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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, onding 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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Graphical abstract 

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- 

sponsible for synthesizing the backbone of the SM as well as other 
genes that encode products that modify the backbone structure, 
innuence 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 modioed 
amino acids; polyketide synthase (PKS) BGCs utilize acetyl-CoA 
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and malonyl-CoA; terpene synthase and cyclase BGCs utilize 
isoprene units; and dimethylallyl tryptophan synthase (DMATS) 
BGCs use tryptophan and dimethylallyl pyrophosphate (Keller et 
al ., 2005 ). These core biosynthetic backbone genes can be readily 
identioed through bioinformatics due to their highly conserved 
structural domains (Andersen et al ., 2013 ). 

While the research community has discovered tens of thou- 
sands of fungal SMs over decades of research, genome sequencing 
and bioinformatics have revealed that the BGCs that make known 
SMs are only a small fraction of the total SM BGCs that exist. It 
follows that we have discovered only a fraction of the compounds 
that fungi are capable of creating (de Vries et al ., 2017 ; Drott et al., 
2020 ; Inglis et al ., 2013 ; Lind et al ., 2015 ; Nielsen et al ., 2017 ). The 
fact that there are many more SM BGCs than known SMs renects 
the fact that the majority of fungal SM BGCs are not expressed 
under the typical laboratory growth conditions that have been 
used for SM discovery. Perhaps more importantly, it illustrates that 
there is vast potential for the discovery of new bioactive molecules 
from fungi that can be used to improve human health. 

Although most fungal SM BGCs are normally silent, in recent 
years a number of molecular genetic approaches have been de- 
veloped in species with established molecular genetic systems, 
such as Aspergillus nidulans, to activate the expression of endoge- 
nous SM BGCs (Ahuja et al ., 2012 ; Brakhage, 2013 ; Chiang et al., 
2013 , 2016 ; Grau et al ., 2018 , 2019 ; Henke et al ., 2016 ; Keller, 2015 ; 
Kjærbølling et al ., 2019a ; Oakley et al ., 2017 ; Yin et al ., 2013 ; 
Yaegashi et al ., 2014 ; Yeh et al ., 2016 ; Yan et al ., 2018 , 2020 ). 
Efocient heterologous expression systems have been developed 
in some of these species to express BGCs from species that do 
not have established molecular genetic systems (Anyaogu and 
Mortensen, 2015 ; Chiang et al., 2013 ; Clevenger et al., 2017 ; Frand- 
sen et al., 2018 ; Harvey et al., 2018 ; Kjærbølling et al., 2019a ; Sakai 
et al ., 2012 ; van Dijk and Wang, 2016 ). In spite of this progress, 
however, a major gap remains in our ability to exploit the greater 
fungal secondary metabolome efociently. It is currently impossi- 
ble to deduce the complete structure(s) of the compound(s) an SM 

BGC makes until it is synthesized; generally, we can only guess the 
class of compound the cluster produces. Additionally, the activi- 
ties of compounds are discovered only after the compound9s in- 
duction, puriocation, and extensive testing, all of which are very 
time consuming and labor intensive. There is a great need to be 
able to identify BGCs, among the millions present in fungi, that 
are likely to produce compounds with activities we desire. 

Discoveries in our lab and others (Hutchinson et al ., 2000 ; 
Hansen et al., 2011 ; Kennedy et al., 1999 ; Regueira et al ., 2011 ; 
Yeh et al ., 2016 ; Yan et al., 2018 , 2020 ) have led to the devel- 
opment of a strategy that fulolls this need in many cases. This 
strategy, called SM resistance gene-guided genome mining, has 
enabled researchers to determine the targets of SMs produced 
by some fungal BGCs in silico , before their expression, isolation, 
and biological testing. This approach is based on the fact that 
some SM BGCs contain a gene that encodes a resistant form of 
the protein targeted by the compound produced by the BGC. The 
resistant allele is expressed along with the other genes of the 
BGC, and it confers resistance to the compound. This allows the 
compound-producing organism to survive while killing or inhibit- 
ing the growth of competing organisms. The in silico signature 
of such BGCs is that they contain an allele of an essential gene 
that has no SM biosynthetic function, and there is a second al- 
lele of that gene elsewhere in the genome. Other mechanisms of 
self-resistance to SMs exist, but, fortunately, resistance due to the 
presence of resistant alleles of essential genes in SM BGCs occurs 
frequently enough to potentially make this approach very useful. 

Manually searching for this in silico signature is time con- 
suming, and it is not practical at a large scale. At the time 
of this study, 1825 fungal genomes sequenced by the Joint 
Genome Institute were available on the MycoCosm web 
portal (mycocosm.jgi.doe.gov), and they contained 59 126 
putative SM BGCs. The number of sequenced fungal genomes, 
fortunately, continues to increase rapidly, and a rapid, computer- 
guided method for resistance gene-guided genome mining is 
needed. 

