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Oosporein (OOS) is the major specialized metabolite produced by the fungus 
Arcopilus amazonicus, an endophyte from Paullinia cupana. Genes related to the biosynthesis of 
this molecule in A. amazonicus diverge from those found in Beauveria bassiana. Furthermore, 
high-resolution liquid chromatography coupled with mass spectrometry combined with molecular 
networking, revealed the production of analogous compounds with varying degrees of oxygenation. 
Based on these analytical data, the analogues were annotated as phoenicin diquinol  (2), 
phoenicin quinol (4) and phoenicin (5). By combining mass spectrometry and genome mining, a 
comprehensive biosynthetic pathway is proposed for these compounds, including the feasibility 
of a novel putative biphenol oxidation pathway mediated by the monooxygenase gene AAm15, 
which is exclusive to A. amazonicus. Additionally, the production of OOS, 2, 4 and 5 by a single 
fungal species is reported for the first time.
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Introduction

Recently, a revision on the Chaetomiaceae, described 
five new genera of the Chaetomium globosum species 
complex, among them, the new genus Arcopilus.1 Since 

then, few species have been chemically investigated, 
with most studies focusing on the endophytic fungus 
Arcopilus  aureus.2-9 More recently, we described a new 
species as an endophyte from Paullinia cupana within this 
genus, named Arcopilus amazonicus.10

It was noticed that A. amazonicus overexpresses the 
polyketide pigment oosporein (OOS) in very early stages 
of development.10 This molecule was previously described 
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mainly in Beauveria,11 and Chaetomium.12 Although it 
showed toxicity to avians13 and mice,14 several biological 
activities, such as antiviral,15 antifungal,16 antibacterial,17 
cytotoxic18 and insecticidal have been reported.19,20

The biosynthesis of OOS within cultures of the 
entomopathogenic fungus Beauveria bassiana was 
previously investigated.19 It was stated that a type 1 
polyketide synthase (PKS, oosporein synthase 1) was 
produced via OpS1 gene to give orsellinic acid. Posteriorly, 
OpS4 (salicylate hydroxylase) enables the replacement 
of the carboxylic acid to give a phenol, 6-methyl-
1,2,4-benzenetriol, which undergoes through another 
hydroxylation via a cupin dioxygenase (OpS7), giving 
6-methyl-1,2,4,5-benzenetetrol. The latter is dimerized 
under the action of glutathione S-transferase (GST, OpS6) 
and laccase (OpS5) to give OOS.

During the genome mining investigation of 
A.  amazonicus, we observed divergence in its OOS 
biosynthetic gene cluster (BGC) relative to those 
characterized in B. bassiana. Specifically, we found an 
extra oxygenase gene in A. amazonicus that could lead to 
branching in the OOS biosynthetic pathway. Furthermore, 
metabolomic studies are lacking for this species, despite 
its potential to offer a rich variety of metabolites. In this 
context, mass spectrometry, combined with molecular 
networking serves as a suitable tool for identifying 
analogous compounds.21 Additionally, genomics-driven 
workflows have the potential to overcome the high rate 
of compound rediscovery in microbial natural product 
research.22 Therefore, the aim of this work was to correlate 
genome sequencing data with the metabolomic profile of 
this newly discovered fungal species to elucidate a more 
comprehensive putative biosynthetic pathway proposal 
for OOS and to annotate analogous, potentially novel 
compounds.

Experimental

Fungal strain

A. amazonicus was isolated from the roots of the guarana 
plant (Paullinia cupana var. sorbilis). The plant material 
was collected in Manaus, capital of Amazonas state, Brazil, 
from the Brazilian Agricultural Research Corporation 
(Embrapa) campus. Specifically, the collection site was 
located at 2°53’29.14’’S latitude and 59°58’39.90’’W 
longitude, with an elevation of 99 meters above sea level. 
After isolation of fungal strains, they were identified 
through morphological characterization and phylogenetic 
analysis based on the ITS, 28S LSU, partial second largest 
subunit of ribonucleic acid (RNA) polymerase II (RPB2), 

and β-tubulin (TUB2) regions.10 A.  amazonicus access 
was registered at the Brazilian National System for 
the Management of Genetic Heritage and Associated 
Traditional Knowledge (SisGen, A6FB8EF).

Culture media and chemicals

Potato dextrose broth (PDB), Czapek’s medium broth 
and potato dextrose agar were purchased from Kasvi and 
prepared according to the instructions of the manufacturer. 
Hexanes, ethyl acetate (EtOAc), ethanol (EtOH), formic 
acid (HCOOH), and methanol (MeOH) high-performance 
liquid chromatography (HPLC) grade were purchased from 
Tedia and ultrapure water was obtained by purification with 
a Milli-Q gradient system (Millipore). Mass spectrometry 
grade solvents water, MeOH and acetonitrile (ACN) 
were purchased from Merck. Deuterated solvents used: 
methanol (CD3OD, 99.8%, Cambridge Isotope Laboratories) 
and dimethyl sulfoxide  ((CD3)2SO, 99.9%, Sigma-
Aldrich). The reagents used for genomic deoxyribonucleic 
acid  (DNA) extraction were: cetyltrimethylammonium 
bromide  (CTAB, 2%, USBTM), isopropanol (Nuclear), 
potassium acetate (5  mol  L-1, Sigma-Aldrich), Tris-HCl 
buffer (pH 8.0, Sigma-Aldrich), ethylenedinitrilotetraacetic 
acid (EDTA) (0.5  mol  L-1, pH 8.0, Invitrogen), sodium 
chloride (Sigma-Aldrich), chloroform:isoamyl alcohol 
(24:1, Synth:Cromoline), proteinase K (Invitrogen), 
RNase A (Sigma-Aldrich), and ethanol (70% and absolute, 
BIOTEC).

General experimental procedures

Liquid chromatography coupled with tandem mass 
spectrometry (LC-MS/MS) analysis was performed using 
an Agilent iFunnel Q-ToF 6550 LC-MS system with 
chromatographic separation achieved on an analytical C18 
column (Poroshell 120 SB-Aq 2.7 μm, 2.1 × 100 mm, 
Agilent). Elution was conducted with a mobile phase 
consisting of 0.1% HCOOH in deionized water (v/v; 
solvent A) and 0.1% HCOOH in MeOH (v/v; solvent B) 
following the gradient: 15% B held for 2 min, 15% to 
100% B for 12 min, then maintaining 100% B for 5 min 
at a flow rate of 350 μL min-1. The MS mass range was 
m/z 150‑1000 and MS/MS spectra acquisition was 
data‑dependent, based on the three most intense precursor 
ions, using a fixed collision energy of 20 eV, and argon 
was used as collision gas. The operating parameters of the 
equipment were: sheath gas temperature, 300 ºC; dry gas 
temperature, 290 ºC; sheath gas flow, 12 L min-1; dry gas 
flow, 13 L min-1; capillary voltage, 3000 V in negative ion 
mode; nozzle voltage, 0 V; and nebulizer pressure, 45 psi. 
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The semi-preparative high-performance liquid 
chromatography was carried out on a Shimadzu UFLC 
system (LC‑6 AD pump, DGU-20A5 degasser, SPD-20AV 
UV detector, rheodyne injector, CBM-20A communication 
module) with a Phenomenex Luna C18 column (5 µm, 
250 × 10 mm). For column chromatography, the packing 
material was silica gel (SiliCycle Inc; 70-230 mesh). Thin 
layer chromatography analysis (analytical and preparative) 
was performed using precoated silica gel 60 F254 plates 
(0.25 mm, Merck), and spots were visualized by exposure 
to ultraviolet light at 254 and 365 nm, by spraying with 
sulfuric vanillin and heating on a plate. Nuclear magnetic 
resonance (NMR) spectra were acquired using a Bruker 
AVANCE III HD NMR spectrometer operating at 11.75 T 
(1H and 13C at 500 and 125 MHz, respectively).

Molecular networking

Product  ion spect ra  ar is ing f rom the  LC-
MS/MS analysis of the ethyl acetate extract from 
A. amazonicus were analyzed and organized in molecular 
networks by using the Global Natural Product Social 
Molecular Networking (GNPS2) platform.23,24 The  
MS/MS data were converted to the .mzXML format 
with MS-Convert (ProteoWizard),25 processed using 
mzmine  4.5  (mzio GmbH)26 and then uploaded on the 
GNPS2 Web platform for creation of feature-based 
molecular networks.27 Parameters for molecular network 
(SERVER:0.1.2;Workflow:2024.062.4) generation were 
set as follows: precursor ion mass tolerance of 0.02 Da, 
product ion tolerance of 0.05 Da, and fragment ions 
below 10 counts were removed from the MS/MS spectra. 
Molecular networks were generated using six minimum 
matched peaks and a cosine score of 0.75. Data were 
visualized using Cytoscape v. 3.10.3 software (Cytoscape 
Consortium). The MS/MS molecular network is accessible 
on the GNPS2 website via the link provided in the 
Supplementary Information (SI) section. 

