Lv et al. Microbial Cell Factories ~ (2025) 24:226 Microbial Cell Factories
https://doi.org/10.1186/512934-025-02853-3

RESEARCH Open Access

®

Check for
updates

Characterization of the unconventional
meroterpenoid gene cluster from Stachybotrys
sp. CPCC 401591 for phenylspirodrimanes
biosynthesis

Hui Lv'", Bailin Song'™, Lingjin Bu', Wenni He', Lu Wang', Liyan Yu'" and Tao Zhang'"

Abstract

Background Phenylspirodrimanes (PSDs) are a unique class of meroterpenoids that have been extensively studied
due to their diverse biological activities. These metabolites are supposedly biosynthesized through the farnesylation
of orsellinate. However, the molecular basis has not yet been elucidated.

Results Herein, using a combination of genome mining, bioinformatic alignment, and gene deletion approach, we
characterized the dedicated gene cluster psd responsible for biosynthesizing PSDs in the fungus Stachybotrys sp.
CPCC 401591. RNA sequencing-based transcriptomic analyses broadened our understanding of the genetic basis,
regulation, and mechanisms of PSDs biosynthesis. Furthermore, based on the chemical structures of PSD derivatives
characterized and deduced gene functions of the cluster psd, a hypothetical metabolic pathway for biosynthesizing
chartarlactam K (1) was proposed. These results revealed the underlying mechanism of phenylspirodrimanes
generation, and these findings might facilitate downstream metabolic engineering studies of PSDs or the production
of new chemical entities.

Conclusions Genome discovery and gene deletion experiments unveiled a previously uncharacterized biosynthetic
gene cluster psd involved in the biosynthesizing PSD derivatives in Stachybotrys sp. CPCC 401591. In addition, based
on the gene cluster data and transcriptomic analyses, a hypothetical biosynthetic pathway of 1 was put forward.
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Introduction analyses have accelerated the biosynthetic studies on

Phenylspirodrimanes (PSDs), belonging to meroterpe-
noids, represent a structurally unique family of fungal
secondary metabolites [1]. Naturally occurring PSDs
with structural diversity have attracted increasing inter-
est from research communities due to their diverse bio-
activities, e.g., anti-tumor, antibacterial, anti-diabetic,
antiviral, anti-hyperlipidemic, anti-inflammatory, and
anti-osteoporosis properties [1-6]. Monomeric and
dimeric PSDs comprise the largest group with over 120
compounds bearing a drimane-type sesquiterpene skele-
ton, spiro-fused to a phenyl moiety via a furan ring [4, 7].
The structural differences among PSD dimers are attrib-
uted to various dimerization patterns of two monomers
to form different linkage units. The linkage units include
alkyl diamine chain (e.g., stachybocin E and spirodihy-
drobenzofuranlactam VI) [6, 8], nitrogen-containing
heterocycle (e.g., stachyin B and chartarlactam L) [3, 9],
6/7 oxygen heterocycle (e.g., bistachybotrysin K [10],
[5,6]-spiroketal aromatic skeleton (e.g., bistachybotrysins
L) [7], C - C coupled bridge with a cyclopentanone core
(e.g., stachartarin A and bistachybotrysins F) [11, 12], and
C - C coupled connection through two furan rings (e.g.,
stachybochartins A) [13]. Many PSDs, such as bistachy-
botrysins M, S, and U, selectively inhibited the prolifera-
tion of human tumor cell lines HCT116, BGC 823, Daoy,
NCI-H460, and HepG2 with IC;, values in the range of
1.8-3.5 ymol/L, making them potential drug leads [7].
Phenylspirodrimanes were mainly isolated from the
fungi of the Stachybotrys genus, and closely related strains
exemplified as Memmnoniella echinata and Hansfordia
sinuosae [4, 14, 15]. Stachybotrys is a genus including
approximately 60 species and is widely distributed, which
has been isolated from plant substrates, soil, rhizomes,
sponges, and corals [3, 13, 16—18]. Species from this
genus are prolific producers of a variety of structurally
diversified metabolites, including phenylspirodrimanes,
atranones, trichothecenes, dolabellane diterpenes,
isoindolinone, cyclosporins, cochlioquinones, xantho-
nes, and alachalasins [2, 19-24]. Recently, postgenomic

prenylated aryl-aldehyde of SMs, including stachybisbin
B and ascofuranone. Among these metabolic pathways,
interestingly, the formation of intermediate ilicicolin B
(LL-Z1272p) is associated with a three-gene ensemble
that encodes proteins including non-reducing polyketide
synthase (NR-PKS), UbiA-family prenyltransferase, and
nonribosomal peptide synthetase (NRPS)-like reductase
[25, 26]. Biosynthetically, PSDs are believed to be gen-
erated from orsellinic acid and farnesyl diphosphate via
an on-pathway intermediate ilicicolin B (Fig. 1) [27, 28].
However, few studies of molecular basis for the biosyn-
thesis of phenylspirodrimanes has been characterized.