Currently, there are three published computer-guided ap- 
proaches for resistance gene-guided genome mining in fungi 
(Kjærbølling et al., 2019b ; Liu et al ., 2021 ; Yılmaz et al ., 2023 ). 
All are designed to be used with whole-genome sequencing data. 
In contrast, our goal has been to develop a process that en- 
ables users to query an annotated genomic database to ond SM 

BGCs with resistance genes of our choice without downloading 
each individual genome. This allows the user to focus on genes 
that encode promising therapeutic targets. We have written a 
Python script that we have named rg3m, an abbreviation for 
r esistance g ene-g uided g enome m iner. This script allows us to 
identify instances in which a designated target gene is within a 
user-specioed distance of an SM core biosynthetic gene, and (in 
the default setting) there are at least two copies of the target gene 
in the genome. rg3m has no additional assumptions. We have 
employed this approach with MycoCosm ( https://mycocosm.jgi. 
doe.gov/mycocosm/home ), a database of 1825 annotated fungal 
genomes, although, in principle, the approach would work with 
other databases of annotated genomes. 

We have tested this approach by applying it to look for SM 

BGCs that target the proteasome β6 subunit or HMG-CoA reduc- 
tase (HMGCR). The proteasome β6 subunit is the target of the pro- 
teasome inhibitor fellutamide B, and proteasome inhibitors have 
a growing number of therapeutic uses in cancer chemotherapy 
(Goldberg, 2012 ; Kisselev et al ., 2012 ). HMG-CoA reductase is a key 
enzyme in sterol biosynthesis, and it is the target of cholesterol 
reducing therapeutics such as lovastatin (Alberts, 1990 ). Both are 
known to be produced by BGCs that contain resistant alleles of 
the target molecule (Hutchinson et al ., 2000 ; Kennedy et al., 1999 ; 
Yeh et al., 2016 ) and if our approach is successful, we should ond 
these known lovastatin-family and fellutamide family BGCs. We 
have found that our approach not only found known fellutamide 
and lovastatin BGCs, but previously undocumented examples as 
well. It also revealed BGC families that are closely related to doc- 
umented fellutamide and lovastatin BGCs but with variations in 
the complement of SM genes that suggest that these BGCs could 
produce structural variants of fellutamides and lovastatin. Grati- 
fyingly, we also found SM BGCs that are not closely related to lo- 
vastatin BGCs but putatively produce novel HMGCR inhibitors. In 
summary, our script is effective and easy to use, and it is not com- 
putationally heavy. It works in synergy with the accessible and 
user-friendly MycoCosm platform that has strong gene annota- 
tions and SM cluster prediction tools, allowing users to search for 
SM clusters harboring specioc resistance genes without having to 
download entire genomes. 

Materials and Methods 

Script 
Our script, rg3m, is available on github: https://github.com/ 
apodgorny1/rg3m . 

The script is in stock Python, such that it would be compati- 
ble with Python2 and Python3; it should run with the default li- 
brary packages provided at installation. This obviates the need for 
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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 

modiocation to ot special use cases by users with little program- 
ming background. As there is variation in the gene database oles 
available online, the most common headers were used for column 
inference allowing for nexibility of sources. This may be updated 
easily as required. 

Algorithm Complexity 

As the core now 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 onal 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 specioed 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_gene9s and s_gene9s 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 specioed. 
Output resistance gene homologs if specioed. 
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 NCBI9s 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 identioable 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 specioed 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 ana- 
toxin cluster of Aspergillus parasiticus is ∼70 kb (Yu et al ., 2004 ). In 
principle, the frequency of false positives (target resistance genes 
within the specioed distance of a core biosynthetic gene even 
though there is no functional relationship between them) should 
increase as a function of the specioed 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 deoned by 
our input lists. 

Our worknow involves four main steps. In step 1, we create a 
database of comma separated values (CSV) oles 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 oles for all the sequenced fungi in Myco- 
Cosm. To generate these core biosynthetic gene CSV oles, 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 deoned by MycoCosm. To generate our NRPS ole we used KOG 

term 1178 to generate a CSV ole 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 ole, we 
orst did a trial run, generating three oles 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 ole, 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 ole. Using the search terms <terpene synthase,= <terpene cy- 
clase,= and <tryptophan dimethylallyltransferase,= we generated 
oles that contained 12 077 genes, 2436 genes and 3112 genes, re- 
spectively. While one could combine these oles into a single large 
ole containing all core biosynthetic genes, we have found it con- 
venient to keep the various classes of core biosynthetic genes in 
separate oles. These core biosynthetic gene oles 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 ole 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 ond BGCs that produce an HMGCR inhibitor, we would 
create a ole 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 ole and the target gene 
ole are used as input data by rg3m (Fig. 1 ). rg3m queries the two 
oles, 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-specioed distance of a core SM 

biosynthetic gene. (Note, in this instance the distance is deoned as 
the distance between the center of the target gene and the center 
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Fig. 1. Flowchart of our resistance gene-guided genome mining script, rg3m. The script initially reads a CSV ole 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, ond all the transcription factors within a user-specioed 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-specioed 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 ole mode is activated, 
the hit is outputted to a user-specioed ole ( k ). If the query gene is not on the same scaffold as the target gene, or it is not within a user-specioed 
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 specioed ole ( p ). The script is then ended ( q ). 