Genome sequencing

Genomic DNA sequencing was performed using the 
Illumina platform with paired-end reads of 150 base pairs. 
Quality control and adapter and quality trimming of raw 
reads were conducted prior to assembly using FastQC28 
(Babraham Bioinformatics) and Ktrim (Kun Sun),29 
respectively. Genome assembly was performed using 
SPAdes30 v3.15.5 (St. Petersburg Academic University’s 
Laboratory of Algorithmic Biology). Paired-end reads 
were provided in forward-reverse (FR) orientation, using 
the default paired-end configuration (--pe). The careful 

mode was enabled (--careful) to minimize mismatches and 
short indels, which is recommended for small to medium-
sized genomes such as those of fungi. The coverage cutoff 
was set to auto (--cov-cutoff auto) to allow SPAdes to 
automatically estimate and filter low-coverage contigs. 
K-mer sizes were selected automatically based on read 
length. The final output included contigs and scaffolds, 
which were evaluated using QUAST31 (Gurevich Lab), 
providing summary statistics such as total assembly size, 
number of contigs, N50, and GC content. 

Genome mining

The genome assembly was analyzed using the 
Antibiotics & Secondary Metabolite Analysis Shell 
(AntiSMASH) fungal version 7.0 (FungiSMASH)32 to 
predict metabolite biosynthetic gene clusters. The genome 
was uploaded to the FungiSMASH web platform33 and 
analysis was performed using relaxed detection strictness 
with extra features, such as: knownclusterblast, MIBIG 
cluster comparison, cluster Pfam analysis, NCBI genomic 
context links, clusterBlast, activesitefinder, Pfam-based GO 
term annotation, subclusterblast, RREFinder and TIGRFam 
analysis. The OOS biosynthetic cluster was identified 
based on its similarity to the characterized cluster from 
Beauveria bassiana ARSEF 2860 available in the MIBiG34 
repository35 (BGC0001720). To further annotate genes and 
validate predicted functions, BLASTp36 searches were 
conducted against the National Center for Biotechnology 
Information (NCBI) non-redundant protein database.37 
In parallel, conserved domain scans were performed 
using Pfam38 and InterProScan39 databases (European 
Bioinformatics Institute), enabling detailed characterization 
of functional domains within proteins associated with 
biosynthetic pathways.

Fermentation, extraction and compounds isolation 

The isolate of A. amazonicus was cultured in three 
Erlenmeyer flasks (250 mL), each containing 100 mL of 
potato dextrose broth for the analytical step. The culture was 
incubated for 14 days at 28 °C and under constant aeration 
in a rotary shaker (150 rpm), based on previous cultivation 
experiments. The fermented broth was then separated from 
the cells by filtration. Then, the liquid phase was extracted 
with EtOAc (300 mL, 3×, 1:1 v/v) that was evaporated under 
reduced pressure to give 135 mg of crude extract for the 
LC-MS/MS analyses. A twenty-fold scaled-up fermentation 
was performed following the same microbiological 
procedures, to afford 2 L of fermented broth, which was 
extracted with EtOAc (1000  mL, 1×, 1:1 v/v) to give 
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4.3 g of crude extract used in the isolation attempt. The 
majority (4.0 g) of this extract was subjected to column 
chromatography over silica gel (400 g) made up in hexanes 
and eluted with hexanes followed by hexanes‑EtOAc 
(1:1, v/v), EtOAc and EtOAc-MeOH (1:1,  v/v)  
(700 mL each) to give four main fractions (F1‑F4). 
Fraction F3 (1.2 g) had a portion (100 mg) purified by 
semi-preparative HPLC (10 injections of 10 mg) eluted 
with a gradient consisting of H2O/MeOH (90:10 to 0:100 
during 20 min at 7.3 mL min-1) to afford compounds OOS 
(17.4 mg, tR = 5.5 min) and orcinol (7.4 mg, tR = 6.3 min).

Grammarly’s artificial intelligence (AI) was utilized for 
the translation and grammatical review of the manuscript, 
followed by a final revision by the authors to ensure 
accuracy and clarity.

Results and Discussion

Genome mining of Arcopilus amazonicus

The draft genome of A. amazonicus was obtained using 
the Illumina sequencing platform. The resulting assembly 
consisted of 225 contigs with a total length of 33.85 Mbp. 
Contig sizes ranged from 405 bp to 1.13 Mbp, with an 
average length of 150,464 bp. The assembly demonstrated 
high contiguity, with an N50 value of 401,751 bp and L50 
of 28 contigs, indicating the presence of long, continuous 
stretches of assembled sequence. The GC content of the 
assembled genome was 57.85%, which falls within the 
expected range for filamentous fungi. Additionally, the 
N90 and L90 values were 131,416 bp and 84 contigs, 
respectively, reinforcing the quality of the assembly across 
smaller scaffolds and its usability for genomics studies. 
Furthermore, this genome represents the first assembly 
reported for the genus Arcopilus, providing a valuable 
resource for future taxonomic, functional, and comparative 
studies within the Chaetomiaceae family and related taxa.

Subsequently, the genomic investigation using 
fungiSMASH resulted in an output predicting the presence of 
52 BGCs codifying metabolites biosynthesis. Biosynthetic 
systems, such as type I polyketide synthase  (T1PKS, 
29%), fungal-RIPP-like (15%), non-ribosomal peptide 
synthase (NRPS, 10%), interactive NRPS-T1PKS (10%), 
terpene (8%) and others (28%) were predicted (Figure S15, 
SI section). This represents a vast repertoire for the 
biosynthesis of specialized metabolites with diverse 
scaffolds and, consequently, varied properties. Additionally, 
A. amazonicus shows great potential for polyketide 
production, especially those synthesized by T1PKS. It is 
important to mention that these enzymes are the core of the 
biosynthesis of many fungal metabolites, which exhibit a 

wide variety of biological activities, including important 
drugs and toxins.40 These characteristics make these genes 
valuable targets for mining.

Some of these BGCs showed high similarities to 
previous ones encoding known fungal metabolites. For 
instance, two T1PKS BGCs, one in region 103.1, showing 
100% similarity to Metarhizium anisopliae polyketides 
named BAB and BAA,41 and another in region 29.1, 
exhibiting 85% similarity to Fusarium fujikuroi genes 
involved in bikaverin biosynthesis.42 On the other hand, 
the BGC that matched with the previously annotated10 
as OOS (region 22.1) displayed only 35% of similarity. 
(Table S2, SI section). At first, we thought it was a false-
positive, but the architecture of this BGC (discussed below) 
confirmed its identity despite the low score. Additionally, 
we observed that only 42% of the BGCs had any match 
with the databases. Moreover, the remaining BGCs (58%) 
highlight that A. amazonicus possesses an intriguing 
unknown metabolism repertory, indicative of a capability 
to produce new metabolites yet to be studied further. 

LC-MS/MS analysis and OOS identification

The metabolites corresponding to the genome mining 
matches were directly manually-searched for their 
corresponding exact m/z of protonated ([M + H]+) and 
sodiated ([M + Na]+) adducts (in positive mode) and 
deprotonated ([M - H]-) (negative mode), both with 
tolerances of 5 ppm of error, however, only OOS was 
detected. Moreover, we searched the full list of recorded 
m/z in databases, such as the libraries available at GNPS2,23 
Atlas of Natural Products,43 Metlin44,45 and COCONUT.46 
In addition, all possibilities were checked by manually 
curating the ion product (MS/MS) spectra, but again, only 
OOS was annotated.

The analysis of the molecular networks for A. amazonicus 
revealed 7 network families, of which a cluster consisting of 
34 connected nodes was the main one (Figures 1a and 1c), 
due to its size, but also for housing the node corresponding 
to OOS (cos = 0.72) according to the GPNS2 libraries 
(Figure 1d). Moreover, the total ion chromatogram showed 
that OOS (m/z 305.0303, tR = 5.3 min) was the peak with 
the largest area, reinforcing our observation of direct 
crystallization of OOS in the crude extract, due to its 
amount (Figure 1b). Furthermore, we inspected the m/z of 
the main cluster, and found m/z 307.0459 (1, tR = 1.6 min),  
m/z 277.0718 (2, tR = 1.7 min), m/z 291.0510 (3, tR = 1.9 min),  
m/z 275.0567 (4, tR  =  3.0  min), and m/z 273.0405 
(5, tR = 6.9 min) (Table 1). 

