( Supplementary Spreadsheet 1 , Terpene Synthase Hits at 70 kb
tab). In each case, there was no obvious SM BGC around the ter-
pene synthase, and they were, thus, not particularly good can-
didates for producing proteasome β6 inhibitors. Finally, querying
our terpene cyclase and DMATS databases for proteasome β6 in-
hibitors using a 70 kb cut off yielded no hits. 

HMG-CoA Reductase Inhibitors 
Lovastatin family BGCs 
To test our approach further, we looked for BGCs containing
HMGCR genes, hoping to find known and, potentially, undiscov-
ered lovastatin-like clusters, and other clusters that potentially
produce new HMGCR inhibitors. To construct our HMGCR ho-
molog file, we used the A. terreus NIH 2624 (Arnaud et al., 2012 )
HMGCR housekeeping gene (ATET_09520) to conduct a TBLASTN
search of the MycoCosm database using an E -value cut off of 1E-
40. This search generated a CSV file containing 2326 HMGCR ho-
mologs. Interrogating the HMGCR homolog file and our PKS file
with the rg3m script, using a cutoff value of 70 kb, generated
85 hits including two hits representing the A. terreus NIH 2624
lovastatin cluster (the lovastatin BGC contains two PKS genes)
( Supplementary Spreadsheet 2 , PKS Hits at 70 kb tab). 

Using MycoCosm’s genome browser, we reviewed the hits by
examining the gene annotations and ontologies of the genes in
the regions around the putative PKS and HMGCR genes. In ad-
dition to the two A. terreus NIH 2624 hits, 18 hits in 10 genomes
were in BGCs that resembled the A. terreus lovastatin cluster
( Supplementary Spreadsheet 2 , PKS Hits at 70 kb tab and Lovas-
tatin Cluster BLASTPs tab; examples are shown in Fig. 3 ). Because
the lovastatin cluster contains two PKS genes, our script generated
two hits for most lovastatin family clusters. The exceptions were:
Colletotrichum godetiae CBS 193.32 v1.0, which generated three hits
because the lovF homolog was incorrectly annotated and split into
two genes, Xylaria sp. FL1777 v1.0 (Franco et al ., 2022 ), which gen-
erated only one hit because it does not have the lovF PKS (BLASTP
searches did not reveal a strong lovF homolog anywhere in the
genome), and Monascus ruber NRRL 1597 v1.0, which generated
only one hit because the cluster was located at the edge of a scaf-
fold, and this resulted in the lovF homolog being located on a dif-
ferent scaffold (we subsequently found the lovF homolog through
a BLASTP search). Aspergillus homomorphus CBS 101889 v1.0 (Vesth
et al ., 2018 ) generated only one hit because it has a partial HMGCR
cluster, containing only three annotated genes, one of which is a
homolog of lovF ( Supplementary Spreadsheet 2 , Lovastatin Clus-
ter BLASTPs tab). A TBLASTN search of the genome did not reveal
strong homologs of the missing genes, and they are, thus, likely to
be genuinely absent rather than separated from the remainder of
the cluster by incorrect or incomplete genome assembly. 

Expression studies, deletion studies, and comparisons of the lo-
vastatin/monocolin K gene clusters from A. terreus and Monascus
pilosus have revealed that the lovastatin cluster in A. terreus con- 
tains the aforementioned two PKS genes ( lovB and lovF ), a major
facilitator superfamily (MFS) gene ( lovI ), an HMGCR gene ( lvrA ),
an acyl transferase gene ( lovD) , an enoyl reductase gene ( lovC ), a
thioesterase gene ( lovG ), a P450 monoxygenase gene ( lovA ), and
a TF gene ( lovE ) (Hutchinson et al ., 2000 ; Kennedy et al ., 1999 ;
Sorensen et al ., 2001 ; Sorensen and Vederas, 2003 ; Chen et al .,
2008 ). We performed pairwise BLASTP comparisons of the genes 
surrounding each of our hits against their potential A. terreus 
NIH 2624 cluster homologs ( Supplementary Spreadsheet 2 , Lo- 
vastatin Cluster BLASTPs tab). The BLASTP comparisons showed 
a high degree of homology (low E -values, high percentage simi- 
larity, and high percentage identity) confirming that these BGCs 
are closely related to the A. terreus lovastatin BGC, further validat- 
ing our approach ( Supplementary Spreadsheet 2 , Lovastatin Clus- 
ter BLASTPs tab). There were differences in the compositions and 
gene order of the BGCs, however (Fig. 3 ), indicating that the BGCs
have changed over time. 

Colletotrichum higginsianum IMI 349063 (Zampounis et al ., 2016 ),
C. godetiae CBS 193.32 v1.0 and M. ruber NRRL 1597 v1.0 had
strong homologs of all of the genes in the A. terreus NIH 2624
lovastatin BGC, although in C. godetiae CBS 193.32 v1.0 the lovF 
PKS gene was misannotated as two genes. As mentioned, the A.
homomorphus CBS 101889 v1.0 genome contained a partial BGC 

with only three annotated genes, homologs of lovD (acyl trans- 
ferase) , lvrA (HMGCR), and lovF (PKS) (and potentially the tran- 
scription factor lovE , although the TF was not annotated as a
gene in MycoCosm). Since this cluster does not have the lovB 
PKS gene, it cannot make lovastatin, and it may be a remnant
of a once functional lovastatin cluster. The BGCs in Ilyonectria 
sp. MPI-CAGE-AT-0134 v1.0 (Mesny et al ., 2021 ), Aspergillus chry- 
sellus CBS 472.65 v1.0, Aspergillus sclerotiorum CBS 549.65 v1.0, A.
homomorphus CBS 101889 v1.0, Xylaria grammica CBS 120713 v1.0 
(Franco et al., 2022 ) and Xylaria sp. FL1777 v1.0 genomes lacked 
homologs of the MFS gene ATET_09967 ( lovI). Major facilitator su- 
perfamily proteins are membrane proteins that move small so- 
lutes across membranes. In lovastatin BGCs, the MFS is likely to 
export the compound produced by the BGC (i.e., lovastatin or a 
closely related compound). There are numerous MFS genes in fun- 
gal genomes, and, in instances in which there is no MFS gene in
the BGC, this function may be carried out by an MFS separate from
the BGC. 

The lovC enoyl reductase gene in Colletotrichum orchidophilum IMI 
309357 (Baroncelli et al ., 2018 ) was not found in the same stretch
of DNA as the rest of the lovastatin genes, but we found a strong
homolog elsewhere in the genome through a BLASTP search. We 
found two strong lovG homologs in C. orchidophilum IMI 309357.
One homolog was located in the same area as the majority of the
genes in the lovastatin cluster, and, as annotated, it encodes a 
predicted protein of 824 amino acids in comparison to the 243–
264 amino acids predicted in other species. The abnormal length 
appears to be due to an incorrect annotation that fuses the lovG
homolog with the homolog of the lovI MFS gene. The second lovG
homolog in C. orchidophilum IMI 309357 was found with a BLASTP 
search. It was located next to the lovC enoyl reductase gene, and
the pair were separated in the genome from the remainder of the
BGC. This suggests that a portion of the C. orchidophilum IMI 309357
lovastatin BGC has been duplicated and translocated. 