of the core biosynthetic gene as designated by their genomic loca- 
tion in the input oles. In all other cases in this manuscript, when 
we refer to distances between genes, we refer to the distances be- 
tween the ends of genes as deoned by the beginnings and ends 
of genes as annotated in MycoCosm.) The rg3m script creates a 
list of 8hits9 which can be output into a CSV ole at the user9s com- 
mand. This list contains the genome designation as specioed in 
the MycoCosm database (which can include the species, strain, 
and annotation version), the E -value and percent identity of the 
predicted protein product of the putative resistance gene relative 
to the homolog used as the query for the TBLASTN search, the ge- 
nomic coordinates of the resistance gene and the core backbone 
SM biosynthesis gene, and the distance between the resistance 
gene and core backbone synthesis gene. In step 4, the researcher 
evaluates these hits manually, aided by various tools such as the 
genome browser and SMURF SM cluster predictions available on 
MycoCosm. 

To determine the efocacy of our approach, we tested it by look- 
ing for BGCs that putatively produce inhibitors of the β6 subunit 
of the proteasome or of HMGCR. The proteasome is a critical cel- 
lular complex that is required for proteolysis of proteins targeted 
for destruction by ubiquitination. Proteasome inhibitors are in- 

creasingly valuable cancer chemotherapy agents (Goldberg, 2012 ; 
Kisselev et al., 2012 ), and the proteasome inhibitor fellutamide B 
is a potent inhibitor of the tuberculosis-causing bacterium My- 

cobacterium tuberculosis (Lin et al., 2010 ). Fellutamide B inhibits the 
proteasome by targeting the β6 proteasome subunit, and the A. 
nidulans fellutamide B BGC contains a β6 homolog ( inpE ) that has 
been demonstrated experimentally to confer resistance to fellu- 
tamide B (Yeh et al ., 2016 ). HMG-CoA reductase is a critical gene 
in sterol biosynthesis in both fungi and humans. It is inhibited 
by lovastatin, and the Aspergillus terreus lovastatin BGC contains 
an HMGCR allele ( lvrA ) that confers resistance (Hutchinson et al ., 
2000 ). Fellutamide B and lovastatin clusters have been reported 
in several fungi in the MycoCosm database. We reasoned that if 
our approach works, known fellutamide B and lovastatin clus- 
ters should be included among our hits. Additionally, previously 
undiscovered fellutamide-like or lovastatin-like clusters might be 
found. Perhaps most interestingly, we anticipated our approach 
might ond BGCs that putatively encode novel classes of inhibitors 
of the proteasome β6 subunit or HMGCR. 

We also reasoned that analyzing the distinct cluster families 
whose members produce similar SMs could help us improve our 
algorithm 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 modioed fellutamide. Five 
nanking genes on each side of the BGCs are shown. The nanking regions of A. stella-maris and A. olivicola are highly conserved but the nanks of the 
other clusters are less conserved. Many of these genes also have potential functions in secondary metabolism and could, in principle, alter the onal 
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 oles 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 MycoCosm9s 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, 



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

a proteasome β6 subunit homolog, and an esterase or lipase gene, 
the product of which is predicted to be involved in product re- 
lease/transfer (Yeh et al ., 2013 ). For one hit, in Amylomyces rouxii 

NRRL 5866 v1.0 (Wang et al ., 2023 ), due to the presence of a large 
number of genes with unknown functions in the region, it was not 
obvious to us that the genes around the proteasome β6 formed 
an SM BGC. There were three hits in the Aspergillus multicolor v1.0 
genome. Two hits were NRPS genes that formed part of a fellu- 
tamide cluster, but the third hit was an NRPS gene located almost 
40 kb away from this fellutamide cluster. The clusters in the re- 
maining genomes, however, were clearly complete or partial fellu- 
tamide clusters, based on the genes they contained and pairwise 
BLASTP comparisons that revealed the high degree of homology 
of the predicted products of those genes (low E -values, high per- 
centage similarity, and high percentage identity) to the proteins 
encoded by homologous A. nidulans fellutamide cluster genes 
( Supplemental Spreadsheet 1 , Fellutamide Cluster BLASTPs tab). 