To address the identity of compounds 1-5, and 
aiming to isolate OOS, a large-scale fermentation was 
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Table 1. Retention times and observed masses of OOS and analogous compounds 1-5 obtained from LC-MS/MS, along with their molecular formulas, 
calculated masses and mass errors

Compound Retention time / min Molecular formula Observed mass Calculated mass Error / ppm

1 1.6 C14H11O8
− 307.0448 307.0459 3.6

2 1.7 C14H13O6
− 277.0707 277.0718 4.0

3 1.9 C14H11O7
− 291.0500 291.0510 3.4

4 3.0 C14H11O6
− 275.0561 275.0567 2.2

5 6.9 C14H9O6
− 273.0411 273.0405 3.3

OOS 5.3 C14H9O8
− 305.0296 305.0303 2.3

OOS: oosporein.

Figure 1. Molecular networks from LC-MS/MS data of A. amazonicus. (a) Full feature-based molecular network with singletons. (b) Total ion chromatogram 
showing elution peaks of OOS and analogous compounds, numbered 1 to 5. (c) A 35-node molecular family containing the isolated OOS (red circle) and 
analogous molecules (green circles) with their respective putative structures, while other nodes represent ion source fragments or unannotated compounds. 
(d) Mirror image comparison between the experimentally obtained mass spectrum of OOS and a reference spectrum from the GNPS library. (e) Structures 
of the isolated compounds, OOS and orcinol.
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performed to attempt the isolation of these molecules. 
Furthermore, we isolated OOS and orcinol9 (not detected 
by MS, Figures S4‑S9, SI section), but unfortunately the 
other isolated peaks were obtained in derisory amounts, 
unsuitable for NMR and/or were prone to degradation under 
the laboratory conditions. Therefore, the inspection of the 
1H NMR spectrum (Figure S2, SI section) of OOS, a sole 
signal corresponding to a singlet at dH 1.81 corresponding 
to the two symmetrical methyl groups was observed, in 
accordance with previous isolations.12,18,47 OOS was first 
isolated from Oospora colorans,48 and it has been reported 
in species of the genus Chaetomium and Beauveria.11,12,19,49 

Fragmentation analysis of bibenzoquinones related to OOS 

The absence of chemical information about some of the 
main produced metabolites, reinforced the importance of 
manual curation of MS/MS spectra to enhance chemical 
reliability. Therefore, we believe that mass spectrometry 
may shed light over the questions about the chemistry of 
this rare strain, particularly OOS and its plausible analogues 
observed by molecular networking and genome mining 
(next section).

To accomplish this, the fragmentation patterns of the 
MS/MS spectra of OOS and 1-5 obtained by high-resolution 
mass spectrometry with collision-induced dissociation 
(CID, at 20 eV, using argon) were manually investigated. 
Furthermore, it was revealed that several ions were common 
to them, confirming their proximity in the molecular 
family, thus suggesting a structural relationship among 
them (Table S1, SI section). Additionally, signals arising 
from neutral losses of 28 Da and 44 Da, corresponding to 
eliminations of carbon monoxide (CO) and carbon dioxide 
(CO2), respectively, were frequently observed for OOS, 
1, 3 and 5.

Taking OOS as the seed molecule for our interpretation, 
the MS/MS spectrum of this compound displayed a 
base peak (m/z 221) is formed through a pathway of 
ring contractions on both sides of this molecule (due to 
its symmetrical shape), initiating by three consecutive 
eliminations of CO (- 28 Da), giving the respective 
product ions m/z 277 (A), m/z 249 (B) and m/z 221 (C) 
(m/z 305 → m/z 277 → m/z 249 → m/z 221), in which 
oxygenated methylcyclopentadiene (A, B, C and D 
ions, Figure 2b) and methylcyclobutene (C and E ions) 
structures. This set of cascade CO eliminations to form 
the base peak is followed by a CO2 neutral loss (- 44 Da) 
to give m/z 177 (m/z 221 → m/z 177, D ion, Figure 2b). 
Then, originates two distinct product ions, the m/z 149 
(m/z 177 → m/z 149, E ion) via another CO loss and m/z 133 
(m/z 177 → m/z 133, F ion).

On the other hand, a competitive pathway is observed 
originating from the [M - H]- ion beginning with an 
initial CO2 loss, followed by two CO losses and ended 
with another CO2 loss (m/z 305 → m/z 261 → m/z 233 → 
m/z  205  → m/z 161; forming the ions G, H, I and J). 
The initial loss of CO2 is anomalous, as it is common 
event for flavonoid carbonyl groups50 but not for para-
benzoquinones. Nevertheless, after a first ring contraction, 
2-hydroxy-1,4-naphtoquinone undergoes a CO2 elimination 
by the loss of one carbyl group and an oxygen atom from 
an hydroxyl,51 proving the feasibility of this type of loss, at 
least after the first ring contraction. We believe that different 
approaches, such as isotope labeling and computational 
methods, can address this question in the future. Then, 
the subsequent CO eliminations proceed all with the logic 
of ring contraction. Furthermore, the ion m/z 261 may 
also yield the ions m/z 217 (N ion), m/z 189 (O ion) and 
m/z 161 (J ion) (m/z 261 → m/z 217 → m/z 189 → m/z 161), 
comprising a CO2 loss followed by two consecutive CO 
losses (Figure 2b).

With hands-on the fragmentation pattern of a 
validated seed molecule, we expanded the logic of 
ring contraction for compounds 1-5 observed in the 
molecular network (Figure  1c). Compound 1 shared as 
product ions K (m/z 307 → m/z 289, H2O neutral loss), 
G (m/z 289 → m/z 261, CO neutral loss), competing with 
the formation of M (m/z 289 → m/z 245, CO2 neutral loss), 
N (m/z 245 → m/z 217, CO neutral loss) and O (m/z 217 → 
m/z 189, CO neutral loss) (Figure 2b). This logic of the 
fragmentation of 1, let us to propose this compound as 
a heterodimmer with the same degree of oxygenation of 
OOS, but consisted of a quinone linked to a quinol biphenyl 
system.

The mass spectrum of compound 3, with an [M - H]- 
ion at m/z 291, displayed that this compound exhibits one 
oxidation level lower than compound 1 (Δm/z = -16 Da). 
The fragmentation mechanism is also similar, showing 
eliminations of H2O, CO and CO2 in the formation of 
ions L (m/z 273), M (m/z 245), P (m/z 263), Q (m/z 219), 
S (m/z 201), T (m/z 173), U (m/z 247) and V (m/z 137). 
However, it is not possible to predict which carbon is not 
hydroxylated by mass spectrometry, and for illustration 
purposes, only one structure is presented for compound 3 
among the possible structures (Figures 1c and 2b).

Moreover, following the same idea of fragmentation, 
we observed that compound 4 (m/z 275.0567, C14H11O6) 
showed the fragments R (m/z 275 → m/z 229, CO2 
neutral loss) and V, the later corresponding to the quinone 
moiety after the loss of the quinol moiety ion, also 
observed for compound 3, that shares the same pattern 
of heterodimmerization. Therefore, compound 4 was 
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annotated at level 3 of confidence as phoenicin quinol.52 
Compound 5 (m/z 273.0414, C14H9O6) displayed similar 
fragmentation as OOS, being annotated as phoenicin. It is 
worth noticing that this metabolite, wrongly termed as the 
new “5,5’-dideoxy-oosporein”, was obtained as a shunt 
metabolite from the OOS biosynthesis in B. bassiana 
mutants lacking the laccase, GST and cupin genes, as well 
as through heterologous expression in yeast genetically 
modified by the insertion of the sacilylate hydroxylase gene 
and the addition of orsellinic acid to the culture medium.19 

Phoenicin (phenicin), was described in 1938 from 
Penicillium phoeniceum extracts by E. Friedheim,53 and 
later correlated with the biosynthesis of OOS,54,55 despite 
the latter never been observed in Penicillium species.56 
Compounds 4 and 5 are recognized as main metabolites 
from P. phoeniceum, but also detected by mass spectrometry 
in P. manginii, P. chermesinum, and P. atrosanguineum.57 
Finally, compound 2 was annotated as phoenicin diquinol, 
according to its fragmentation behavior, in which the loss 
of the quinol moiety yields the m/z 139 product ion (loss of 