Pairwise BLASTP comparisons of the LovF PKS with 
its homologs revealed strong homology in most cases 
( Supplementary Spreadsheet 2 , Lovastatin Cluster BLASTPs 
tab). Exceptions were Xylaria sp. FL1777 v1.0 that does not have 
a homolog, X. grammica CBS 120713 v1.0 in which the closest 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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Fig. 3. The order and orientation of genes within representative lovastatin family BGCs. The species is shown at the right above each line. Arrows 
represent genes and their directions of transcription. Green arrows are putative members of lovastatin BGCs, and gray arrows are genes adjacent to 
the BGCs that are of potential interest with respect to secondary metabolism. Gene sizes and intergenic distances are not to scale. The top line shows 
the lovastatin BGC of Aspergillus terreus . Gene symbols are given for each gene. The predicted biochemical functions for the products of the genes are 
as follows: lovA = P450 monooxygenase; lovB = polyketide synthase; lovC = dehydrogenase; lovD = transesterase; lovE = transcription factor; 
lovF = polyketide synthase; lovG = oxyreductase; lovI = efflux pump; IvrA = HMG-CoA reductase gene (resistance allele). For the other species, 
homologs of the A. terreus genes are labeled with the A. terreus gene symbols. Percentage identities are given in Supplementary Spreadsheet S2 , 
Lovastatin BLASTPs tab. The gene order and orientation of the Aspergillus chrysellus and Aspergillus sclerotiorum BGCs are identical to each other, and 
they are the same as for A. terreus except that they do not have homologs of lovE or lovI . They each have a transcription factor very near the BGC but 
whether the transcription factor functions in expressing the BGC is unknown. There are many MFS genes in the genome that could encode MFSs that 
carry out the function of the missing lovI . Monascus ruber has a very similar BGC to the Aspergillus species but it was on the edge of a scaffold and the 
lovF homolog was on a different scaffold. The three Colletotrichum BGCs have similar gene orders to each other, but they are different from the 
Aspergillus species gene orders, and they have different genes flanking the BGC. The gene order of the Ilyonectria sp. Biosynthetic gene clusters is 
different from the others but there are good homologs of all of the A. terreus genes except lovI , the efflux pump. Xylaria grammica does not have good 
homologs of lovF and lovI , but it has two MFS genes and a PKS nearby that could, in principle, be part of the BGC, functioning in place of lovF and lovI. 
Notes: There is a putative Zinc finger encoding gene (blue arrow) between the lovC and lovG homologs in Colletotrichum godetiae , although it was not 
present in the other BGCs. HYP in Xylaria grammica stands for hypothetical gene. 
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ovF homolog was only 32% identical to LovF, and Ilyonectria sp.
PI-CAGE-AT-0134 v1.0, in which the closest homolog was only
9% identical. LovF produces a side chain that is added to the
ore lovastatin scaffold. We speculate that the variability in the
ovF homologs may result in different hydrocarbon chains being
roduced, particularly for the Ilyonectria sp . MPI-CAGE-AT-0134
1.0 homolog, which has relatively low identity with LovF. It is
lso likely that the absence of a lovF homolog in Xylaria sp. FL1777
1.0 results in production of monacolin J, a lovastatin-like com-
ound that simply lacks this side chain but still retains HMGCR
nhibitory activity (Endo et al ., 1985 ). Finally, some of these
ovastatin family BGCs contain, or are adjacent to, additional
enes with likely roles in secondary metabolism. These genes
ay encode proteins that modify the lovastatin-like compounds

o produce additional variants of lovastatin. These genes did
ot appear, however, to be conserved among the BGCs or among
ubsets of the BGCs. 
Examination of BGCs and BLASTP comparisons pro-

ide evidence for the divergence of regulatory mechanisms
 Supplementary Spreadsheet 2 , Lovastatin Cluster BLASTPs tab).
he BGCs in C. orchidophilum IMI 309357, A. chrysellus CBS 472.65
1.0, and A. sclerotiorum CBS 549.65 v1.0 lacked a homolog of the
F ( lovE ) gene and, therefore, must be regulated by TFs encoded
y genes outside the cluster. 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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Fig. 4. Two closely related non-lovastatin BGCs predicted to produce novel HMG-CoA reductase inhibitors. Arrows show genes (not to scale) and 
direction of transcription. Green arrows are putative members of the BGCs, and gray arrows are genes in flanking regions. The blue arrows are both 
hypothetical proteins, but they don’t show strong identities with each other. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Non-lovastatin Family BGCs With PKS Backbones 
BLASTP comparisons and thorough analyses of the regions sur-
rounding the remaining 65 PKS hits confirmed that they are not
part of lovastatin-family BGCs. We note, however, that in many,
but not all, instances the HMGCR and PKS genes are clearly in SM
gene clusters. Given the relatively low rate of false positives we see
with our proteasome β6 subunit search (discussed above), these
data raise the exciting possibility that these BGCs may produce
new classes of HMGCR inhibitors with polyketide backbones. 

While many of these BGCs are unique, without close relatives in
MycoCosm (see examples in Supplementary Fig. S3 ), others have
sibling clusters containing similar complements of homologous
SM genes, forming, in aggregate, families of clusters. Aspergillus
olivicola v1.0 and Aspergillus undulatus CBS 261.88 v1.0, for example,
have very similar clusters containing genes putatively encoding
an amidohydrolase, a multicopper oxidase, a polyprenyl syn-
thetase, a prenyl transferase, an NAD(P)/FAD-dependent oxidore-
ductase, two cytochrome P450s, two MFS proteins, two conserved
hypothetical genes, and an amino acid transporter in addition
to the PKS and HMGCR genes ( Supplementary Spreadsheet 2 ,
A. olivicola Family tab and Fig. 4 .) Pairwise BLASTP comparisons
of homologs from these two clusters showed strong homology
with extremely low E values and high percentages of identity
and similarity, confirming that they are closely related. Genes on
the right flank of the two BGCs have little homology. A pyrroline
carboxylate reductase gene is present in both left flanks, but
other genes differ. Overall the data are consistent with the BGC
being inherited as a unit as would be expected for an SM BGC. 

Similarly, Aspergillus transmontanensis CBS 130015 v1.0
(Kjærbølling et al ., 2020 ) and Aspergillus parasiticus CBS 117618
v1.0 (Kjærbølling et al., 2020 ) have clusters containing, in addition
to the PKS and HMGCR genes, genes putatively encoding a PKS
dehydratase domain protein, an MFS protein, an oxidoreductase
with a transmembrane domain and a PKS enoyl reductase do-
main protein ( Supplemental Spreadsheet 2 , A. transmontanensis
Family tab). Pairwise BLASTP comparisons of homologs from
these clusters showed very strong homology Aspergillus miniscle-
rotigenes CBS 117635 v1.0 (Kjærbølling et al ., 2020 ) has a truncated
version of this cluster, only containing genes for the PKS, HMGCR,
and PKS dehydratase domain proteins. As noted for previous
examples, this apparent truncation could be a genome assembly

artifact. 
Finally, Aspergillus uvarum CBS 121591 v1.0 (Vesth et al., 2018 ),
Aspergillus violaceofuscus CBS 115571 v1.0 (Vesth et al., 2018 ),
and Aspergillus japonicus CBS 114.51 v1.0 (Vesth et al., 2018 ) 
contained putative clusters containing genes encoding NADH- 
dehydrogenase, FAD oxidase, a PKS, two Zn2Cys6 TFs, an actin 
depolymerizing factor (ADF, also known as cofilin), an acyl trans- 
ferase, a cytochrome P450, and HMGCR ( Supplementary Fig. S4 ).
BLASTP comparisons of these proteins with their A. japonicus CBS 
114.51 v1.0 cluster homologs revealed extremely strong homol- 
ogy ( Supplementary Spreadsheet 2 , A. japonicus Family tab and
Supplementary Fig. S4 ). Aspergillus aculeatus ATCC16872 v1.1 (de 
Vries et al ., 2017 ) has a similar cluster, but it lacks the FAD oxidase
and one of the two Zn2Cys6 TFs. With the exception of ADF, the
genes are typical of those found in SM BGCs, so these appear to be
bona fide SM BGCs. There are, however, sterol biosynthesis genes in
addition to HMGCR nearby in the genomes in each of these cases.
This raises the slight possibility that these clusters are located 
in genomic regions that are simply enriched for genes involved 
in sterol biosynthesis, and that the HMGCR gene is associated 
with the cluster by chance. The regions flanking the putative 
BGC are distinct in the four genomes and this helps define the
boundaries of the BGC. There are, however, some homologs in the 
flanks that are shared among flanks of two or more species. This
is consistent with the BGC being inherited vertically with genes 
in the flanking regions changing over time. 

The conserved presence of an ADF gene, which is non-SM- 
biosynthetic, in the midst of these clusters raises additional ques- 
tions. Actin depolymerizing factors are conserved in eukaryotes 
and ADF function (actin depolymerization) is essential. Actin de- 
polymerizing factor inhibitors would certainly be toxic to non- 
resistant competitors. Phallotoxins produced by basidiomycetes 
of the genus Amanita , for example, stabilize F-actin, preventing 
disassembly (Wieland, 1983 ). We have looked for other ADF alle- 
les in the A. uvarum CBS 121591 v1.0, A. violaceofuscus CBS 115571
v1.0, A. aculeatus ATCC16872 v1.1, and A. japonicus CBS 114.51 v1.0 
genomes, and each genome contains two ADF homologs in addi- 
tion to the one in the BGC. These data raise the possibility that
these BGCs produce an ADF inhibitor rather than an HMGCR in-
hibitor and that the ADF gene in the cluster confers resistance.
Without additional data, we cannot, of course, rule out the possi- 
bility that the cluster produces both ADF and HMGCR inhibitors 
or a single compound that inhibits both. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
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utative HMG-CoA Reductase Inhibitor BGCs 
ith NRPS Backbones 

fter confirming our approach through finding lovastatin family
lusters and new families of PKS clusters that putatively produce
ew HMGCR inhibitors, we expanded our search to other classes
f core biosynthetic genes. Querying our NRPS database using a
istance of 70 kb returned 95 hits ( Supplementary Spreadsheet 2 ,
RPS Hits at 70 kb tab). Inspection of the regions around the NRPS
nd HMGCR genes revealed that, while some of these hits do not
ppear to be in BGCs, or there are multiple non-SM genes (genes
ith no feasible role in secondary metabolite production) between
he NRPS and HMGCR genes, many of them appear to be in valid
GCs with the HMGCR gene contiguous with the remaining genes
f the BGC. They are, thus, excellent candidates for BGCs that pro-
uce novel classes of HMGCR inhibitors. 
There was a notable family of 19 BGCs in the basid-