Previously, we isolated the compound 1 from the wet-
land fungus Stachybotrys sp. CPCC 401591, along with
seven phenylspirodrimane derivatives (Fig. S1, support-
ing file) [23]. Herein, we investigated an unconventional
biosynthetic cluster in the strain CPCC 401591. Intrigu-
ingly, using a combination of bioinformatic analyses,
gene deletion, and RNA sequencing-based transcrip-
tomic profiling, a plausible metabolic pathway of com-
pound 1 was also proposed. Deciphering the biosynthesis
and identification of the biocatalysts for the formation of
PSDs could broaden our knowledge of fungal meroterpe-
noid biosynthesis. Our study could facilitate future appli-
cations for generation of bioactive molecules through
metabolic engineering.

Materials and methods

Strains and culture conditions

The fungus Stachybotrys sp. CPCC 401591 and the dele-
tant used in this study were deposited in the China Phar-
maceutical Culture Collection Center (CPCC) [24]. The
fungi were routinely cultivated on potato dextrose agar
(BD, USA) and preserved in 15% glycerol at — 80 °C.
For genomic DNA (gDNA) extraction, the fungus was
cultured in liquid potato dextrose broth (PDB) for one
week. For RNA sequencing, the wild-type fungus was
cultivated in PDB broth and Trichothecene Biosynthesis
Induction (TBI) broth for seven days, respectively [29].
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Fig. 1 Chartarlactam K (1) and selected fungal meroterpenoids putatively derived from the ilicicolin B

Small-scale fermentation of the parental strain CPCC
401591 and the deletant ApsdA was performed using rice
medium (100 g rice/100 mL of deionized water in a 500
mL Erlenmeyer flask) for thirty days [30, 31]. The cultiva-
tion temperature of the strains is 30 °C. DNA cloning was
conducted using Escherichia coli DH5a as the host. The
derived engineered E. coli cells were incubated in Luria-
Bertani (LB) medium supplemented with kanamycin (50
pg/mL) at 37 °C.

Sequencing and bioinformatic tools

The gDNA from the strain CPCC 401591 was extracted
using E.Z.N.A.” Fungal DNA Mini Kit (Omega, USA)
as per the manufacturer’s instructions [30]. Genome
sequencing was performed at Shanghai Majorbio Bio-
pharm Technology Co., Ltd. (Shanghai, China) using the
[lumina HiSeq 2500 system. Sequence assembly was per-
formed with SOAPdenovo 1.05 [32]. The systematic bio-
informatic analysis of biosynthetic gene clusters (BGCs)
was conducted using the antiSMASH platform [33].
Local BLAST searching was performed in which StbA
and StbB encoded in LL-Z1272p biosynthetic pathway
served as queries. Gene annotations of the BGCs coding
sequences were performed on FGENESH platform (www.
softberry.com) and then verified manually for BLAST
alignments in the NCBI database.

RNA-sequencing and real-time PCR analysis

Total RNA extraction was performed using a PureLink™
RNA Mini Kit (Invitrogen, USA). gDNA was further
removed using RNase-free DNase I (Takara, Japan), and
the EasyPure® RNA purification kit (TransGen, China)
was employed for RNA preparation. RNA concentration
was determined using a Nanodrop 2000/2000c spectrom-
eter (Thermo Fisher Scientific, USA). The cDNA synthe-
sis was recovered from RNA (1,250 ng) using HiScript III
RT SuperMix (Vazyme, China) as described by the man-
ufacturer. Quantitative PCR was conducted using SYBR
qPCR assay (Vazyme, China) according to the standard
manual. The primers used in this study are listed in Table
S2. The relative quantification of mRNAs was then nor-
malized against the levels of the B-tubulin gene according
to the 2722CT method [31, 34, 35]. Data was calculated
with the average value from triplicate experiments. RNA-
sequencing was accomplished at Shanghai Majorbio Bio-
pharm Biotechnology Co., Ltd. (Shanghai, China), and an
[llumina NovaSeq 6000 sequencer was employed.

General techniques for DNA manipulation

To construct the disruption cassette of the gene psdA,
the homologous arms of the gene psdA were ampli-
fied from gDNA of the parental strain using primer sets
(psdA-Up-F/R and psdA-Dn-F/R, respectively) listed in
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Table S1 (Supporting Information). PCR amplifications
were performed using Phanta Flash Super-Fidelity DNA
Polymerase (Vazyme, China). The plasmid pAgl-ble
was digested with the Kpnl/Pacl enzyme sets. Then, the
downstream amplicon psd-Dn was ligated into the lin-
earized pAgl-ble vector, in which the Clonexpress Ultra
One Step Cloning Kit was employed (Vazyme, China).
In addition, the upstream amplicon psd-Up was ligated
into Sbfl-digested linear fragment pAgl-ble-Dn to gen-
erate the deletion plasmid pAgl-ble-ApsdA, in which the
in vitro recombination cloning strategy was employed
(Vazyme, China).