Figure 2. (a) Mass spectrum of OOS. (b) Proposed fragmentation of OOS and 1-5, via successive ring contractions. Ions formed from the loss of CO, CO2 
and H2O are shown by blue, red and green spheres, respectively. Pink spheres indicate any other losses. It is important to note that CO and CO2 losses can 
occur from any of the rings, and for each ion, only one of the many possible structures is displayed. Gray area highlights the ions of OOS fragmentation 
pathway. Also, originating precursor ions are indicated in parentheses below the respective m/z.
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138 Da) and previous observations by mass spectrometry 
analysis of P. phoeniceum.58 Interestingly, A. amazonicus 
is capable of producing OOS, 2, 4 and 5 simultaneously, 
which so far was not observed. Moreover, compounds 2, 
4 and 5 were employed as negolyte in a redox flow battery 
with potassium ferri/ferrocyanide as a posolyte in the 
battery, showing an initial capacity of 1.58 Ah L−1.58

OOS biosynthetic gene cluster

The analysis of the BGC exhibiting similarity to 
the OOS cluster revealed 15 genes, including a 8.5 kb 

gene responsible for codifying a NR-PKS (AAm11) 
with the domains necessary to produce orsellinic acid 
(OA). This was evidenced by Pfam domain analysis, 
which indicated the presence of β-ketoacyl synthetase 
(KS), acyl transferase  (AT), thioesterase (TE), starter-
unit acyltransferase (SAT) and phosphopantetheine 
atthachment site (PP-binding) (Figure 3b). Additionally, a 
BLASTp‑based homology analysis showed high amino acid 
similarity between AAm11 predicted protein with the PKS 
OpS1 from Beauveria bassiana ARSEF 2860 (Table S3, 
SI section).19 Considering this similarity, we propose that 
A. amazonicus initiates the biosynthesis of OOS with the 

Figure 3. Biosynthesis of OOS and analogous compounds. (a) Schematic representation of biosynthetic gene cluster of A. amazonicus and B. bassiana. 
Gene AAm8 is a glutathione S-transferase (GST) and gene AAm11 is a non-reducing polyketide synthase (NR-PKS). (b) Proposed biosynthetic pathway 
with enzyme-catalyzed steps indicated. NR-PKS AAm11 domains include: SAT, starter-unit acyltransferase; KS, β-ketoacyl synthase; AT, acyltransferase; 
DH, dehydrogenase; ACP, acyl carrier protein; TE, thioesterase. AAm7 is a salicylate hydrolase enzyme, AAm6 is a laccase enzyme, AAm9 is an enzyme 
of the cupin superfamily, AAm15 is a monooxygenase and AAm8 is a glutathione S-transferase enzyme. Colors are used to correlate genes and enzymes 
with the oxygen atoms added to AO.
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production of OA by the NR-PKS, as observed previously19 
and based on the observation of this compound in the 
LC‑MS/MS analysis.

Moreover, post-PKS enzymes encoding genes 
were encountered with hits for salicylate hydroxylase, 
laccase, glutathione S-transferase (GST), and cupin-
family dioxygenase as previous observed for B. bassiana 
(Table S3, SI section).19 On the other hand, additional 
genes that may be related with the biosynthesis were 
observed, especially one responsible for the production 
of a monooxigenase (AAm15); observations that pave the 
way for an alternative route to produce OOS and related 
compounds. This hypothesis is corroborated by the 
production of the biphenyl 2, which is putatively produced 
by P. phoeniceum,58 but not by Beauveria. Additionally, 
the BGC associated with compound  5 biosynthesis 
in P.  atrosanguineum exhibits high similarity to PKS, 
salicylate hydroxylase and laccase from B. bassiana. 
However, it lacks genes related to cupin and GST enzymes, 
which are necessary for OOS biosynthesis (Table S3, 
SI section).55

Through the observance of 2, in addition to the 
genes AAm6 and AAm7 encoding laccase and salicylate 
hydroxylase enzymes, respectively, it is plausible that OA is 
converted in 1a by the monooxygenase and readily dimerized 
by laccase to give the key intermediate 2. This reaction is 
expected to occur, since phenols are promiscuous substrates 
for laccases.59 This intermediate may undergo incomplete 
spontaneous oxidation to give 4, and subsequently 5 after the 
complete process. Therefore, the non-enzymatic conversion 
of 2 in its semi-oxidized analogue 4, and subsequently in 5 
is proposed herein (Figure 3b).

T h e  p r e s e n c e  o f  g e n e s  e n c o d i n g  c u p i n 
oxygenase (AAm9) and GST (AAm8) enzymes corroborates 
a previously proposed oxidation and dimerization pathway 
for producing OOS from 1a in B. bassiana.19 In this 
pathway, intermediate 1a is oxidized by cupin to form 
benzenetetrol 1b, followed by dimerization promoted by 
laccase, assisted by GST. The last is a versatile enzyme 
involved in the detoxification of electrophilic species,60 and 
in this context, it scavenges radicals potentially produced 
by laccase. However, the presence of a monooxygenase 
gene (AAm15) and the detection of intermediates with 
varying degrees of oxidation, as observed in LC-MS/MS 
analyses suggest an alternative pathway in A. amazonicus 
(Figure 3b). The gene AAm15 exhibits similarity to a 
monooxygenase from Gnomonia sp., which is known 
to promote the hydroxylation of phenols (Table S3, SI 
section).61 Based on this information, it is plausible 
to infer that 2 undergoes two oxidation steps to yield 
intermediates 6 and 8, both of which were undetected. 

While 6 spontaneously oxidizes to generate 3 and 7 (not 
detected), intermediate 8 is converted into 1 and OOS 
(Figure 3b).

Therefore, the OOS pathway in A. amazonicus diverges 
in some aspects from previous studies. This suggests 
that further investigations involving other fungal species 
are necessary to either confirm distinct pathways among 
different species or to propose a unified pathway that 
integrates previous findings.

Conclusions

Oosporein is the major specialized metabolite produced 
by the endophytic fungus A. amazonicus. Genes related to 
its biosynthesis diverge significantly from their counterparts 
in B. bassiana. Additionally, analogous compounds known 
to be produced by Penicillium species, such as phoenicin, 
phoenicin quinol, and phoenicin diquinol, were annotated 
in A. amazonicus extracts. The latter appears to be a crucial 
precursor in the biosynthesis of these compounds via a 
putative alternative route mediated by the enzyme AAm15, 
which is exclusively present in A. amazonicus. Notably, 
this is the first report of a fungus capable of simultaneously 
biosynthesizing all these compounds.

Supplementary Information

Supplementary information, including NMR spectra, mass 

spectra, genome mining results table and molecular network link, is 

available free of charge at http://jbcs.sbq.org.br as PDF file.

Data Availability Statement

All data generated or analyzed during this study are included in 

this published article. Additionally, the generated molecular networks 

can be consulted on the GNPS2 platform through the link present in 

the SI section.

Acknowledgments

The authors gratefully acknowledge the financial support from 

(CAPES - finance code 001), Conselho Nacional de Desenvolvimento 

Científico e Tecnológico (CNPq), and Fundação de Amparo à Pesquisa 

do Estado do Amazonas (FAPEAM). This work was funded by CAPES 

(grant number 88881.200469/2018-01, Procad AmazonMicro), 

FAPEAM (grant to GFS, process number 01.02.016301.00260/2024‑02) 

and Fundação de Amparo à Pesquisa do Estado de São Paulo (FAPESP) 

(grant to LSM, Project number 2020/08270-0). We also thank CNPq 

for grant 443823/2024-3 and the productivity grants awarded to HHFK 

(No. 305942/2020-4) and FMAS (315040/2021-1).



10 of 13

Production of Oosporein and Related Bibenzoquinone Analogues in Arcopilus amazonicus de Araújo Júnior et al.

J. Braz. Chem. Soc. 2025, 36, 11, e-20250146

Author Contributions

MBAJ was responsible for data curation, formal analysis, 

investigation, and writing the original draft of the manuscript; AOS 

for data curation, formal analysis, and investigation; AMR, FEC and 

MEBY for investigations; TFS for data curation and formal analysis; 

FMAS, CFFA, RSG, and LSM for essential resources; RSG for formal 

analysis; GFS forf unding acquisition, methodology development, 

and the provision of resources; HHFK for conceptualized the study, 

secured funding, developed the methodology, administered the 

project, provided resources and supervision, and contributed to the 

review and editing of the manuscript.

References

	 1. 	Wang, X. W.; Houbraken, J.; Groenewald, J. Z.; Meijer, M.; 

Andersen, B.; Nielsen, K. F.; Crous, P. W.; Samson, R. A.; Stud. 