omycete genera Pisolithus , Boletus , Rickenella , Suillus , and
wo different genera from unpublished Agaricomycetes 
 Supplementary Spreadsheet 2 , Pisolithus Family tab. Several
f the species in this group are dikaryons. This may explain why
here are two similar, but not identical, clusters on scaffolds 5 and
4 in Pisolithus croceorrhizus subspA 74A v1.0 (Plett et al ., 2023 ) and
wo on scaffolds 58 and 65 in Pisolithus thermaeus 11 v1.0 (Plett et
l ., 2023 ). In addition to the NRPS gene, all of these BGCs contain
enes that putatively encode an alcohol dehydrogenase, an
xidoreductase with an NAD(P) binding domain, HMGCR, and at
east one AMP synthetase/ligase ( Supplementary Spreadsheet 2 ,
isolithus family tab). Many also contain a putative multicopper
xidase gene, a fatty acid hydroxylase gene, and a second AMP
ynthetase/ligase. BLASTP comparisons of the predicted products
f these genes, revealed that the homologs in these BGCs are
ighly conserved. Interestingly, all but two of the BGCs contain
 gene encoding a homolog of the exocyst component Sec5, a
rotein that is unlikely to function in SM biosynthesis. This raises
he possibility that these BGCs could make a Sec5 inhibitor with
he sec5 allele in the BGC conferring resistance. In aggregate,
hese results suggest that these clusters are a family of related
GCs. They may produce a new class of HMGCR inhibitors that
ave a common backbone structure and related, but probably not
dentical, final products. Interestingly, members of the genera Bo-
etus and Suillus are edible, raising the possibility that consuming
hem might have some cholesterol-reducing effect. 

utative HMG-CoA Reductase BGCs With 

erpene synthase, Terpene cyclase, and DMATS 

ackbone Genes 
uerying our terpene synthase and cyclase databases
ith a distance of 70 kb returned a total of 26 hits

 Supplementary Spreadsheet 2 , Terpene Synthase & Cyclase
its tab). Inspection revealed that several of these were not SM
GCs, and several more BGCs were in the vicinity of additional
terol biosynthesis genes, raising the possibility that they may
imply be near a cluster of genes involved in sterol biosynthesis.
here was a family of terpene synthase clusters in Aspergillus lep-
ris CBS 151.66 v1.0 (Kjærbølling et al ., 2020 ), Aspergillus alliaceus
BS 536.65 v1.0 (Kjærbølling et al ., 2020 ), Aspergillus coremiiformis
BS 553.77 v1.0 (Kjærbølling et al ., 2020 ), and Aspergillus albertensis
1.0 (Kjærbølling et al ., 2020 ) ( Supplementary Spreadsheet 2 , A.
eporis Family tab and Fig. 5 ). They contain genes that putatively
ncode a Zn2Cys6 TF, an MFS, two O-acetyl transferases, two
ytochrome P450’s, HMGCR, a sesquiterpene cyclase, an a C2H2
inc finger TF, and a conserved hypothetical gene. Aspergillus. lep-
ris CBS 151.66 v1.0, A. alliaceus CBS 536.65 v1.0, and A. albertensis
1.0 contained a gene putatively encoding an AMP-dependent
ynthetase/ligase. Pairwise BLASTP comparisons revealed that
he genes are highly homologous ( Supplementary Spreadsheet 2 ,
. leporis Family tab). BLAST searches also revealed that these
GCs are closely related to trichothecene BGCs found in multiple
enera of fungi (Proctor et al ., 2018 , 2020 ) and, in particular,
o the T2 toxin BGC from Fusarium species. The trichothecenes
hare a common core structure but are structurally diverse with
pproximately 200 structurally distinct trichothecene analogs
aving been described (Proctor et al ., 2020 ). Trichothecenes are
ften toxic, but, to our knowledge none have yet been shown to
nhibit HMGCR. The regions flanking these BGCs are quite distinct
n the four species and, thus, help to define the limits of the BGC.
Finally, querying our DMATS database returned 12 hits

 Supplementary Spreadsheet 2 , DMAT hits at 70 kb tab. While we
ound hits that potentially might be BGCs, we found no cluster
amilies. 

iscussion 

e have developed a new, computationally light approach to-
ard SM resistance gene-guided genome mining that enables a
ser to query an entire genomic database for SM BGCs with re-
istance genes of their choice without having to download any
enomes. This allows the user to focus on specific proteins that
re promising therapeutic targets. To evaluate this approach, we
ave searched the genomes in MycoCosm for gene clusters that
utatively produce inhibitors of the proteasome β6 subunit and
f HMGCR. 
With respect to inhibitors of the proteasome β6 subunit, we

an draw several conclusions. First, the approach works, revealing
nown and new fellutamide-family clusters as confirmed by rig-
rous pairwise BLASTP comparisons. Second, our distance-based
pproach yielded few hits other than fellutamide clusters. Man-
al inspection revealed that, when looking at the NRPS clusters
nd using the 70 kb cutoff, only two of the 81 initial hits were
learly not in partial or complete fellutamide-family clusters.
ven when looking at 1825 fungal genomes, our distance-based
pproach generates very few false positives. Third, there are addi-
ional genes within or immediately adjacent to the clusters that
ould be involved in producing structural variants of fellutamides.
t is worth noting that at least four fellutamide variants are known
o be produced in nature (Shigemori et al ., 1991 ; Xu et al ., 2011 ),
nd our data suggest that there could be additional novel fellu-
amides that potentially have value in medicine or other fields.
inally, we note that our BLAST search returned only 1557 pro-
easome β6 subunit genes from 1825 genomes. Since each gene
hould have at least one β6 subunit gene, our list likely did not
nclude some phylogenetically divergent β6 subunit genes. One
ight be able to obtain a more complete list by using multiple
hylogenetically distant β6 genes for BLAST searches. 
With respect to HMGCR inhibitor BGCs, our approach was not

nly effective at finding lovastatin family BGCs, but also revealed
reviously undocumented BGCs that have a high potential for
aking HMGCR inhibitors with backbone structures that are dif-

erent from lovastatin. Rigorous review using pairwise BLASTP
omparisons of the initial 85 PKS hits generated by our approach
as enabled us to verify, with confidence, 20 PKS hits represent-
ng 11 BGCs in 11 genomes (including A. terreus NIH 2624) as be-
ng surrounded by homologs of lovastatin cluster genes. These
re, thus, lovastatin-family BGCs, although the A. homomorphus
BS 101889 v1.0 BGC was clearly incomplete and could not make

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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Fig. 5. A family of biosynthetic gene clusters with terpene core biosynthetic genes that may produce novel HMG-CoA reductase inhibitors. Green 
arrows represent genes that are putative BGC members. Blue arrows are genes that are present in some but not all members of the family. Genes in 
the flanking regions on either side of the BGCs are shown in gray. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

lovastatin. Some of these BGCs (e.g., those in A. terreus and M. ru-
ber ) are known to make lovastatin, but it is possible that others
may make analogs of lovastatin such as pravastatin and the vari-
ous monacolins (Manzoni and Rollini, 2002 ) or as yet undiscovered
lovastatin-related compounds. Xylaria sp. FL1777 v1.0, which lacks
the lovF homolog, cannot make lovastatin but probably makes
monacolin J. 

More excitingly, our data indicate that there are a substan-
tial number of BGCs that putatively make HMGCR inhibitors with
chemical backbones that are different from lovastatin. Some of
these BGCs are found only in a single species, as is frequently
the case with fungal SM BGCs (de Vries et al ., 2017 ), but we also
discovered families of related BGCs. We found three small fam-
ilies of PKS BGCs from eight PKS initial hits that are quite dif-
ferent from lovastatin family BGCs and putatively make novel
classes of HMGCR inhibitors ( Supplementary Spreadsheet 2 , A.
olivicola Family, A. transmontanensis Family, and A. japonicus Fam-
ily tabs). In addition to these PKS clusters, we found one inter-
esting terpene cluster family ( Supplementary Spreadsheet 2 , A.
leporis Family tab), and, even more excitingly, we found a very in-
teresting family of 19 NRPS clusters which are in six genera of
basidiomycetes ( Supplementary Spreadsheet 2 , Pisolithus Fam-
ily tab)—exemplifying that our simple distance-based approach
can find resistant SM BGCs across the entire fungal kingdom. The
products of each of these BGCs are predicted to be HMGCR in-
hibitors, and it is possible that some may be more medically effi-
cacious than lovastatin or amenable to chemical modification to 
make particularly efficacious HMGCR inhibitors. It is also possible 
that some of them might have different specificities from lovas- 
tatin. One can speculate, for example, that some of them might 
specifically inhibit fungal HMGCRs since other fungi are among 
the the chief competitors of these organisms. 