Fungal transformation and generation of the deletant
ApsdA

Fresh spores of Stachybotrys sp. were harvested from
PDA plates, which were cultured for 7-8 days at 30 °C.
The deletant of the strain CPCC 401591 was created
using the standard protoplast-polyethylene glycol (PEG)
strategy previously reported [36—38]. The transformants
were inoculated into selective PDA medium (200 yg/mL
zeocin) with stationary incubation for 7 days. Diagnostic
PCRs were further utilized to confirm the genotype of
transformants [37, 39]. The specific primers for the con-
struction of deletion cassettes and deletants verification
are listed in Table S1.

Fermentation, extraction, LC-MS, and GNPS analysis
The mutant and the wild-type strain CPCC 401591 were
initially cultivated on PDA plates for 7 days. Subse-
quently, 1 x 10® fungal spores were inoculated in 100 mL
PDB broth and incubated on a rotary shaker at 200 rpm
to afford a seed culture. Then, 10 mL seed culture was
inoculated in rice fermentation medium and cultured at
30 °C for thirty days, respectively. The fermented mate-
rial was extracted three times with ethyl acetate, and the
organic layer was concentrated to dryness under vacuum.
The extract was redissolved in 1 mL acetonitrile, and the
sample (5 uL) was analyzed by high-performance liquid
chromatography analysis (Agilent Infinityll 1260, Agilent
Eclipse SB-C18 column, 5 #m, 4.6 x 250 mm).
LC-MS/MS measurements were performed using
Thermo Fisher Scientific LTQ Orbitrap*’ mass spec-
trometer equipped with a heated electrospray ion source
(HESI). Chromatographic separation was acquired using
a reversed-phase Agilent Eclipse SB-C18 column (5 ym
particle size, 4.6 x 250 mm). The elution was conducted
with a linear gradient of 10-100% acetonitrile-water
(v/v) at a flow rate of 1.0 mL/min~! for 25 min, followed
by a 5 min wash with 100% acetonitrile for 5 min. MS/MS
spectra were achieved using electrospray ionization in
positive ion mode. The optimized detection parameters
were set as follows: ion spray voltage, 4.5 kV; ion source
temperature: 550 °C; capillary temperature, 220 °C; scan
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range of m/z: 150 -2000 Da, profile mode; a high colli-
sion energy of 45 eV was employed for fragmentation.
HPLC solvent gradients and MS scan functions were
controlled using the Xcalibur data system (Thermo Fisher
Scientific).

Results

Mining and bioinformatic analysis of the gene cluster psd
in Stachybotrys sp.

To characterize the genetic locus responsible for phe-
nylspirodrimanes biosynthesis, we initially performed
the whole genome sequencing of the strain Stachybotrys
sp. The Illumina HiSeq 2500 sequencing of the fungus
generated 276 scaffolds, which concluded 38.44 million
non-redundant bases. In the course of antiSMASH-based
genome mining endeavors in the fungus, one unique
meroterpenoid biosynthetic cluster was acquired, which
encodes a conserved (>74.69% identity) non-reducing
polyketide synthase (NR-PKS, PsdA), adenylate-forming
reductase (PsdB), and UbiA-family prenyltransferase
(PsdC) ensemble. It has been reported that a 5-methyl
orsellinic acid encoding NR-PKS, a prenyltransferase,
and an NRPS-like reductase could function collabora-
tively to produce ilicicolin B, an on-pathway intermediate
during the process of ascochlorin and stachybisbin B bio-
syntheses [1, 15]. This cluster (Accession no. PX219560)
is designated as psd (Fig. 2 and Table S2, Supplementary
Information).