Twenty-nine Aspergillus genomes in addition to the A. 

nidulans genome contained fellutamide BGCs with ho- 
mologs of all the genes present in the A. nidulans cluster 
( Supplementary Spreadsheet 1 , Fellutamide Cluster BLASTPs tab 
and examples in Fig. 2 ). Aspergillus navahoensis v1.0 contained 
an incomplete fellutamide cluster lacking homologs of the of 
the inpA NRPS gene and the inpF product release/transfer gene. 
BLAST searches did not reveal strong homologs of these genes 
elsewhere in the genome, so the absence of these genes did not 
appear to be a genome assembly error. The NRPS gene that was 
present was a homolog of inpB but was much shorter, with a 
predicted product of 688 amino acids versus 2327 amino acids for 
inpB . The smaller gene did not appear to be an annotation error. 
Rather, the 59 end of the gene appeared to be deleted. This cluster 
could, thus, be an evolutionary relict rendered dysfunctional by a 
deletion that removed a portion of the cluster. 

The hits in Aspergillus fructiculosus v1.0 and Aspergillus falco- 
nensis CBS 271.91 v1.0 genomes were in clusters very similar to 
each other ( Supplementary Spreadsheet S1 , Fellutamide Cluster 
BLASTPs tab and Supplementary Fig. S1 ). The cluster was near 
the end of a scaffold in each genome with the scaffolds extended 
in opposite directions from a syntenic region. Within the syntenic 
region there were genes putatively encoding an AMP-dependent 
synthetase/ligase NRPS, a proteasome subunit, which appeared to 
be fused to a TF gene, a transporter gene, a TF gene, and a fatty- 
acyl-AMP ligase gene, each with strong homology to genes in the 
A. nidulans fellutamide cluster ( Supplementary Spreadsheet S1 , 
Fellutamide Cluster BLASTPs tab). The genes were in the same or- 
der in the two clusters. We looked for inpA and inpB homologs in 
regions upstream and downstream of the BGCs, and they were ab- 
sent. The syntenic region did contain genes encoding a monooxy- 
genase and cytochrome P450 which often function in biosynthesis 
of SMs. These two clusters are clearly related to fellutamide BGCs 
but could not make fellutamides (assuming that the absence of 
other fellutamide BGC genes is not due to incorrect genome as- 
sembly), although they might make other products. 

Trichocoma paradoxa CBS 103.73 v1.0, Bisporella sp. PMI857 
v1.0, and Spathularia navida all had complete clusters. Note 
that the TF in S. navida is not annotated in MycoCosm and 
that fellutamide clusters have been previously identioed in Bis- 
porella sp. PMI857 v1.0 and S. navida (Lan et al ., 2020 ). A fellu- 
tamide cluster is present in the lichen fungus Lobaria pulmonaria 

( Supplementary Spreadsheet S1 , Fellutamide Cluster BLASTPs tab 
and Supplementary Fig. S2 ) as previously noted (Lan et al ., 2020 ), 
and it merits additional comment. The cluster is present in the 
reference strain isolated in Scotland and in extracted genomes 

from Africa, Spain, Scotland, and Switzerland (i.e., genomes de- 
duced from the sequenced lichen, including symbionts, rather 
than the purioed fungus). The cluster lacks the NRPS product re- 
lease/transfer gene inpF found in A. nidulans . However, in A. nidu- 
lans , inpF is not strictly required for fellutamide B production, but 
production is greatly reduced in its absence (Yeh et al ., 2016 ). 
Given that lichens grow very slowly, it is possible that slow produc- 
tion of metabolites might be advantageous to match the growth 
rate and maintain appropriate levels in thalli. We noticed two ad- 
ditional oddities about the L. pulmonaria data. One is that the an- 
notated versions of the proteasome subunit in the cluster appear 
shorter than in other organisms. However, there are sequences 
upstream of the putative start codon that are strongly homolo- 
gous to the N-terminal regions of the predicted protein in other 
genomes in this study. This raises the possibility of a sequencing 
and/or annotation error, but a second oddity is that the sequences 
of the region encoding the subunit are extraordinarily conserved 
at the nucleotide level even though the sequenced samples were 
collected from geographically distant locations. For instance, in 
an MSA of a region spanning from 750 nucleotides upstream 

of the start codon of the proteasome subunit gene to 750 nu- 
cleotides downstream of the start codon of the proteasome sub- 
unit gene from the ove L. pulmonaria genomes, we found only ove 
instances where nucleotides differed. Note, however, that there is 
less conservation in the regions nanking the BGC ( Supplementary 
Fig. S2 ). 

Finally, it is worth noting that some of the fellutamide gene 
clusters have adjacent genes that potentially have roles in sec- 
ondary metabolism (examples are shown in Fig. 2 ), and a small 
number have additional potential secondary metabolism genes 
within the BGCs. It is possible that the products of these genes 
may modify the products of the BGCs, creating fellutamide vari- 
ants. 