Our results with HMGCR and the proteasome β6 subunit as tar- 
gets are of intrinsic interest that could, potentially, lead to the de-
velopment of new therapeutics. Just as importantly, they validate 
our approach and suggest that this approach can be used to iden-
tify BGCs that produce compounds that inhibit other targets of 
choice. 

Effects of Altering the Distance Cutoff in Our 
Script 
One might worry with a distance-based approach that increas- 
ing the distance threshold would result in false positives in which
the putative resistance gene is actually a housekeeping gene 
that happens to be near a BGC. Our data indicate, however, that
this is not a significant concern. Our most informative data are 
from our search for β6 proteasome subunit inhibitors. Our NRPS 
search querying 1825 genomes with a 70 kb threshold returned 81 

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
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nitial hits, and in all but two cases ( A. multicolor v1.0 and Amy-
omyces rouxii NRRL 5866 v1.0) the β6 subunit was associated with
 fellutamide-family BGC. Supplementary Fig. S5 is a histogram
lotting the frequencies of hits as a function of distance between
he centers of the NRPSs and the proteasome subunits, out to a
utoff of 100 kb. In 77/84 cases the NRPS and proteasome subunit
ere less than 20 kb apart. Extending the distance cutoff from 70
o 100 kb added only three additional hits. Examining these hits in
ycoCosm revealed them to be false positives. Querying our PKS,

erpene synthase, terpene cyclase, and DMATS databases with a
istance cutoff of 70 kb returned only 10 hits, nine of which were
ikely false positives, with one uncertain. 
With respect to putative HMGCR inhibitor BGC hits across all

M backbones, the majority are new, and they have not yet been
xperimentally validated. Except for the lovastatin-family BGCs,
e cannot say, with confidence, whether these hits are valid or
alse. In the great majority of cases, however, the putative HMGCR
esistance gene appears to be associated with an SM BGC (based
n the predicted functions of the proteins encoded by nearby
enes), suggesting that the hits are valid. Both β6 proteasome sub-
nit and HMGCR searches used a generous 70 kb cutoff that is
nlikely to exclude any valid hits, and they resulted in a small
nd easily manageable number of likely false positives. While re-
ucing the cutoff would reduce the number of false positives, the
enefit is small when weighed against the possibility of missing
otentially valuable BGCs. 

omparisons With Other Approaches 
RIGG (f ungal r esi stance g ene-directed g enome pipeline) 
Kjærbølling et al ., 2019b ) is designed to work with whole
enome sequencing data. It identifies SM BGCs and defines their
oundaries based on a fungus-optimized version of the SMURF
M BGC prediction algorithm (Khaldi et al ., 2010 ). It then deter-
ines if a member of a list of putative essential resistance gene

s found within these clusters, while applying several filtering
teps. The authors defined their list of putative essential genes by
ooking for genes that were conserved in > 90% of the organisms
nder study. It should be pointed out, however, that some con-
erved genes are not essential. For example, the conserved cyclin
ene clbA is not essential in A. nidulans (Paolillo et al ., 2018 ), nor
re the conserved γ -tubulin complex genes gcpD , gcpE , and gcpF
Xiong and Oakley, 2009 ) or the histone H1 gene hhoA (Ramón et
l ., 2000 ). This approach depends on SM BGCs being accurately
redicted by SM cluster prediction algorithms, and this is not
lways the case (Inglis et al ., 2013 ). In spite of these caveats,
RIGG has a big advantage in that it can potentially reveal new
arget proteins. 
Our results highlight a particular problem in predicting clus-

ers that harbor a resistant allele of an essential gene. Since the
esistant allele has no apparent SM function, it may cause the
oundary of the cluster to be called incorrectly, resulting in false
egatives due to the resistant allele being excluded from the BGC.
mong the 39 complete fellutamide family BGC we found, SMURF
id not predict the β6 proteasome subunit gene to be a member
f the BGC in seven cases (all five of the Lobaria isolates plus As-
ergillus indicus v2.0 , and T. paradoxa CBS 103.73 v1.0). Among the
0 complete lovastatin family clusters, and SMURF did not predict
he HMGCR gene to be a member of the BGC in three cases ( C. orchi-
ophilum IMI 309357, M. ruber NRRL 1597 v1.0, and A. chrysellus CBS
72.65 v1.0). A resistance gene-guided genome mining approach
sing the SMURF cluster prediction algorithm would have missed
hese fellutamide and lovastatin clusters entirely. 
Liu et al. (2021 ) have developed a resistance gene-guided
enome mining algorithm for use with MATLAB to identify BGCs
hat encode CYP51 inhibitors. The approach is similar to ours
n that is uses distances between the core biosynthetic and re-
istance genes, but it differs in important ways. It requires the
ser to download all the genomes being studied and is built
o be used with unannotated genome sequences. It also deals
ith target genes differently, only including genomes that have
ore target genes than the average number in all the ana-

yzed genomes. Additionally, it imposes additional filtration con-
traints based on homology score, and requires specific gene
olocalizations. 
FunARTS (Fungal bioActive compound Resistant Target Seeker)

Yilmaz et al ., 2023 ) is a recently published “exploration engine”
or resistance gene-guided genome mining. It requires the user
o download genome sequences which are then analyzed using
idden Markov Models to identify “core genes” which are pu-
ative essential housekeeping genes. SM BGCs are identified us-
ng fungiSMASH a fungal optimized version of antiSMASH (Blin
t al ., 2021 ). Core genes can be analyzed to determine if there
re duplicates in the genome and they can be filtered for prox-
mity to BGCs. FunARTS is quite flexible, particularly with re-
pect to outputs, and it can, in principle, find new resistance
enes. One weakness of FunARTS is that fungiSMASH may not
all BGC boundaries correctly. Another, that the authors point out,
s that the current procedure for identifying core genes is imper-
ect. For example, there were no FunARTS hits for four notable
esistance genes including HMGCR and the important antifun-
al target β-1,3-D-glucan synthase because they were not iden-
ified as core genes by the Hidden Markov Model employed in Fu-
ARTS. Although these are acknowledged weaknesses, FunARTS
s certainly a very valuable tool, and it has the notable strength
hat it can identify novel gene targets whereas our approach
annot. 
Significant advances have also been made in resistance gene-

uided genome mining in bacteria. In fact, Antibiotic Resistant
arget Seeker (ARTS) (Alanjary et al., 2017 ) and its more advanced
uccessor ARTS 2.0 (Mungan et al . 2020 ) are predecessors of Fu-
ARTS. The approach of ARTS and ARTS 2.0 is similar to that of
unARTS, with similar strengths and limitations, but ARTS was
ocused on actinomycetes whereas ARTS 2.0 is focused on the en-
ire bacterial kingdom. 
The workflow for our approach is quite different from those

f FRIGG, FunARTS and the approach of Liu et al. (2021 ). The
RIGG and Liu et al . approaches require the downloading of
enomes that one wants to analyze. FRIGG returns both target
olecules and the BGCs that putatively make inhibitors of the

arget molecules. The Liu et al. approach works for a single tar-
et molecule at a time. With FunARTS one uploads a genome or
enomes of interest to a server that then analyzes it in a variety
f ways specified to some extent by the user before outputting
nteractive summary tables. Our approach works with genomes
hat have already been sequenced and annotated. The user in-
eracts with the database to create files of core biosynthetic SM
enes. These can be used repeatedly for searches with different
arget molecules. Comma separated values files for new target
olecules can be generated through blast searches. Our Python
cript analyzes the files very rapidly and returns hits that are
hen analyzed with tools chosen by the user. The script requires
nly seconds to run even with large target and core SM biosyn-
hetic gene files. We typically use a MacIntosh computer running
ython in Xcode, but most desktops and laptops will be more than
dequate. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/kuad045#supplementary-data
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Implications With Respect to Horizontal Transfer 
of Secondary Metabolism Gene Clusters 
In our search for proteasome β6 inhibitors, we found only
fellutamide-family BGCs, but we found them in 41 genomes from
species that are in three different classes of fungi, the Leo-
tiomycetes, Eurotiomycetes, and Lecanoromycetes. The fact that
we have found closely related clusters among members of phylo-
genetically distant organisms strongly suggests the clusters have
been transferred horizontally. If the fellutamide clusters were ex-
clusively inherited vertically, one would expect that they would
fall into phylogenetically related phyla and be common in those
phyla. Within the Eurotiomycetes, there appears to be both hori-
zontal and vertical gene transfer. We found fellutamide clusters
in 33 Aspergillus genomes and in T. paradoxa CBS 103.73 v1.0, which
is phylogenetically distant, suggesting that T. paradoxa CBS 103.73
v1.0 acquired a fellutamide BGC through a horizontal gene trans-
fer event. All of the Aspergillus genomes with fellutamide-family
clusters, however, are members of species that are in sections
Aeni and Nidulantes of subgenus Nidulantes (Chen et al ., 2016 ).
No other Aspergillus species had fellutamide clusters, and this
strongly suggests that the fellutamide cluster was vertically in-
herited from a common ancestor of modern-day Aeni and Nidu-
lantes section Aspergilli. We found lovastatin family clusters in 11
genomes from species that are in two separate classes, the Euro-
tiomycetes and Sordariomycetes, suggesting that lovastatin fam-
ily clusters have been transferred horizontally. 