Mycol. 2016, 84, 145. [Crossref]

	 2. 	Liang, L.-Q.; He, X.-H.; Wei, C.-Y.; Zhao, J.-X.; Wu, Q.; Liang, 

M.; Li, J.; Luo, Y.; Xu, W.-F.; Yang, R.-Y.; Nat. Prod. Res. 2024, 

1. [Crossref] [PubMed]

	 3. 	Charria-Girón, E.; Zeng, H.; Gorelik, T. E.; Pahl, A.; Truong, 

K.-N.; Schrey, H.; Surup, F.; Marin-Felix, Y.; J. Med. Chem. 

2024, 67, 15029. [Crossref]

	 4. 	Zhang, Z.; Ge, Y.; In, Y.; Igarashi, Y.; J. Antibiot. 2023, 76, 673. 

[Crossref]

	 5. 	Dwibedi, V.; Saxena, S.; Appl. Biochem. Biotechnol. 2018, 186, 

476. [Crossref]

	 6. 	Duan, H.-J.; Xie, F.; Xia, D.-D.; Xie, T.-P.; Zhang, Y.; Sun, Y.; 

Lu, J.-M.; Zhou, H.; Ding, Z.-T.; Phytochem. Lett. 2022, 51, 

140. [Crossref]

	 7. 	Tavares, D. G.; Guimarães, S. S. C.; Piccoli, R. H.; Duarte, W. F.; 

Cardoso, P. G.; Arch. Microbiol. 2022, 204, 156. [Crossref]

	 8. 	Gagana, S. L.; Kumaraswamy, B. E.; Shivanna, M. B.; South 

Afr. J. Bot. 2020, 134, 369. [Crossref]

	 9. 	Xu, R.; Song, S.; Wu, G.; Hu, B.; Xie, J.; Wang, X.; Xia, Y.; 

Zheng, S.; Peng, S.; Yuan, Y.; Cao, L.; Song, R.; Huang, Y.; 

Phytopathol. Res. 2024, 6, 68. [Crossref]

	 10. 	Sousa, T. F.; Santos, A. O. D.; Silva, F. M. A. D.; Caniato, F. F.; 

Queiroz, C. A. D.; Souza, T. M. D.; Maciel, J. B. S.; Catarino, A. 

D. M.; Gwinner, R.; Prachya, S.; Kittakoop, P.; Angolini, C. F. F.; 

Koolen, H. H. F.; Silva, G. F.; Phytotaxa 2020, 456, 145. [Crossref]

	 11. 	Seger, C.; Erlebach, D.; Stuppner, H.; Griesser, U. J.; Strasser, 

H.; Helv. Chim. Acta 2005, 88, 802. [Crossref]

	 12. 	Cole, R. J.; Kirksey, J. W.; Cutler, H. G.; Davis, E. E.; J. Agric. 

Food Chem. 1974, 22, 517. [Crossref]

	 13. 	Pegram, R. A.; Wyatt, R. D.; Smith, T. L.; Avian Dis. 1982, 26, 

47. [Crossref]

	 14. 	Ramesha, A.; Venkataramana, M.; Nirmaladevi, D.; Gupta, 

V. K.; Chandranayaka, S.; Srinivas, C.; Front. Microbiol. 2015, 

6, 870. [Crossref]

	 15. 	Terry, B. J.; Liu, W.-C.; Cianci, C. W.; Proszynski, E.; 

Fernandes, P.; Bush, K.; Meyers, E.; J. Antibiot. 1992, 45, 286. 

[Crossref]

	 16. 	Nagaoka, T.; Nakata, K.; Kouno, K.; Z. Für Naturforschung C 

2004, 59, 302. [Crossref]

	 17. 	Fan, Y.; Liu, X.; Keyhani, N. O.; Tang, G.; Pei, Y.; Zhang, W.; 

Tong, S.; Proc. Natl. Acad. Sci. 2017, 114, E1578. [Crossref]

	 18. 	Alurappa, R.; Bojegowda, M. R. M.; Kumar, V.; Mallesh, N. K.; 

Chowdappa, S.; Nat. Prod. Res. 2014, 28, 2217. [Crossref]

	 19. 	Feng, P.; Shang, Y.; Cen, K.; Wang, C.; Proc. Natl. Acad. Sci. 

2015, 112, 11365. [Crossref]

	 20. 	Mascarin, G. M.; Shrestha, S.; Cortes, M. V. C. B.; Ramirez, 

J. L.; Dunlap, C. A.; Coleman, J. J.; Fungal Biol. Biotechnol. 

2024, 11, 21. [Crossref]

	 21. 	Aron, A. T.; Gentry, E. C.; McPhail, K. L.; Nothias, L.-F.; 

Nothias-Esposito, M.; Bouslimani, A.; Petras, D.; Gauglitz, 

J. M.; Sikora, N.; Vargas, F.; van der Hooft, J. J. J.; Ernst, M.; 

Kang, K. B.; Aceves, C. M.; Caraballo-Rodríguez, A. M.; 

Koester, I.; Weldon, K. C.; Bertrand, S.; Roullier, C.; Sun, 

K.; Tehan, R. M.; Boya P., C. A.; Christian, M. H.; Gutiérrez, 

M.; Ulloa, A. M.; Tejeda Mora, J. A.; Mojica-Flores, R.; 

Lakey‑Beitia, J.; Vásquez-Chaves, V.; Zhang, Y.; Calderón, 

A. I.; Tayler, N.; Keyzers, R. A.; Tugizimana, F.; Ndlovu, N.; 

Aksenov, A. A.; Jarmusch, A. K.; Schmid, R.; Truman, A. W.; 

Bandeira, N.; Wang, M.; Dorrestein, P. C.; Nat. Protoc. 2020, 

15, 1954. [Crossref]

	 22. 	Avalon, N. E.; Murray, A. E.; Baker, B. J.; Anal. Chem. 2022, 

94, 11959. [Crossref]

	 23. 	Wang, M.; Carver, J. J.; Phelan, V. V.; Sanchez, L. M.; Garg, 

N.; Peng, Y.; Nguyen, D. D.; Watrous, J.; Kapono, C. A.; 

Luzzatto‑Knaan, T.; Porto, C.; Bouslimani, A.; Melnik, A. V.; 

Meehan, M. J.; Liu, W.-T.; Crüsemann, M.; Boudreau, P. D.; 

Esquenazi, E.; Sandoval-Calderón, M.; Kersten, R. D.; Pace, 

L. A.; Quinn, R. A.; Duncan, K. R.; Hsu, C.-C.; Floros, D. J.; 

Gavilan, R. G.; Kleigrewe, K.; Northen, T.; Dutton, R. J.; Parrot, 

D.; Carlson, E. E.; Aigle, B.; Michelsen, C. F.; Jelsbak, L.; 

Sohlenkamp, C.; Pevzner, P.; Edlund, A.; McLean, J.; Piel, J.; 

Murphy, B. T.; Gerwick, L.; Liaw, C.-C.; Yang, Y.-L.; Humpf, 

H.-U.; Maansson, M.; Keyzers, R. A.; Sims, A. C.; Johnson, 

A.  R.; Sidebottom, A. M.; Sedio, B. E.; Klitgaard, A.; Larson, 

C. B.; Boya P, C. A.; Torres-Mendoza, D.; Gonzalez, D. J.; 

Silva, D. B.; Marques, L. M.; Demarque, D. P.; Pociute, E.; 

O’Neill, E. C.; Briand, E.; Helfrich, E. J. N.; Granatosky, E. A.; 

Glukhov, E.; Ryffel, F.; Houson, H.; Mohimani, H.; Kharbush, 

J. J.; Zeng, Y.; Vorholt, J. A.; Kurita, K. L.; Charusanti, P.; 

McPhail, K. L.; Nielsen, K. F.; Vuong, L.; Elfeki, M.; Traxler, 

M. F.; Engene, N.; Koyama, N.; Vining, O. B.; Baric, R.; Silva, 

R. R.; Mascuch, S. J.; Tomasi, S.; Jenkins, S.; Macherla, V.; 

Hoffman, T.; Agarwal, V.; Williams, P. G.; Dai, J.; Neupane, R.; 

Gurr, J.; Rodríguez, A. M. C.; Lamsa, A.; Zhang, C.; Dorrestein, 

K.; Duggan, B. M.; Almaliti, J.; Allard, P.-M.; Phapale, P.; 

https://doi.org/10.1016/j.simyco.2016.11.005
https://doi.org/10.1080/14786419.2024.2429119
http://www.ncbi.nlm.nih.gov/pubmed/39560922
https://doi.org/10.1021/acs.jmedchem.4c00585
https://doi.org/10.1038/s41429-023-00652-9
https://doi.org/10.1007/s12010-018-2755-x
https://doi.org/10.1016/j.phytol.2022.08.014
https://doi.org/10.1007/s00203-022-02764-6
https://doi.org/10.1016/j.sajb.2020.06.012
https://doi.org/10.1186/s42483-024-00285-2
https://doi.org/10.11646/phytotaxa.456.2.2
https://doi.org/10.1002/hlca.200590057
https://doi.org/10.1021/jf60193a049
https://doi.org/10.2307/1590024
https://doi.org/10.3389/fmicb.2015.00870
https://doi.org/10.7164/antibiotics.45.286
https://doi.org/10.1515/znc-2004-3-432
https://doi.org/10.1073/pnas.1616543114
https://doi.org/10.1080/14786419.2014.924933
https://doi.org/10.1073/pnas.1503200112
https://doi.org/10.1186/s40694-024-00190-5
https://doi.org/10.1038/s41596-020-0317-5
https://doi.org/10.1021/acs.analchem.2c02245


11 of 13

Production of Oosporein and Related Bibenzoquinone Analogues in Arcopilus amazonicus de Araújo Júnior et al.