Having conormed the effectiveness of our approach in ond- 
ing fellutamide clusters, we searched for other SM BGC classes 
looking for clusters that produce new classes of β6 protea- 
some subunit inhibitors. Using the rg3m script to query our PKS 
ole with a distance cutoff of 70 kb revealed only seven hits 
( Supplementary Spreadsheet 1 , PKS Hits at 70 kb tab). In two of 
these, Bisporella sp. PMI857 v1.0 and Aspergillus recurvatus v1.0, the 
PKS was within 70 kb of a β6 proteasome subunit in a fellutamide- 
family cluster we had found in our NRPS search. There were ap- 
proximately 15 genes between the PKS and the core fellutamide 
BGC in each case, and the putative functions of several of these 
genes suggested a role in secondary metabolism. The distributions 
of SM and non-SM genes suggested, however, that in each case the 
PKS gene is likely to be a part of a separate SM BGC that is near 
to the fellutamide-family BGC rather than a component of a giant 
fellutamide-family BGC. 

In four hits ( A. fructiculosus v1.0 , A. falconensis CBS 271.91 v1.0 , 
Leotiomycetes Genome 1 and Agaricomycetes Genome 3), the PKS 
genes appeared to be in BGCs, but there were several genes with no 
apparent role in secondary metabolism between the proteasome 
subunit gene and the PKS. In these instances, the reason for the 
proximity of the proteasome subunit to the BGC is unknown. 

The remaining hit was in an unpublished Eu- 
rotiomycetes Genome (Eurotiomycetes Genome 1, 
Supplementary Spreadsheet 1 , PKS Hits at 70 kb tab) in which 
the proteasome subunit gene is located 18 598 bp away from 

the PKS gene. The two genes are nanked by several genes with 
putative functions in secondary metabolism, suggesting that 
they are in a BGC and raising the possibility that the BGC makes 
a novel polyketide proteasome inhibitor. The validity of the BGC 
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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 ond known and, potentially, undiscov- 
ered lovastatin-like clusters, and other clusters that potentially 
produce new HMGCR inhibitors. To construct our HMGCR ho- 
molog ole, 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 ole containing 2326 HMGCR ho- 
mologs. Interrogating the HMGCR homolog ole and our PKS ole 
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 MycoCosm9s 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) conorming 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 
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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 = efnux 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 nanking 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 efnux 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 onger 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. 

LovF homolog was only 32% identical to LovF, and Ilyonectria sp. 
MPI-CAGE-AT-0134 v1.0, in which the closest homolog was only 
29% identical. LovF produces a side chain that is added to the 
core lovastatin scaffold. We speculate that the variability in the 
LovF homologs may result in different hydrocarbon chains being 
produced, particularly for the Ilyonectria sp . MPI-CAGE-AT-0134 
v1.0 homolog, which has relatively low identity with LovF. It is 
also likely that the absence of a lovF homolog in Xylaria sp. FL1777 
v1.0 results in production of monacolin J, a lovastatin-like com- 
pound that simply lacks this side chain but still retains HMGCR 
inhibitory activity (Endo et al ., 1985 ). Finally, some of these 
lovastatin family BGCs contain, or are adjacent to, additional 

genes with likely roles in secondary metabolism. These genes 
may encode proteins that modify the lovastatin-like compounds 
to produce additional variants of lovastatin. These genes did 
not appear, however, to be conserved among the BGCs or among 
subsets of the BGCs. 

Examination of BGCs and BLASTP comparisons pro- 
vide evidence for the divergence of regulatory mechanisms 
( Supplementary Spreadsheet 2 , Lovastatin Cluster BLASTPs tab). 
The BGCs in C. orchidophilum IMI 309357, A. chrysellus CBS 472.65 
v1.0, and A. sclerotiorum CBS 549.65 v1.0 lacked a homolog of the 
TF ( lovE ) gene and, therefore, must be regulated by TFs encoded 
by genes outside the cluster. 
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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 nanking regions. The blue arrows are both 
hypothetical proteins, but they don9t 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 conormed 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, conorming that they are closely related. Genes on 
the right nank of the two BGCs have little homology. A pyrroline 
carboxylate reductase gene is present in both left nanks, 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 coolin), 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 ode 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 nanking the putative 
BGC are distinct in the four genomes and this helps deone the 
boundaries of the BGC. There are, however, some homologs in the 
nanks that are shared among nanks of two or more species. This 
is consistent with the BGC being inherited vertically with genes 
in the nanking 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. 
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Putative HMG-CoA Reductase Inhibitor BGCs 
With NRPS Backbones 
After conorming our approach through onding lovastatin family 
clusters and new families of PKS clusters that putatively produce 
new HMGCR inhibitors, we expanded our search to other classes 
of core biosynthetic genes. Querying our NRPS database using a 
distance of 70 kb returned 95 hits ( Supplementary Spreadsheet 2 , 
NRPS Hits at 70 kb tab). Inspection of the regions around the NRPS 
and HMGCR genes revealed that, while some of these hits do not 
appear to be in BGCs, or there are multiple non-SM genes (genes 
with no feasible role in secondary metabolite production) between 
the NRPS and HMGCR genes, many of them appear to be in valid 
BGCs with the HMGCR gene contiguous with the remaining genes 
of the BGC. They are, thus, excellent candidates for BGCs that pro- 
duce novel classes of HMGCR inhibitors. 