Conclusion 

We have developed a new, computerized approach to resistance
gene-guided genome mining. We have tested it by searching the
genomes in MycoCosm for BGCs that are predicted to produce in-
hibitors of the proteasome β6 subunit and HMGCR. We have found
known examples of fellutamide and lovastatin clusters as well as
previously undiscovered but related BGCs. With respect to BGCs
that putatively target HMGCR, moreover, we have found new fam-
ilies of BGCs that are predicted to produce HMGCR inhibitors with
chemical backbones that are different from lovastatin. It should
be possible to express these BGCs to identify their products and
determine if they have medical or agricultural value. Finally, this
approach can be used to look for BGCs that produce inhibitors of
additional target molecules that may have anti-fungal, antibiotic,
or other useful properties. 

Acknowledgments 

We express our deepest gratitude to Mikael Andersen, Ólafur An-
drésson, Scott Baker, Brian Looney, Francis Martin, Nhu Nguyen,
Alisha Quandt, Christoph Scheidegger, Joey Spatafora, Michael
Thon, Rytas Vilgalys, and Silke Werth for providing access to pre-
publication genome data for Aspergillus acristatulus CBS 119.55
v1.0, Aspergillus amoeneus CBS 111.32 v1.0, Aspergillus aurantiobrun-
neus CBS 465.65 v1.0, Aspergillus chrysellus CBS 472.65 v1.0, As-
pergillus cleistominutus CBS 200.75 v1.0, Aspergillus creber IBT 32277
v1.0, Aspergillus crustosus CBS 478.65 v1.0, Aspergillus dentatus CBS
114.63 v1.0, Aspergillus dromiae CBS 140633 v1.0, Aspergillus fal-
conensis CBS 271.91 v1.0, Aspergillus filifera CBS 114510 v1.0, As-
pergillus foveolata CBS 279.81 v1.0, Aspergillus fructiculosus v1.0, As-
pergillus indicus v2.0, Aspergillus karnatakaensis CBS 102800 v1.0, As-
pergillus miraensis CBS 140625 v1.0, Aspergillus multicolor v1.0, As-
pergillus navahoensis v1.0, Aspergillus neoechinulatus CBS120.55 v1.0,
Aspergillus olivicola v1.0, Aspergillus puulaauensis IBT 32284 v1.0,
Aspergillus quadrilineatus (floriformis) CBS 937.73 v1.0, Aspergillus 
quadrilineatus (gemmatus) CBS 853.96 v1.0, Aspergillus recurvatus 
v1.0, Aspergillus sclerotiorum CBS 549.65 v1.0, Aspergillus similis v1.0,
Aspergillus stella-maris CBS 113639 v1.0, Aspergillus sublatus IBT 

19356 v1.0, Aspergillus tennesseensis IBT 32283 v1.0, Aspergillus tetra- 
zonus CBS 591.65A v1.0, Aspergillus undulatus CBS 261.88 v1.0, As- 
pergillus venezuelensis CBS 868.97 v1.0, Bisporella sp. PMI857 v1.0,
Colletotrichum godetiae CBS 193.32 v1.0, Lobaria pulmonaria Africa 
extracted metagenome v1.0, Lobaria pulmonaria Scotland extracted 
metagenome v1.0, Lobaria pulmonaria Scotland reference genome 
v1.0, Lobaria pulmonaria Spain extracted metagenome v1.0, Lobaria 
pulmonaria Switzerland extracted metagenome v1.0, Monascus ru- 
ber NRRL 1597 v1.0, Spathularia flavida , Suillus collinitus S28 v1.0,
and Trichocoma paradoxa CBS 103.73 v1.0. These data were pro- 
duced by the U.S. Department of Energy Joint Genome Institute,
a DOE Office of Science User Facility, supported by the Office of
Science of the U.S. Department of Energy under Contract No. DE- 
AC02-05CH11231. We thank C. Elizabeth Oakley for assistance in 
preparing the manuscript. 

Funding 

This work was supported by Grant R21AI156320 from the National 
Institute of Allergy and Infectious Diseases and by the Irving S.
Johnson Fund of the University of Kansas Endowment. 

Author Contributions 

Cory Jenkinson conceived the underlying approach, worked with 
Adam Podgorny on the rg3m script, executed the script, analyzed 
the data, and wrote the initial draft for the manuscript. Adam 

Podgorny devised, wrote, and debugged the script and prepared 
a figure and wrote portions of the manuscript. Cuncong Zhong 
read and discussed the manuscript. Berl Oakley participated in 
the analysis of the data, edited the manuscript and prepared some 
of the figures. 

Supplementary Data 

Supplementary material is available online at JIMB ( www.academic. 
oup.com/jimb ). 

Conflict of Interest 
We have no conflicts of interest to declare. 

Data availability statement 
All data are present in the manuscript, supplementary data or the 
databases cited (principally MycoCosm). 

References 

Ahuja, M., Chiang, Y. M., Chang, S. L., Praseuth, M. B., Entwistle, R.,
Sanchez, J. F., Lo, H. C., Yeh, H. H., Oakley, B. R., & Wang, C. C.
C. (2012). Illuminating the diversity of aromatic polyketide syn- 
thases in Aspergillus nidulans . Journal of the American Chemical Soci- 
ety , 134(19), 8212–8221.

Alanjary, M., Kronmiller, B., Adamek, M., Blin, K., Weber, T., Huson, D.,
Philmus, B., & Ziemert, N. (2017). The Antibiotic Resistant Target 
Seeker (ARTS), an exploration engine for antibiotic cluster prior- 
itization and novel drug target discovery. Nucleic Acids Research ,
45(W1), W42–W48.

https://academic.oup.com/jimb/article-lookup/doi/10.1093/jimb/kuad045#supplementary-data
http://www.academic.oup.com/jimb


14 | Journal of Industrial Microbiology and Biotechnology , 2023, Vol. 50, No. 1 

A  

 

A  

 

 

 

A  

 

A  

 

 

 

 

B  

 

B  

 

 

B  

 

B  

C  

 

 

C  

 

 

C  

 

 

 

C  

 

 

 

C  

 

 

 

 

D  

 

d  

 

 

 

 

 

 

D  

 

 

 

D  

 

 

E  

 

F  

 

 

 

 

 

F  

 

 

 

G  

 

 

 

 

G  

G  

 

 

 

G  

 

 

H  

 

 

H  

 

 

 

 

H  

 

 

H  

 

 

lberts, A. W. (1990). Lovastatin and simvastatin—inhibitors of HMG
CoA reductase and cholesterol biosynthesis. Cardiology , 77(4),
14–21.

ndersen, M. R., Nielsen, J. B., Klitgaard, A., Petersen, L. M., Zachari-
asen, M., Hansen, T. J., Blicher, L. H., Gotfredsen, C. H., Larsen,
T. O., Nielsen, K. F., & Mortensen, U. H. (2013). Accurate predic-
tion of secondary metabolite gene clusters in filamentous fungi.
Proceedings of the National Academy of Sciences , 110(1), E99–107.

nyaogu, D. C. & Mortensen, U. H. (2015). Heterologous production of
fungal secondary metabolites in Aspergilli. Frontiers in Microbiol-
ogy , 6, 77.

rnaud, M. B., Cerqueira, G. C., Inglis, D. O., Skrzypek, M. S.,
Binkley, J., Chibucos, M. C., Crabtree, J., Howarth, C., Orvis, J., Shah,
P., Wymore, F., Binkley, G., Miyasato, S. R., Simison, M., Sherlock,
G., & Wortman, J. R. (2012). The Aspergillus Genome Database
(AspGD): Recent developments in comprehensive multispecies 
curation, comparative genomics and community resources. Nu-
cleic Acids Research , 40(D1), D653–D659.

aroncelli, R., Sukno, S. A., Sarrocco, S., Cafà, G., Le Floch, G., & Thon,
M. R. (2018) Whole-genome sequence of the orchid anthracnose
pathogen colletotrichum orchidophilum. Molecular Plant-Microbe 
Interactions®, 31(10), 979–981.

lin, K., Shaw, S., Kloosterman, A. M., Charlop-Powers, Z., van Wezel,
G. P., Medema, M. H., & Weber, T. (2021). antiSMASH 6.0: Improv-
ing cluster detection and comparison capabilities. Nucleic Acids
Research , 49(W1), W29–W35.