J. Braz. Chem. Soc. 2025, 36, 11, e-20250146

Nothias, L.-F.; Alexandrov, T.; Litaudon, M.; Wolfender, J.-L.; 

Kyle, J. E.; Metz, T. O.; Peryea, T.; Nguyen, D.-T.; VanLeer, 

D.; Shinn, P.; Jadhav, A.; Müller, R.; Waters, K. M.; Shi, W.; 

Liu, X.; Zhang, L.; Knight, R.; Jensen, P. R.; Palsson, B. Ø.; 

Pogliano, K.; Linington, R. G.; Gutiérrez, M.; Lopes, N. P.; 

Gerwick, W. H.; Moore, B. S.; Dorrestein, P. C.; Bandeira, N.; 

Nat. Biotechnol. 2016, 34, 828. [Crossref]

	 24. 	Global Natural Product Social (GNPS2), https://gnps2.org/

homepage, accessed in July 2025.

	 25. 	Chambers, M. C.; Maclean, B.; Burke, R.; Amodei, D.; 

Ruderman, D. L.; Neumann, S.; Gatto, L.; Fischer, B.; Pratt, 

B.; Egertson, J.; Hoff, K.; Kessner, D.; Tasman, N.; Shulman, 

N.; Frewen, B.; Baker, T. A.; Brusniak, M.-Y.; Paulse, C.; 

Creasy, D.; Flashner, L.; Kani, K.; Moulding, C.; Seymour, 

S. L.; Nuwaysir, L. M.; Lefebvre, B.; Kuhlmann, F.; Roark, J.; 

Rainer, P.; Detlev, S.; Hemenway, T.; Huhmer, A.; Langridge, J.; 

Connolly, B.; Chadick, T.; Holly, K.; Eckels, J.; Deutsch, E. W.; 

Moritz, R. L.; Katz, J. E.; Agus, D. B.; MacCoss, M.; Tabb, 

D. L.; Mallick, P.; Nat. Biotechnol. 2012, 30, 918. [Crossref]

	 26. 	Schmid, R.; Heuckeroth, S.; Korf, A.; Smirnov, A.; Myers, O.; 

Dyrlund, T. S.; Bushuiev, R.; Murray, K. J.; Hoffmann, N.; Lu, 

M.; Sarvepalli, A.; Zhang, Z.; Fleischauer, M.; Dührkop, K.; 

Wesner, M.; Hoogstra, S. J.; Rudt, E.; Mokshyna, O.; Brungs, 

C.; Ponomarov, K.; Mutabdžija, L.; Damiani, T.; Pudney, C. J.; 

Earll, M.; Helmer, P. O.; Fallon, T. R.; Schulze, T.; Rivas-Ubach, 

A.; Bilbao, A.; Richter, H.; Nothias, L.-F.; Wang, M.; Orešič, 
M.; Weng, J.-K.; Böcker, S.; Jeibmann, A.; Hayen, H.; Karst, U.; 

Dorrestein, P. C.; Petras, D.; Du, X.; Pluskal, T.; Nat. Biotechnol. 

2023, 41, 447. [Crossref]

	 27. 	Nothias, L.-F.; Petras, D.; Schmid, R.; Dührkop, K.; Rainer, 

J.; Sarvepalli, A.; Protsyuk, I.; Ernst, M.; Tsugawa, H.; 

Fleischauer, M.; Aicheler, F.; Aksenov, A. A.; Alka, O.; Allard, 

P.-M.; Barsch, A.; Cachet, X.; Caraballo-Rodriguez, A. M.; 

Da Silva, R. R.; Dang, T.; Garg, N.; Gauglitz, J. M.; Gurevich, 

A.; Isaac, G.; Jarmusch, A. K.; Kameník, Z.; Kang, K. B.; 

Kessler, N.; Koester, I.; Korf, A.; Le Gouellec, A.; Ludwig, M.; 

Martin,  H.   C.; McCall, L.-I.; McSayles, J.; Meyer, S. W.; 

Mohimani, H.; Morsy, M.; Moyne, O.; Neumann, S.; Neuweger, 

H.; Nguyen, N. H.; Nothias-Esposito, M.; Paolini, J.; Phelan, V. 

V.; Pluskal, T.; Quinn, R. A.; Rogers, S.; Shrestha, B.; Tripathi, 

A.; van der Hooft, J. J. J.; Vargas, F.; Weldon, K. C.; Witting, 

M.; Yang, H.; Zhang, Z.; Zubeil, F.; Kohlbacher, O.; Böcker, 

S.; Alexandrov, T.; Bandeira, N.; Wang, M.; Dorrestein, P. C.; 

Nat. Methods 2020, 17, 905. [Crossref]

	 28. 	FastQC A Quality Control tool for High Throughput Sequence 

Data, https://www.bioinformatics.babraham.ac.uk/projects/

fastqc/, accessed in July 2025.

	 29. 	Sun, K.; Bioinformatics 2020, 36, 3561. [Crossref]

	 30. 	Prjibelski, A.; Antipov, D.; Meleshko, D.; Lapidus, A.; 

Korobeynikov, A.; Curr. Protoc. Bioinf. 2020, 70, e102. 

[Crossref] [PubMed]

	 31. 	Mikheenko, A.; Saveliev, V.; Hirsch, P.; Gurevich, A.; Nucleic 

Acids Res. 2023, 51, W601. [Crossref]

	 32. 	Blin, K.; Shaw, S.; Augustijn, H. E.; Reitz, Z. L.; Biermann, 

F.; Alanjary, M.; Fetter, A.; Terlouw, B. R.; Metcalf, W. W.; 

Helfrich, E. J. N.; van Wezel, G. P.; Medema, M. H.; Weber, 

T.; Nucleic Acids Res. 2023, 51, W46. [Crossref]

	 33. 	Antibiotics & Secondary Metabolite Analysis Shell 

(AntiSMASH): fungal version 7.0 (FungiSMASH),  

https://fungismash.secondarymetabolites.org/#!/start, accessed 

in September 2025.

	 34. 	Zdouc, M. M.; Blin, K.; Louwen, N. L. L.; Navarro, J.; 

Loureiro, C.; Bader, C. D.; Bailey, C. B.; Barra, L.; Booth, T. J.; 

Bozhüyük, K. A. J.; Cediel-Becerra, J. D. D.; Charlop-Powers, 

Z.; Chevrette, M. G.; Chooi, Y. H.; D’Agostino, P. M.; de Rond, 

T.; Del Pup, E.; Duncan, K. R.; Gu, W.; Hanif, N.; Helfrich, 

E. J. N.; Jenner, M.; Katsuyama, Y.; Korenskaia, A.; Krug, D.; 

Libis, V.; Lund, G. A.; Mantri, S.; Morgan, K. D.; Owen, C.; 

Phan, C.-S.; Philmus, B.; Reitz, Z. L.; Robinson, S. L.; Singh, 

K. S.; Teufel, R.; Tong, Y.; Tugizimana, F.; Ulanova, D.; Winter, 

J. M.; Aguilar, C.; Akiyama, D. Y.; Al-Salihi, S. A. A.; Alanjary, 

M.; Alberti, F.; Aleti, G.; Alharthi, S. A.; Rojo, M. Y. A.; Arishi, 

A. A.; Augustijn, H. E.; Avalon, N. E.; Avelar-Rivas, J. A.; 

Axt, K. K.; Barbieri, H. B.; Barbosa, J. C. J.; Barboza Segato,  

L. G.; Barrett, S. E.; Baunach, M.; Beemelmanns, C.; Beqaj, D.; 

Berger, T.; Bernaldo-Agüero, J.; Bettenbühl, S. M.; Bielinski, 

V. A.; Biermann, F.; Borges, R. M.; Borriss, R.; Breitenbach, 

M.; Bretscher, K. M.; Brigham, M. W.; Buedenbender, L.; 