There was a notable family of 19 BGCs in the basid- 
iomycete genera Pisolithus , Boletus , Rickenella , Suillus , and 
two different genera from unpublished Agaricomycetes 
( Supplementary Spreadsheet 2 , Pisolithus Family tab. Several 
of the species in this group are dikaryons. This may explain why 
there are two similar, but not identical, clusters on scaffolds 5 and 
14 in Pisolithus croceorrhizus subspA 74A v1.0 (Plett et al ., 2023 ) and 
two on scaffolds 58 and 65 in Pisolithus thermaeus 11 v1.0 (Plett et 
al ., 2023 ). In addition to the NRPS gene, all of these BGCs contain 
genes that putatively encode an alcohol dehydrogenase, an 
oxidoreductase with an NAD(P) binding domain, HMGCR, and at 
least one AMP synthetase/ligase ( Supplementary Spreadsheet 2 , 
Pisolithus family tab). Many also contain a putative multicopper 
oxidase gene, a fatty acid hydroxylase gene, and a second AMP 
synthetase/ligase. BLASTP comparisons of the predicted products 
of these genes, revealed that the homologs in these BGCs are 
highly conserved. Interestingly, all but two of the BGCs contain 
a gene encoding a homolog of the exocyst component Sec5, a 
protein that is unlikely to function in SM biosynthesis. This raises 
the possibility that these BGCs could make a Sec5 inhibitor with 
the sec5 allele in the BGC conferring resistance. In aggregate, 
these results suggest that these clusters are a family of related 
BGCs. They may produce a new class of HMGCR inhibitors that 
have a common backbone structure and related, but probably not 
identical, onal products. Interestingly, members of the genera Bo- 
letus and Suillus are edible, raising the possibility that consuming 
them might have some cholesterol-reducing effect. 

Putative HMG-CoA Reductase BGCs With 

Terpene synthase, Terpene cyclase, and DMATS 

Backbone Genes 
Querying our terpene synthase and cyclase databases 
with a distance of 70 kb returned a total of 26 hits 
( Supplementary Spreadsheet 2 , Terpene Synthase & Cyclase 
Hits tab). Inspection revealed that several of these were not SM 

BGCs, and several more BGCs were in the vicinity of additional 
sterol biosynthesis genes, raising the possibility that they may 
simply be near a cluster of genes involved in sterol biosynthesis. 
There was a family of terpene synthase clusters in Aspergillus lep- 
oris CBS 151.66 v1.0 (Kjærbølling et al ., 2020 ), Aspergillus alliaceus 
CBS 536.65 v1.0 (Kjærbølling et al ., 2020 ), Aspergillus coremiiformis 

CBS 553.77 v1.0 (Kjærbølling et al ., 2020 ), and Aspergillus albertensis 
v1.0 (Kjærbølling et al ., 2020 ) ( Supplementary Spreadsheet 2 , A. 
leporis Family tab and Fig. 5 ). They contain genes that putatively 
encode a Zn2Cys6 TF, an MFS, two O-acetyl transferases, two 
cytochrome P4509s, HMGCR, a sesquiterpene cyclase, an a C2H2 
zinc onger TF, and a conserved hypothetical gene. Aspergillus. lep- 

oris CBS 151.66 v1.0, A. alliaceus CBS 536.65 v1.0, and A. albertensis 
v1.0 contained a gene putatively encoding an AMP-dependent 
synthetase/ligase. Pairwise BLASTP comparisons revealed that 
the genes are highly homologous ( Supplementary Spreadsheet 2 , 
A. leporis Family tab). BLAST searches also revealed that these 
BGCs are closely related to trichothecene BGCs found in multiple 
genera of fungi (Proctor et al ., 2018 , 2020 ) and, in particular, 
to the T2 toxin BGC from Fusarium species. The trichothecenes 
share a common core structure but are structurally diverse with 
approximately 200 structurally distinct trichothecene analogs 
having been described (Proctor et al ., 2020 ). Trichothecenes are 
often toxic, but, to our knowledge none have yet been shown to 
inhibit HMGCR. The regions nanking these BGCs are quite distinct 
in the four species and, thus, help to deone the limits of the BGC. 

Finally, querying our DMATS database returned 12 hits 
( Supplementary Spreadsheet 2 , DMAT hits at 70 kb tab. While we 
found hits that potentially might be BGCs, we found no cluster 
families. 

Discussion 

We have developed a new, computationally light approach to- 
ward SM resistance gene-guided genome mining that enables a 
user to query an entire genomic database for SM BGCs with re- 
sistance genes of their choice without having to download any 
genomes. This allows the user to focus on specioc proteins that 
are promising therapeutic targets. To evaluate this approach, we 
have searched the genomes in MycoCosm for gene clusters that 
putatively produce inhibitors of the proteasome β6 subunit and 
of HMGCR. 