ok, J.-W., Hoffmeister, D., Maggio-Hall, L. A., Murillo, R., Glasner, J.
D., & Keller, N. P. (2006). Genomic mining for Aspergillus natural
products. Chemistry & Biology , 13(1), 31–37.

rakhage, A. A. (2013). Regulation of fungal secondary metabolism.
Nature Reviews Microbiology , 11(1), 21–32.

hen, A. J., Frisvad, J. C., Sun, B. D., Varga, J., Kocsubé, S., Dijksterhuis,
J., Kim, D. H., Hong, S. B., Houbraken, J., & Samson, R. A. (2016). As-
pergillus section Nidulantes (formerly Emericella ): Polyphasic taxon-
omy, chemistry and biology. Studies in Mycology , 84(1), 1–118.

hen, Y. P., Tseng, C. P., Liaw, L. L., Wang, C. L., Chen, I. C., Wu,
W. J., Wu, M. D., & Yuan, G. F. (2008). Cloning and characterization
of monacolin K biosynthetic gene cluster from Monascus pilosus .
Journal of Agricultural and Food Chemistry , 56(14), 5639–5646.

hiang, Y. M., Ahuja, M., Oakley, C. E., Entwistle, R., Asokan, A., Zutz,
C., Wang, C. C., & Oakley, B. R. (2016). Development of genetic
dereplication strains in Aspergillus nidulans results in the discov-
ery of aspercryptin. Angewandte Chemie International Edition , 55(5),
1662–1665.

hiang, Y. M., Oakley, C. E., Ahuja, M., Entwistle, R., Schultz, A., Chang,
S. L., Sung, C. T., Wang, C. C. C., & Oakley, B. R. (2013). An effi-
cient system for heterologous expression of secondary metabo-
lite genes in Aspergillus nidulan s. Journal of the American Chemical
Society , 135(20), 7720–7731.

levenger, K. D., Bok, J. W., Ye, R., Miley, G. P., Verdan, M. H., Velk, T.,
Chen, C., Yang, K., Robey, M. T., Gao, P., Lamprecht, M., Thomas,
P. M., Islam, M. N., Palmer, J. M., Wu, C. C., Keller, N. P., & Kelle-
her, N. L. (2017). A scalable platform to identify fungal secondary
metabolites and their gene clusters. Nature Chemical Biology , 13(8),
895–901.

emain, A. L. (2014). Importance of microbial natural products and
the need to revitalize their discovery. Journal of Industrial Microbi-
ology and Biotechnology , 41(2), 185–201.

e Vries, R. P., Riley, R., Wiebenga, A., Aguilar-Osorio, G., Amillis,
S., Uchima, C. A., Anderluh, G., Asadollahi, M., Askin, M., Barry,
K., Battaglia, E., Bayram, Ö., Benocci, T., Braus-Stromeyer, S. A.,
Caldana, C., Cánovas, D., Cerqueira, G. C., Chen, F., Chen, W., . . .

Grigoriev, I. V. (2017). Comparative genomics reveals high bio-
logical diversity and specific adaptations in the industrially and
medically important fungal genus Aspergillus . Genome Biology ,
18(1), 28.

i Tommaso, P., Moretti, S., Xenarios, I., Orobitg, M., Montanyola, A.,
Chang, J. M., Taly, J. F., & Notredame, C. (2011). T-Coffee: A web
server for the multiple sequence alignment of protein and RNA
sequences using structural information and homology extension.
Nucleic Acids Research , 39(suppl), W13–W17.

rott, M. T., Bastos, R. W., Rokas, A., Ries, L. N. A., Gabaldón, T., Gold-
man, G. H., Keller, N. P., & Greco, C. (2020). Diversity of secondary
metabolism in Aspergillus nidulans clinical isolates. mSphere , 5(2),
e00156–20.

ndo, A., Hasumi, K., & Negishi, S. (1985). Monacolins J and L, new in-
hibitors of cholesterol biosynthesis produced by Monascus ruber.
The Journal of Antibiotics , 38(3), 420–422.

ranco, M. E. E., Wisecaver, J. H., Arnold, A. E., Ju, Y. M., Slot, J. C.,
Ahrendt, S., Moore, L. P., Eastman, K. E., Scott, K., Konkel, Z.,
Mondo, S. J., Kuo, A., Hayes, R. D., Haridas, S., Andreopoulos, B.,
Riley, R., LaButti, K., Pangilinan, J., Lipzen, A., . . . U’Ren, J. M.
(2022). Ecological generalism drives hyperdiversity of secondary
metabolite gene clusters in xylarialean endophytes. New Phytolo-
gist , 233(3), 1317–1330.

randsen, R. J. N., Khorsand-Jamal, P., Kongstad, K. T., Nafisi, M., Kan-
nangara, R. M., Staerk, D., Okkels, F. T., Binderup, K., Madsen, B.,
Møller, B. L., Thrane, U., & Mortensen, U. H. (2018). Heterologous
production of the widely used natural food colorant carminic
acid in Aspergillus nidulans . Scientific Reports , 8(1), 12853.

alagan, J. E., Calvo, S. E., Cuomo, C., Ma, L. J., Wortman, J. R., Bat-
zoglou, S., Lee, S. I., Basturkmen, M., Spevak, C. C., Clutterbuck, J.,
Kapitonov, V., Jurka, J., Scazzocchio, C., Farman, M., Butler, J., Pur-
cell, S., Harris, S., Braus, G. H., Draht, O., . . . Birren, B. W. (2005).
Sequencing of Aspergillus nidulans and comparative analysis with
A. fumigatus and A. oryzae . Nature , 438(7071), 1105–1115.

oldberg, A. L. (2012). Development of proteasome inhibitors as re-
search tools and cancer drugs. Journal of Cell Biology , 199(4), 583–
588.

rau, M. F., Entwistle, R., Chiang, Y. M., Ahuja, M., Oakley, C. E.,
Akashi, T., Wang, C. C. C., Todd, R. B., & Oakley, B. R. (2018). Hybrid
transcription factor engineering activates the silent secondary
metabolite gene cluster for ( + )-asperlin in Aspergillus nidulans .
ACS Chemical Biology , 13(11), 3193–3205.

rau, M. F., Entwistle, R., Oakley, C. E., Wang, C. C. C., & Oakley, B.
R. (2019). Overexpression of an LaeA-like methyltransferase up-
regulates secondary metabolite production in Aspergillus nidulans .
ACS Chemical Biology , 14(7), 1643–1651.

ansen, B. G., Genee, H. J., Kaas, C. S., Nielsen, J. B., Regueira, T. B.,
Mortensen, U. H., Frisvad, J. C., & Patil, K. R. (2011). A new class of
IMP dehydrogenase with a role in self-resistance of mycophenolic
acid producing fungi. BMC Microbiology , 11(1), 202.

arvey, C. J. B., Tang, M., Schlecht, U., Horecka, J., Fischer, C. R., Lin,
H. C., Li, J., Naughton, B., Cherry, J., Miranda, M., Li, Y. F., Chu, A. M.,
Hennessy, J. R., Vandova, G. A., Inglis, D., Aiyar, R. S., Steinmetz, L.
M., Davis, R. W., Medema, M. H., . . . Hillenmeyer, M. E. (2018). HEx:
A heterologous expression platform for the discovery of fungal
natural products. Science Advances , 4(4), eaar5459.

enke, M. T., Soukup, A. A., Goering, A. W., McClure, R. A., Thomson, R.
J., Keller, N. P., & Kelleher, N. L. (2016). New aspercryptins, lipopep-
tide natural products, revealed by HDAC inhibition in Aspergillus
nidulans . ACS Chemical Biology , 11(8), 2117–2123.

utchinson, C. R., Kennedy, J., Park, C., Kendrew, S., Auclair, K., &
Vederas, J. (2000). Aspects of the biosynthesis of non-aromatic
fungal polyketides by iterative polyketide synthases. Antonie Van
Leeuwenhoek , 78(3/4), 287–295.



Jenkinson et al. | 15 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Inglis, D. O., Binkley, J., Skrzypek, M. S., Arnaud, M. B., Cerqueira, G. C.,
Shah, P., Wymore, F., Wortman, J. R., & Sherlock, G. (2013). Compre-
hensive annotation of secondary metabolite biosynthetic genes
and gene clusters of Aspergillus nidulans , A. fumigatus , A. niger , and
A. oryzae . BMC Microbiology , 13(1), 91.

Keller, N. P. (2015). Translating biosynthetic gene clusters into fungal
armor and weaponry. Nature Chemical Biology , 11(9), 671–677.

Keller, N. P. (2019). Fungal secondary metabolism: Regulation, func-
tion and drug discovery. Nature Reviews Microbiology , 17(3), 167–
180.

Keller, N. P., Turner, G., & Bennett, J. W. (2005). Fungal secondary
metabolism—from biochemistry to genomics. Nature Reviews Mi-
crobiology , 3(12), 937–947.