Bulcock, B. W.; Cano-Prieto, C.; Capela, J.; Carrion, V. J.; 

Carter, R. S.; Castelo-Branco, R.; Castro-Falcón, G.; Chagas, 

F. O.; Charria-Girón, E.; Chaudhri, A. A.; Chaudhry, V.; Choi, 

H.; Choi, Y.; Choupannejad, R.; Chromy, J.; Donahey, M. S. C.; 

Collemare, J.; Connolly, J. A.; Creamer, K. E.; Crüsemann, M.; 

Cruz, A. A.; Cumsille, A.; Dallery, J.-F.; Damas-Ramos, L. C.; 

Damiani, T.; de Kruijff, M.; Martín, B. D.; Sala, G. D.; Dillen, 

J.; Doering, D. T.; Dommaraju, S. R.; Durusu, S.; Egbert, S.; 

Ellerhorst, M.; Faussurier, B.; Fetter, A.; Feuermann, M.; Fewer, 

D. P.; Foldi, J.; Frediansyah, A.; Garza, E. A.; Gavriilidou, A.; 

Gentile, A.; Gerke, J.; Gerstmans, H.; Gomez-Escribano, J. P.; 

González-Salazar, L. A.; Grayson, N. E.; Greco, C.; Gomez,  

J. E. G.; Guerra, S.; Flores, S. G.; Gurevich, A.; Gutiérrez‑García, 

K.; Hart, L.; Haslinger, K.; He, B.; Hebra, T.; Hemmann, J. L.; 

Hindra, H.; Höing, L.; Holland, D. C.; Holme, J. E.; Horch, T.; 

Hrab, P.; Hu, J.; Huynh, T.-H.; Hwang, J.-Y.; Iacovelli, R.; Iftime, 

D.; Iorio, M.; Jayachandran, S.; Jeong, E.; Jing, J.; Jung, J. J.; 

Kakumu, Y.; Kalkreuter, E.; Kang, K. B.; Kang, S.; Kim, W.; 

Kim, G. J.; Kim, H.; Kim, H. U.; Klapper, M.; Koetsier, R. A.; 

Kollten, C.; Kovács, Á. T.; Kriukova, Y.; Kubach, N.; Kunjapur, 

A. M.; Kushnareva, A. K.; Kust, A.; Lamber, J.; Larralde, M.; 

Larsen, N. J.; Launay, A. P.; Le, N.‑T.-H.; Lebeer, S.; Lee, B.  T.; 

Lee, K.; Lev, K. L.; Li, S.-M.; Li, Y.-X.; Licona‑Cassani, C.; 

Lien, A.; Liu, J.; Lopez, J. A. V.; Machushynets, N. V.; Macias, 

https://doi.org/10.1038/nbt.3597
https://doi.org/10.1038/nbt.2377
https://doi.org/10.1038/s41587-023-01690-2
https://doi.org/10.1038/s41592-020-0933-6
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://doi.org/10.1093/bioinformatics/btaa171
https://doi.org/10.1002/cpbi.102
http://www.ncbi.nlm.nih.gov/pubmed/32559359
https://doi.org/10.1093/nar/gkad406
https://doi.org/10.1093/nar/gkad344
https://fungismash.secondarymetabolites.org/%23!/start


12 of 13

Production of Oosporein and Related Bibenzoquinone Analogues in Arcopilus amazonicus de Araújo Júnior et al.

J. Braz. Chem. Soc. 2025, 36, 11, e-20250146

M. I.; Mahmud, T.; Maleckis, M.; Martinez-Martinez, A. M.; 

Mast, Y.; Maximo, M. F.; McBride, C. M.; McLellan, R. M.; 

Bhatt, K. M.; Melkonian, C.; Merrild, A.; Metsä-Ketelä, M.; 

Mitchell, D. A.; Müller, A. V.; Nguyen, G.-S.; Nguyen, H. T.; 

Niedermeyer, T. H. J.; O’Hare, J. H.; Ossowicki, A.; Ostash, 

B. O.; Otani, H.; Padva, L.; Paliyal, S.; Pan, X.; Panghal, 

M.; Parade, D. S.; Park, J.; Parra, J.; Rubio, M. P.; Pham,  

H. T.; Pidot, S. J.; Piel, J.; Pourmohsenin, B.; Rakhmanov, M.; 

Ramesh, S.; Rasmussen, M. H.; Rego, A.; Reher, R.; Rice, A. J.; 

Rigolet, A.; Romero-Otero, A.; Rosas‑Becerra, L. R.; Rosiles, 

P. Y.; Rutz, A.; Ryu, B.; Sahadeo, L.-A.; Saldanha, M.; Salvi, 

L.; Sánchez-Carvajal, E.; Santos-Medellin, C.; Sbaraini, N.; 

Schoellhorn, S. M.; Schumm, C.; Sehnal, L.; Selem, N.; Shah, 

A. D.; Shishido, T. K.; Sieber, S.; Silviani, V.; Singh, G.; Singh, 

H.; Sokolova, N.; Sonnenschein, E. C.; Sosio, M.; Sowa, S. T.; 

Steffen, K.; Stegmann, E.; Streiff, A. B.; Strüder, A.; Surup, 

F.; Svenningsen, T.; Sweeney, D.; Szenei, J.; Tagirdzhanov, 

A.; Tan, B.; Tarnowski, M. J.; Terlouw, B. R.; Rey, T.; Thome,  

N. U.; Torres Ortega, L. R.; Tørring, T.; Trindade, M.; Truman, 

A. W.; Tvilum, M.; Udwary, D. W.; Ulbricht, C.; Vader, L.; 

van  Wezel, G. P.; Walmsley, M.; Warnasinghe, R.; Weddeling, 

H. G.; Weir, A. N. M.; Williams, K.; Williams, S. E.; Witte, T. E.; 

Rocca, S. M. W.; Yamada, K.; Yang, D.; Yang, D.; Yu, J.; Zhou, 

Z.; Ziemert, N.; Zimmer, L.; Zimmermann, A.; Zimmermann, 

C.; van der Hooft, J. J. J.; Linington, R. G.; Weber, T.; Medema, 

M. H.; Nucleic Acids Res. 2025, 53, D678. [Crossref]

	 35. 	Minimum Information about a Biosynthetic Gene Cluster 

(MIBiG) repository, https://mibig.secondarymetabolites.org/

repository, accessed in December 2025.

	 36. 	Altschul, S. F.; Gish, W.; Miller, W.; Myers, E. W.; Lipman, 

D.  J.; J. Mol. Biol. 1990, 215, 403. [Crossref] [PubMed]

	 37. 	Basic Local Alignment Search Tool: Protein BLAST, https://

blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_

TYPE=BlastSearch&LINK_LOC=blasthome, accessed in 

September 2025.

	 38. 	Paysan-Lafosse, T.; Andreeva, A.; Blum, M.; Chuguransky, 

S. R.; Grego, T.; Pinto, B. L.; Salazar, G. A.; Bileschi, M. L.; 

Llinares-López, F.; Meng-Papaxanthos, L.; Colwell, L. J.; 

Grishin, N. V.; Schaeffer, R. D.; Clementel, D.; Tosatto, S. C. E.; 

Sonnhammer, E.; Wood, V.; Bateman, A.; Nucleic Acids Res. 

2025, 53, D523. [Crossref] [PubMed]

	 39. 	Jones, P.; Binns, D.; Chang, H.-Y.; Fraser, M.; Li, W.; McAnulla, 

C.; McWilliam, H.; Maslen, J.; Mitchell, A.; Nuka, G.; Pesseat, 

S.; Quinn, A. F.; Sangrador-Vegas, A.; Scheremetjew, M.; Yong, 

S.-Y.; Lopez, R.; Hunter, S.; Bioinformatics 2014, 30, 1236. 

[Crossref] [PubMed]

	 40. 	Chooi, Y.-H.; Tang, Y.; J. Org. Chem. 2012, 77, 9933. [Crossref] 

[PubMed]

	 41. 	Sbaraini, N.; Hu, J.; Roux, I.; Phan, C.-S.; Motta, H.; Rezaee, 

H.; Schrank, A.; Chooi, Y.-H.; Staats, C. C.; Fungal Genet. Biol. 