With respect to inhibitors of the proteasome β6 subunit, we 
can draw several conclusions. First, the approach works, revealing 
known and new fellutamide-family clusters as conormed by rig- 
orous pairwise BLASTP comparisons. Second, our distance-based 
approach yielded few hits other than fellutamide clusters. Man- 
ual inspection revealed that, when looking at the NRPS clusters 
and using the 70 kb cutoff, only two of the 81 initial hits were 
clearly not in partial or complete fellutamide-family clusters. 
Even when looking at 1825 fungal genomes, our distance-based 
approach generates very few false positives. Third, there are addi- 
tional genes within or immediately adjacent to the clusters that 
could be involved in producing structural variants of fellutamides. 
It is worth noting that at least four fellutamide variants are known 
to be produced in nature (Shigemori et al ., 1991 ; Xu et al ., 2011 ), 
and our data suggest that there could be additional novel fellu- 
tamides that potentially have value in medicine or other oelds. 
Finally, we note that our BLAST search returned only 1557 pro- 
teasome β6 subunit genes from 1825 genomes. Since each gene 
should have at least one β6 subunit gene, our list likely did not 
include some phylogenetically divergent β6 subunit genes. One 
might be able to obtain a more complete list by using multiple 
phylogenetically distant β6 genes for BLAST searches. 

With respect to HMGCR inhibitor BGCs, our approach was not 
only effective at onding lovastatin family BGCs, but also revealed 
previously undocumented BGCs that have a high potential for 
making HMGCR inhibitors with backbone structures that are dif- 
ferent from lovastatin. Rigorous review using pairwise BLASTP 
comparisons of the initial 85 PKS hits generated by our approach 
has enabled us to verify, with conodence, 20 PKS hits represent- 
ing 11 BGCs in 11 genomes (including A. terreus NIH 2624) as be- 
ing surrounded by homologs of lovastatin cluster genes. These 
are, thus, lovastatin-family BGCs, although the A. homomorphus 

CBS 101889 v1.0 BGC was clearly incomplete and could not make 
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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 nanking 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 ond 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 efo- 
cacious than lovastatin or amenable to chemical modiocation to 
make particularly efocacious HMGCR inhibitors. It is also possible 
that some of them might have different speciocities from lovas- 
tatin. One can speculate, for example, that some of them might 
speciocally 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 signiocant 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 
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initial hits, and in all but two cases ( A. multicolor v1.0 and Amy- 

lomyces rouxii NRRL 5866 v1.0) the β6 subunit was associated with 
a fellutamide-family BGC. Supplementary Fig. S5 is a histogram 

plotting the frequencies of hits as a function of distance between 
the centers of the NRPSs and the proteasome subunits, out to a 
cutoff of 100 kb. In 77/84 cases the NRPS and proteasome subunit 
were less than 20 kb apart. Extending the distance cutoff from 70 
to 100 kb added only three additional hits. Examining these hits in 
MycoCosm revealed them to be false positives. Querying our PKS, 
terpene synthase, terpene cyclase, and DMATS databases with a 
distance cutoff of 70 kb returned only 10 hits, nine of which were 
likely false positives, with one uncertain. 

With respect to putative HMGCR inhibitor BGC hits across all 
SM backbones, the majority are new, and they have not yet been 
experimentally validated. Except for the lovastatin-family BGCs, 
we cannot say, with conodence, whether these hits are valid or 
false. In the great majority of cases, however, the putative HMGCR 
resistance gene appears to be associated with an SM BGC (based 
on the predicted functions of the proteins encoded by nearby 
genes), suggesting that the hits are valid. Both β6 proteasome sub- 
unit and HMGCR searches used a generous 70 kb cutoff that is 
unlikely to exclude any valid hits, and they resulted in a small 
and easily manageable number of likely false positives. While re- 
ducing the cutoff would reduce the number of false positives, the 
beneot is small when weighed against the possibility of missing 
potentially valuable BGCs. 

Comparisons With Other Approaches 
FRIGG (f ungal r esi stance g ene-directed g enome pipeline) 
(Kjærbølling et al ., 2019b ) is designed to work with whole 
genome sequencing data. It identioes SM BGCs and deones their 
boundaries based on a fungus-optimized version of the SMURF 
SM BGC prediction algorithm (Khaldi et al ., 2010 ). It then deter- 
mines if a member of a list of putative essential resistance gene 
is found within these clusters, while applying several oltering 
steps. The authors deoned their list of putative essential genes by 
looking for genes that were conserved in > 90% of the organisms 
under study. It should be pointed out, however, that some con- 
served genes are not essential. For example, the conserved cyclin 
gene clbA is not essential in A. nidulans (Paolillo et al ., 2018 ), nor 
are the conserved γ -tubulin complex genes gcpD , gcpE , and gcpF 
(Xiong and Oakley, 2009 ) or the histone H1 gene hhoA (Ramón et 
al ., 2000 ). This approach depends on SM BGCs being accurately 
predicted by SM cluster prediction algorithms, and this is not 
always the case (Inglis et al ., 2013 ). In spite of these caveats, 
FRIGG has a big advantage in that it can potentially reveal new 