Kennedy, J., Auclair, K., Kendrew, S. G., Park, C., Vederas, J. C., &
Hutchinson, C. R. (1999). Modulation of polyketide synthase activ-
ity by accessory proteins during lovastatin biosynthesis. Science ,
284(5418), 1368–1372.

Khaldi, N., Seifuddin, F. T., Turner, G., Haft, D., Nierman, W. C., Wolfe,
K. H., & Fedorova, N. D. (2010). SMURF: Genomic mapping of
fungal secondary metabolite clusters. Fungal Genetics and Biology ,
47(9), 736–741.

Kisselev, A. F., van der Linden, W. A., & Overkleeft, H. S. (2012). Protea-
some inhibitors: An expanding army attacking a unique target.
Chemistry & Biology , 19(1), 99–115.

Kjærbølling, I., Mortensen, U. H., Vesth, T., & Andersen, M. R. (2019).
Strategies to establish the link between biosynthetic gene clus-
ters and secondary metabolites. Fungal Genetics and Biology , 130,
107–121.

Kjærbølling, I., Vesth, T., & Andersen, M. R. (2019); Resistance gene-
directed genome mining of 50 Aspergillus species. mSystems , 4(4),
e00085–19.

Kjærbølling, I., Vesth, T., Frisvad, J. C., Nybo, J. L., Theobald, S.,
Kildgaard, S., Petersen, T. I., Kuo, A., Sato, A., Lyhne, E. K., Kogle, M.
E., Wiebenga, A., Kun, R. S., Lubbers, R. J. M., Mäkelä, M. R., Barry,
K., Chovatia, M., Clum, A., Daum, C., . . . Andersen, M. R. (2020). A
comparative genomics study of 23 Aspergillus species from sec-
tion Flavi. Nature Communications , 11(1), 1106.

Lan, N., Perlatti, B., Kvitek, D. J., Wiemann, P., Harvey, C. J. B., Frisvad,
J., An, Z., & Bills, G. F. (2020). Acrophiarin (antibiotic S31794/F-
1) from Penicillium arenicola shares biosynthetic features with
both Aspergillus- and Leotiomycete-type echinocandins. Environ-
mental Microbiology , 22(6), 2292–2311.

Lin, G., Li, D., Chidawanyika, T., Nathan, C., & Li, H. (2010). Fellutamide
B is a potent inhibitor of the Mycobacterium tuberculosis protea-
some. Archives of Biochemistry and Biophysics , 501(2), 214–220.

Lind, A. L., Wisecaver, J. H., Smith, T. D., Feng, X., Calvo, A. M., & Rokas,
A. (2015). Examining the evolution of the regulatory circuit con-
trolling secondary metabolism and development in the fungal
genus Aspergillus . PLOS Genetics , 11(3), e1005096.

Liu, N., Abramyan, E. D., Cheng, W., Perlatti, B., Harvey, C. J. B., Bills,
G. F., & Tang, Y. (2021). Targeted genome mining reveals the
biosynthetic gene clusters of natural product CYP51 inhibitors.
Journal of the American Chemical Society , 143(16), 6043–6047.

Lofgren, L. A., Nguyen, N. H., Vilgalys, R., Ruytinx, J., Liao, H. L., Branco,
S., Kuo, A., LaButti, K., Lipzen, A., Andreopoulos, W., Pangilinan, J.,
Riley, R., Hundley, H., Na, H., Barry, K., Grigoriev, I. V., Stajich, J. E.,
& Kennedy, P. G. (2021). Comparative genomics reveals dynamic
genome evolution in host specialist ectomycorrhizal fungi. New
Phytologist , 230(2), 774–792.

Macheleidt, J., Mattern, D. J., Fischer, J., Netzker, T., Weber, J., Schroeckh,
V., Valiante, V., & Brakhage, A. A. (2016). Regulation and role of fun-
gal secondary metabolites. Annual Review of Genetics , 50(1), 371–

392.
Manzoni, M. & Rollini, M. (2002). Biosynthesis and biotechnologi- 
cal production of statins by filamentous fungi and application of 
these cholesterol-lowering drugs. Applied Microbiology and Biotech- 
nology , 58(5), 555–564.

Martin, J. F. (1998). New aspects of genes and enzymes for beta- 
lactam antibiotic biosynthesis. Applied Microbiology and Biotechnol- 
ogy , 50(1), 1–15.

Martinez, D., Challacombe, J., Morgenstern, I., Hibbett, D., Schmoll,
M., Kubicek, C. P., Ferreira, P., Ruiz-Duenas, F. J., Martinez, A. T.,
Kersten, P., Hammel, K. E., Vanden Wymelenberg, A., Gaskell,
J., Lindquist, E., Sabat, G., Bondurant, S. S., Larrondo, L. F.,
Canessa, P., Vicuna, R., . . . Cullen, D. (2009). Genome, transcrip- 
tome, and secretome analysis of wood decay fungus Postia 
placenta supports unique mechanisms of lignocellulose con- 
version. Proceedings of the National Academy of Sciences , 106(6),
1954–1959.

Mesny, F., Miyauchi, S., Thiergart, T., Pickel, B., Atanasova, L., Karls- 
son, M., Hüttel, B., Barry, K. W., Haridas, S., Chen, C., Bauer, D., An-
dreopoulos, W., Pangilinan, J., LaButti, K., Riley, R., Lipzen, A., Clum,
A., Drula, E., Henrissat, B., . . . Hacquard, S. (2021). Genetic determi- 
nants of endophytism in the Arabidopsis root mycobiome. Nature 
Communications , 12(1), 7227.

Mungan, M. D., Alanjary, M., Blin, K., Weber, T., Medema, M. H., &
Ziemert, N. (2020). ARTS 2.0: Feature updates and expansion of 
the Antibiotic Resistant Target Seeker for comparative genome 
mining. Nucleic Acids Research , 48(W1), W546–W552.

Nielsen, J. C., Grijseels, S., Prigent, S., Ji, B., Dainat, J., Nielsen, K. F.,
Frisvad, J. C., Workman, M., & Nielsen, J. (2017). Global analysis 
of biosynthetic gene clusters reveals vast potential of secondary 
metabolite production in Penicillium species. Nature Microbiology ,
2,6, 17044.

Oakley, C. E., Ahuja, M., Sun, W. W., Entwistle, R., Akashi, T., Yaegashi,
J., Guo, C. J., Cerqueira, G. C., Russo Wortman, J., Wang, C. C., Chi-
ang, Y. M., & Oakley, B. R. (2017). Discovery of McrA, a master regu-
lator of Aspergillus secondary metabolism. Molecular Microbiology ,
103(2), 347–365.

Palaez, F. (2005). Biological activities of fungal metabolites. In Z. An 
(Ed), Handbook of Industrial Microbiology (pp. 49–92). Marcel Dekker,
New York, NY.

Paolillo, V., Jenkinson, C. B., Horio, T., & Oakley, B. R. (2018). Cyclins in
aspergilli: Phylogenetic and functional analyses of group I cyclins.
Studies in Mycology , 91(1), 1–22.

Plett, J. M., Miyauchi, S., Morin, E., Plett, K., Wong-Bajracharya, J., de
Freitas Pereira, M., Kuo, A., Henrissat, B., Drula, E., Wojtalewicz,
D., Riley, R., Pangilinan, J., Andreopoulos, W., LaButti, K., Daum, C.,
Yoshinaga, Y., Fauchery, L., Ng, V., Lipzen, A, . . . Kohler, A. (2023).
Speciation underpinned by unexpected molecular diversity in the 
mycorrhizal fungal genus Pisolithus . Molecular Biology and Evolution ,
40(3), msad045.

Proctor, R. H., McCormick, S. P., & Gutiérrez, S. (2020). Genetic bases
for variation in structure and biological activity of trichothecene 
toxins produced by diverse fungi. Applied Microbiology and Biotech- 
nology , 104(12), 5185–5199.

Proctor, R. H., McCormick, S. P., Kim, H. S., Cardoza, R. E., Stanley, A. M.,
Lindo, L., Kelly, A., Brown, D. W., Lee, T., Vaughan, M. M., Alexander,
N. J., Busman, M., & Gutiérrez, S. (2018). Evolution of structural 
diversity of trichothecenes, a family of toxins produced by plant 
pathogenic and entomopathogenic fungi. PLOS Pathogens , 14(4),
e1006946.

Ramón, A., Muro-Pastor, M. I., Scazzocchio, C., & Gonzalez, R. (2000).
Deletion of the unique gene encoding a typical histone H1 has no
apparent phenotype in Aspergillus nidulans . Molecular Microbiology ,
35(1), 223–233.