2021, 152, 103568. [Crossref] [PubMed]

	 42. 	Son, S. W.; Kim, H. Y.; Choi, G. J.; Lim, H. K.; Jang, K. S.; 

Lee, S. O.; Lee, S.; Sung, N. D.; Kim, J.-C.; J. Appl. Microbiol. 

2008, 104, 692. [Crossref] [PubMed]

	 43. 	van Santen, J. A.; Jacob, G.; Singh, A. L.; Aniebok, V.; Balunas, 

M. J.; Bunsko, D.; Neto, F. C.; Castaño-Espriu, L.; Chang, C.; 

Clark, T. N.; Cleary Little, J. L.; Delgadillo, D. A.; Dorrestein, 

P. C.; Duncan, K. R.; Egan, J. M.; Galey, M. M.; Haeckl, F. P. J.; 

Hua, A.; Hughes, A. H.; Iskakova, D.; Khadilkar, A.; Lee, J.‑H.; 

Lee, S.; LeGrow, N.; Liu, D. Y.; Macho, J. M.; McCaughey,  

C. S.; Medema, M. H.; Neupane, R. P.; O’Donnell, T. J.; Paula, 

J. S.; Sanchez, L. M.; Shaikh, A. F.; Soldatou, S.; Terlouw, 

B.  R.; Tran, T. A.; Valentine, M.; Van Der Hooft, J. J. J.; Vo, 

D.  A.; Wang, M.; Wilson, D.; Zink, K. E.; Linington, R. G.; 

ACS Cent. Sci. 2019, 5, 1824. [Crossref]

	 44. 	Smith, C. A.; O’Maille, G.; Want, E. J.; Qin, C.; Trauger, S.  A.; 

Brandon, T. R.; Custodio, D. E.; Abagyan, R.; Siuzdak, G.; Ther. 

Drug Monit. 2005, 27, 747. [Crossref] [PubMed]

	 45. 	Guijas, C.; Montenegro-Burke, J. R.; Domingo-Almenara, X.; 

Palermo, A.; Warth, B.; Hermann, G.; Koellensperger, G.; Huan, 

T.; Uritboonthai, W.; Aisporna, A. E.; Wolan, D. W.; Spilker, M. E.; 

Benton, H. P.; Siuzdak, G.; Anal. Chem. 2018, 90, 3156. [Crossref]

	 46. 	Sorokina, M.; Merseburger, P.; Rajan, K.; Yirik, M. A.; 

Steinbeck, C.; J. Cheminf. 2021, 13, 2. [Crossref]

	 47. 	Eyal, J.; Mabud, M. A.; Fischbein, K. L.; Walter, J. F.; Osborne, 

L. S.; Landa, Z.; Appl. Biochem. Biotechnol. 1994, 44, 65. 

[Crossref]

	 48. 	Kögl, F.; van Wessem, G. C.; Recl. Trav. Chim. Pays-Bas 1944, 

63, 5. [Crossref]

	 49. 	Haruma, T.; Doyama, K.; Lu, X.; Arima, T.; Igarashi, T.; 

Tomiyama, S.; Yamaji, K.; Plants 2023, 12, 36. [Crossref]

	 50. 	Fabre, N.; Rustan, I.; de Hoffmann, E.; Quetin-Leclercq, J.; 

J. Am. Soc. Mass Spectrom. 2001, 12, 707. [Crossref]

	 51. 	Vessecchi, R.; Emery, F. S.; Galembeck, S. E.; Lopes, N. P.; 

J. Mass Spectrom. 2012, 47, 1648. [Crossref]

	 52. 	Blaženović, I.; Kind, T.; Ji, J.; Fiehn, O.; Metabolites 2018, 8, 

31. [Crossref]

	 53. 	Friedheim, E. A. H.; Helv. Chim. Acta 1938, 21, 1464. [Crossref]

	 54. 	Steiner, E.; Kalamar, J.; Charollais, E.; Posternak, T.; Helv. 

Chim. Acta 1974, 57, 2377. [Crossref]

	 55. 	Wilhelmsen, C. O.; Kristensen, S. B.; Nolte, O.; Volodin, I. A.; 

Christiansen, J. V.; Isbrandt, T.; Sørensen, T.; Petersen, C.; 

Sondergaard, T. E.; Lehmann Nielsen, K.; Larsen, T. O.; Frisvad, 

J. C.; Hager, M. D.; Schubert, U. S.; Muff, J.; Sørensen, J. L.; 

Batteries Supercaps 2023, 6, e202200365. [Crossref]

	 56. 	Christiansen, J. V.; Isbrandt, T.; Petersen, C.; Sondergaard, T. E.; 

Nielsen, M. R.; Pedersen, T. B.; Sørensen, J. L.; Larsen, T. O.; 

Frisvad, J. C.; Appl. Microbiol. Biotechnol. 2021, 105, 8157. 

[Crossref]

	 57. 	Christiansen, J. V.; Isbrandt, T.; Asferg, R.; Jarmusch, S. A.; 

Larsen, T. O.; Frisvad, J. C.; Appl. Environ. Microbiol. 2022, 

88. [Crossref]

https://doi.org/10.1093/nar/gkae1115
https://mibig.secondarymetabolites.org/repository
https://mibig.secondarymetabolites.org/repository
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastp&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome
https://doi.org/10.1093/nar/gkae997
http://www.ncbi.nlm.nih.gov/pubmed/39540428
https://doi.org/10.1093/bioinformatics/btu031
http://www.ncbi.nlm.nih.gov/pubmed/24451626
https://doi.org/10.1021/jo301592k
http://www.ncbi.nlm.nih.gov/pubmed/22938194
https://doi.org/10.1016/j.fgb.2021.103568
http://www.ncbi.nlm.nih.gov/pubmed/33991663
https://doi.org/10.1111/j.1365-2672.2007.03581.x
http://www.ncbi.nlm.nih.gov/pubmed/17927749
https://doi.org/10.1021/acscentsci.9b00806
https://doi.org/10.1097/01.ftd.0000179845.53213.39
http://www.ncbi.nlm.nih.gov/pubmed/16404815
https://doi.org/10.1021/acs.analchem.7b04424
https://doi.org/10.1186/s13321-020-00478-9
https://doi.org/10.1007/BF02921852
https://doi.org/10.1002/recl.19440630102
https://doi.org/10.3390/plants12010036%5d
https://doi.org/10.1016/S1044-0305(01)00226-4
https://doi.org/10.1002/jms.3101
https://doi.org/10.3390/metabo8020031
https://doi.org/10.1002/hlca.193802101181
https://doi.org/10.1002/hlca.19740570810
https://doi.org/10.1002/batt.202200365
https://doi.org/10.1007/s00253-021-11597-0
https://doi.org/10.1128/aem.00302-22


13 of 13

Production of Oosporein and Related Bibenzoquinone Analogues in Arcopilus amazonicus de Araújo Júnior et al.

J. Braz. Chem. Soc. 2025, 36, 11, e-20250146

	 58. 	Wilhelmsen, C. O.; Pasadakis-Kavounis, A.; Christiansen, J. V.; 

Isbrandt, T.; Almind, M. R.; Larsen, T. O.; Hjelm, J.; Sørensen, 

J. L.; Muff, J.; ACS Sustainable Chem. Eng. 2023, 11, 9206. 

[Crossref]

	 59. 	Su, J.; Fu, J.; Silva, C.; Cavaco-Paulo, A.; Trends Biotechnol. 

2019, 37, 683. [Crossref] [PubMed]

	 60. 	Aloke, C.; Onisuru, O. O.; Achilonu, I.; Biochem. Biophys. Res. 

Commun. 2024, 734, 150774. [Crossref]

	 61. 	Li, L.; Zhong, W.; Liu, H.; Espinosa-Artiles, P.; Xu, Y.; Wang, 

C.; Verdugo Robles, J. M.; Paz, T. A.; Cascaes Inácio, M.; Chen, 

F.; Xu, Y.; Gunatilaka, A. A. L.; Molnár, I.; J. Am. Chem. Soc. 

2024, 146, 6189. [Crossref]

Submitted: July 23, 2025

Final version online: September 17, 2025 

https://doi.org/10.1021/acssuschemeng.3c02136
https://doi.org/10.1016/j.tibtech.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/30926142
https://doi.org/10.1016/j.bbrc.2024.150774
https://doi.org/10.1021/jacs.3c14066

	_Hlk198902950
	_Hlk207356164