target proteins. 
Our results highlight a particular problem in predicting clus- 

ters that harbor a resistant allele of an essential gene. Since the 
resistant allele has no apparent SM function, it may cause the 
boundary of the cluster to be called incorrectly, resulting in false 
negatives due to the resistant allele being excluded from the BGC. 
Among the 39 complete fellutamide family BGC we found, SMURF 
did not predict the β6 proteasome subunit gene to be a member 
of the BGC in seven cases (all ove of the Lobaria isolates plus As- 
pergillus indicus v2.0 , and T. paradoxa CBS 103.73 v1.0). Among the 
10 complete lovastatin family clusters, and SMURF did not predict 
the HMGCR gene to be a member of the BGC in three cases ( C. orchi- 
dophilum IMI 309357, M. ruber NRRL 1597 v1.0, and A. chrysellus CBS 
472.65 v1.0). A resistance gene-guided genome mining approach 
using the SMURF cluster prediction algorithm would have missed 
these fellutamide and lovastatin clusters entirely. 

Liu et al. (2021 ) have developed a resistance gene-guided 
genome mining algorithm for use with MATLAB to identify BGCs 
that encode CYP51 inhibitors. The approach is similar to ours 
in that is uses distances between the core biosynthetic and re- 
sistance genes, but it differs in important ways. It requires the 
user to download all the genomes being studied and is built 
to be used with unannotated genome sequences. It also deals 
with target genes differently, only including genomes that have 
more target genes than the average number in all the ana- 
lyzed genomes. Additionally, it imposes additional oltration con- 
straints based on homology score, and requires specioc gene 
colocalizations. 

FunARTS (Fungal bioActive compound Resistant Target Seeker) 
(Yilmaz et al ., 2023 ) is a recently published <exploration engine=
for resistance gene-guided genome mining. It requires the user 
to download genome sequences which are then analyzed using 
Hidden Markov Models to identify <core genes= which are pu- 
tative essential housekeeping genes. SM BGCs are identioed us- 
ing fungiSMASH a fungal optimized version of antiSMASH (Blin 
et al ., 2021 ). Core genes can be analyzed to determine if there 
are duplicates in the genome and they can be oltered for prox- 
imity to BGCs. FunARTS is quite nexible, particularly with re- 
spect to outputs, and it can, in principle, ond new resistance 
genes. One weakness of FunARTS is that fungiSMASH may not 
call BGC boundaries correctly. Another, that the authors point out, 
is that the current procedure for identifying core genes is imper- 
fect. For example, there were no FunARTS hits for four notable 
resistance genes including HMGCR and the important antifun- 
gal target β-1,3-D-glucan synthase because they were not iden- 
tioed as core genes by the Hidden Markov Model employed in Fu- 
nARTS. Although these are acknowledged weaknesses, FunARTS 
is certainly a very valuable tool, and it has the notable strength 
that it can identify novel gene targets whereas our approach 
cannot. 

Signiocant advances have also been made in resistance gene- 
guided genome mining in bacteria. In fact, Antibiotic Resistant 
Target Seeker (ARTS) (Alanjary et al., 2017 ) and its more advanced 
successor ARTS 2.0 (Mungan et al . 2020 ) are predecessors of Fu- 
nARTS. The approach of ARTS and ARTS 2.0 is similar to that of 
FunARTS, with similar strengths and limitations, but ARTS was 
focused on actinomycetes whereas ARTS 2.0 is focused on the en- 
tire bacterial kingdom. 

The worknow for our approach is quite different from those 
of FRIGG, FunARTS and the approach of Liu et al. (2021 ). The 
FRIGG and Liu et al . approaches require the downloading of 
genomes that one wants to analyze. FRIGG returns both target 
molecules and the BGCs that putatively make inhibitors of the 
target molecules. The Liu et al. approach works for a single tar- 
get molecule at a time. With FunARTS one uploads a genome or 
genomes of interest to a server that then analyzes it in a variety 
of ways specioed to some extent by the user before outputting 
interactive summary tables. Our approach works with genomes 
that have already been sequenced and annotated. The user in- 
teracts with the database to create oles of core biosynthetic SM 

genes. These can be used repeatedly for searches with different 
target molecules. Comma separated values oles for new target 
molecules can be generated through blast searches. Our Python 
script analyzes the oles very rapidly and returns hits that are 
then analyzed with tools chosen by the user. The script requires 
only seconds to run even with large target and core SM biosyn- 
thetic gene oles. We typically use a MacIntosh computer running 
Python in Xcode, but most desktops and laptops will be more than 
adequate. 
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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. 
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