16 | Journal of Industrial Microbiology and Biotechnology , 2023, Vol. 50, No. 1 

R  

 

 

R  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

S  

 

 

v  

 

V  

 

 

 

 

W  

 

 

 

 

 

W  

X  

X  

 

 

 

 

Y  

 

 

 

Y  

 

Y  

 

 

Y  

 

 

 

 

Y  

 

 

Y  

 

 

Y  

 

 

 

Y  

 

Z  

 

 

 

Z  

 

R
© ty of 
d
d

egueira, T. B., Kildegaard, K. R., Hansen, B. G., Mortensen, U. H., Her-
tweck, C., & Nielsen, J. (2011). Molecular basis for mycophenolic
acid biosynthesis in Penicillium brevicompactum . Applied and Envi-
ronmental Microbiology , 77(9), 3035–3043.

eynolds, H. T., Slot, J. C., Divon, H. H., Lysøe, E., Proctor, R. H., &
Brown, D. W. (2017). Differential retention of gene functions in a
secondary metabolite cluster. Molecular Biology and Evolution , 34(8),
2002–2015.

akai, K., Kinoshita, H., & Nihira, T. (2012). Heterologous expression
system in Aspergillus oryzae for fungal biosynthetic gene clusters
of secondary metabolites. Applied Microbiology and Biotechnology ,
93(5), 2011–2022.

anchez, J. F., Chiang, Y.-M., Szewczyk, E., Davidson, A. D., Ahuja,
M., Oakley, C. E., Bok, J. W., Keller, N., Oakley, B. R., & Wang, C. C.
C. (2010). Molecular genetic analysis of the orsellinic acid/F9775
gene cluster of Aspergillus nidulans . Molecular Biosystems , 6(3), 587–
593.

higemori, H., Wakuri, S., Yazawa, K., Nakamura, T., Sasaki, T., &
Kobayashi, J. (1991). Fellutamides A and B, cytotoxic peptides from
a marine fish-possesing fungus Penicillium fellutanum . Tetrahedron ,
47(40), 8529–8534.

orensen, C. S., Lukas, C., Kramer, E. R., Peters, J. M., Bartek, J., & Lukas,
J. (2001). A conserved cyclin-binding domain determines func-
tional interplay between anaphase-promoting complex-Cdh1 
and cyclin A-Cdk2 during cell cycle progression. Molecular and Cel-
lular Biology , 21(11), 3692–3703.

orensen, J. L. & Vederas, J. C. (2003). Monacolin N, a compound re-
sulting from derailment of type I iterative polyketide synthase
function en route to lovastatin. Chemical Communications , 34(13),
1492–1493.

an Dijk, J. W.& Wang, C. C. (2016). Heterologous expression of fungal
secondary metabolite pathways in the Aspergillus nidulans host
system. Methods in Enzymology , 575, 127–142.

esth, T. C., Nybo, J. L., Theobald, S., Frisvad, J. C., Larsen, T. O., Nielsen,
K. F., Hoof, J. B., Brandl, J., Salamov, A., Riley, R., Gladden, J. M.,
Phatale, P., Nielsen, M. T., Lyhne, E. K., Kogle, M. E., Strasser, K.,
McDonnell, E., Barry, K., Clum, A., . . . Andersen, M. R. (2018). Inves-
tigation of inter- and intraspecies variation through genome se-
quencing of Aspergillus section Nigri . Nature Genetics , 50(12), 1688–
1695.

ang, Y., Chang, Y., Ortañez, J., Peña, J. F., Carter-House, D., Reynolds,
N. K., Smith, M. E., Benny, G., Mondo, S. J., Salamov, A., Lipzen,
A., Pangilinan, J., Guo, J., LaButti, K., Andreopolous, W., Tritt, A.,
Keymanesh, K., Yan, M., Barry, K., . . . Stajich, J. E. (2023). Diver-
gent evolution of early terrestrial fungi reveals the evolution of
Mucormycosis pathogenicity factors. Genome Biology and Evolution ,
15(4), evad046.

ieland, T. (1983). The toxic peptides from Amanita mushrooms.
International Journal of Peptide and Protein Research , 22(3), 257–
276.

eceived: June 9, 2023. Accepted: December 6, 2023 
The Author(s) 2023. Published by Oxford University Press on behalf of Socie

istributed under the terms of the Creative Commons Attribution License ( https://
istribution, and reproduction in any medium, provided the original work is prope
iong, Y. & Oakley, B. R. (2009). In vivo analysis of the functions of
γ -tubulin-complex proteins. Journal of Cell Science , 122(22), 4218–
4227.

u, D., Ondeyka, J., Harris, G. H., Zink, D., Kahn, J. N., Wang, H., Bills,
G., Platas, G., Wang, W., Szewczak, A. A., Liberator, P., Roemer, T., &
Singh, S. B. (2011). Isolation, structure, and biological activities of
Fellutamides C and D from an undescribed Metulocladosporiella
(Chaetothyriales) using the genome-wide Candida albicans fit-
ness test. Journal of Natural Products , 74(8), 1721–1730.

aegashi, J., Oakley, B. R., & Wang, C. C. (2014). Recent advances in
genome mining of secondary metabolite biosynthetic gene clus-
ters and the development of heterologous expression systems in
Aspergillus nidulans . Journal of Industrial Microbiology and Biotechnol-
ogy , 41,2, 433–442.

an, Y., Liu, N., & Tang, Y. (2020). Recent developments in self-
resistance gene directed natural product discovery. Natural Prod-
uct Reports , 37(7), 879–892.

an, Y., Liu, Q., Zang, X., Yuan, S., Bat-Erdene, U., Nguyen, C., Gan, J.,
Zhou, J., Jacobsen, S. E., & Tang, Y. (2018). Resistance-gene-directed
discovery of a natural-product herbicide with a new mode of ac-
tion. Nature , 559(7714), 415–418.

eh, H. H., Ahuja, M., Chiang, Y. M., Oakley, C. E., Moore, S., Yoon, O.,
Hajovsky, H., Bok, J. W., Keller, N. P., Wang, C. C., & Oakley, B. R.
(2016). Resistance gene-guided genome mining: Serial promoter
exchanges in Aspergillus nidulans reveal the biosynthetic pathway
for fellutamide B, a proteasome inhibitor. ACS Chemical Biology ,
11(8), 2275–2284.

eh, H. H., Chang, S. L., Chiang, Y.-M., Bruno, K. S., Oakley, B. R.,
Wu, T. K., & Wang, C. C. C. (2013). Engineering fungal nonreduc-
ing polyketide synthase by heterologous expression and domain
swapping. Organic Letters , 15(4), 756–759.

ılmaz, T. M., Mungan, M. D., Berasategui, A., & Ziemert, N. (2023). Fu-
nARTS, the Fungal bioActive compound Resistant Target Seeker,
an exploration engine for target-directed genome mining in
fungi. Nucleic Acids Research , 51(W1), W191–W197.

in, W. B., Reinke, A. W., Szilágyi, M., Emri, T., Chiang, Y. M., Keating,
A. E., Pócsi, I., Wang, C. C., & Keller, N. P. (2013). bZIP transcription
factors affecting secondary metabolism, sexual development and
stress responses in Aspergillus nidulans . Microbiology (Reading, Eng-
land) , 159(Pt_1), 77–88.

u, J., Bhatnagar, D., & Cleveland, T. E. (2004). Completed sequence
of aflatoxin pathway gene cluster in Aspergillus parasiticus . FEBS
Letters , 564(1–2), 126–130.

ampounis, A., Pigné, S., Dallery, J. F., Wittenberg, A. H., Zhou, S.,
Schwartz, D. C., Thon, M. R., & O’Connell, R. J. (2016). Genome se-
quence and annotation of Colletotrichum higginsianum , a causal
agent of crucifer anthracnose disease. Genome Announcements ,
4(4), e00821–16.

hang, Y.-Q., Winlinson, H., Keller, N. P., & Tsitsigiannis, D. (2004). Sec-
ondary metabolite gene clusters. in Handbook of Industrial Microbi-
ology , An Z., editor. Marcel Dekker, New York. 355–386.

Industrial Microbiology and Biotechnology. This is an Open Access article 

creativecommons.org/licenses/by/4.0/ ), which permits unrestricted reuse, 
rly cited. 

https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and Methods
	Script
	Algorithm Complexity
	Pseudocode
	Genomic Data

	Results
	Algorithm and rg3m Computer Script
	Proteasome b6 Subunit BGCs
	HMG-CoA Reductase Inhibitors
	Non-lovastatin Family BGCs With PKS Backbones
	Putative HMG-CoA Reductase Inhibitor BGCs With NRPS Backbones
	Putative HMG-CoA Reductase BGCs With Terpene synthase, Terpene cyclase, and DMATS Backbone Genes

	Discussion
	Effects of Altering the Distance Cutoff in Our Script
	Comparisons With Other Approaches
	Implications With Respect to Horizontal Transfer of Secondary Metabolism Gene Clusters

	Conclusion
	Acknowledgments
	Funding
	Author Contributions
	Supplementary Data
	Conflict of Interest
	Data availability statement
	References