Furthermore, investigation of the bilateral regions of
the skeleton forming genes psdA, psdB, and psdC sup-
ported the discovery of other genes encoding post-
modification enzymes. The enzymes included one
3-dehydroshikimate dehydratase, one short-chain dehy-
drogenase/reductase, one oxidoreductase, two meth-
yltransferases, one O-acetyltransferase, one MFS-type
transporter, and one pathway-specific transcriptional
regulatory factor that correspond to the structural fea-
tures of phenylspirodrimanes. Nevertheless, the gene
cluster psd was inserted by many genes that encode
proteins involved in primary metabolism or obviously
unrelated to the biosynthesis of the PSDs, exemplified
as gene 08153 (coding glycosyl hydrolase), gene 08166
(coding alpha-L-arabinofuranosidase), gene 08170 (cod-
ing neutral protease). Therefore, these redundant genes
were easily eliminated. In the light of the PsdA, PsdB, and
PsdC encoded by the cluster psd exhibited highly similar
identities with cluster stb and asc, involved in biosynthe-
sizing L-Z1272f and ascochlorin, respectively [1, 15]. We
hypothesize that the BGC psd might be responsible for
phenylspirodrimanes biosynthesis.
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B) Gene ID Size Gene description
psdA 2233 aa Non-reducing polyketide synthase StbA
psdB 1071 aa Adenylate-forming reductase StbB
psdC 330 aa Prenyltransferase StbC
psdD 272 aa Short-chain dehydrogenase/reductase
psdE 320 aa 3-dehydroshikimate dehydratase
psdF 297 aa Oxidoreductase
psdG 486 aa Probable mitochondrial chaperone BCS1-B
psdH 259 aa Methyltransferase
psdl 195 aa GATA zinc finger domain-containing protein
psdJ 762 aa O-acetyltransferase
psdK 524 aa MFS-type transporter
psdL 491 aa Orsellinic acid biosynthesis cluster protein D
psdM 328 aa Short chain dehydrogenase/reductase
psdN 361 aa Methyltransferase

Fig.2 A Genetic organization of the phenylspirodrimanes (PSDs) biosynthetic locus in the Stachybotrys sp. CPCC 401591 genome. B Putative function of

ORFs within the BGC psd involved in PSDs biosynthesis

Characterization of the cluster psd responsible for PSDs
biosyntheses

To verify the participation of PsdA in the generation of
phenylspirodrimanes, deletion of the NR-PKS coding
gene psdA was performed. We established a protoplast
transformation-based gene disruption experiment to
support the proposal that psdA is functioning in PSDs
biosynthesis [36]. The construction of the knockout
plasmid was conducted using the scaffold of pAgl-ble
by replacing the bilateral fragments of the BleR selective
cassette with homologous arms of the target gene psdA.
Next, after protoplast transformation experiment, of
thirty-eight putative zeocin® Stachybotrys transformants
analyzed, the mutant ApsdA-16 was verified by diagnos-
tic PCRs characterization with four primer sets. With
one Zeo® specific primer set, the mutant gave two ampli-
cons of 1,300 bp and 1,392 bp in size, respectively, while
the WT had no amplicons (Figure S2, Supporting Infor-
mation). Further confirming using one primer set resided
in the deletion region of the gene psdA, two amplicons
with 4,553 bp and 4,533 bp in size were recovered from

WT, while no amplicons were obtained from the mutant
(Figure S2, Supporting Information).

The thus-acquired crude extracts from ApsdA and
the parental strain were analyzed using Liquid Chro-
matography-Mass Spectrometry (LC-MS) analysis
(Fig. 3). Knock-out of the psdA gene completely abol-
ished the generation of the compounds stachybotrylac-
tam (£z=15.15 min) and chartarlactam F (£;=16.45 min),
thereby setting up the linkage between the psd biosyn-
thetic cluster and the yielding of the PSDs. At the same
HPLC conditions, the peaks of chartarlactam F and
stachybotrylactam detected in the parental strain (WT)
that two target compounds were further verified along
with the evidence of m/z=386.3 [M+H]" and m/z=771.2
[2 M +H]* using LC-MS/MS analysis. However, as shown
in Fig. 3, the strain ApsdA lacked these characteristic
molecular ion peaks, indicating the absence of the tar-
get two compounds in metabolic profiling of the mutant
(Figure S3, Supporting Information). Collectively, the
experimental evidence further corroborated with our
prediction regarding the function of the gene cluster psd,
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Fig. 3 Gene deletion of psdA and characterization of ApsdA mutants. HPLC profiles of organic extracts obtained from the WT and ApsdA mutants of
Stachybotrys sp. The positions of stachybotrylactam and chartarlactam F are indicated in the chromatograms, a peak labeled by * appears at the same re-
tention time as chartarlactam F in deletion strains. This compound exhibited different UV absorbance and EIC values (Figure S3, Supporting Information).
The elution was monitored at 230 nm and shown on the same Y-scale. HPLC-MS analysis of ApsdA metabolites in positive ion mode. Stachybotrylactam,
EIC at m/z386.32, IM+H]*; m/z771.28, [2 M+H]*. Chartarlactam F, EIC at m/z 386.35, IM+H]*; m/z771.26, [2 M+H]*

confirming that the gene psdA is a key gene for PSDs bio-
synthesis in Stachybotrys sp.

Preliminary investigation of the genetic basis for PSDs
biosynthesis

To reveal the expression level of the gene cluster psd
during PSDs biosynthesis on TBI and PDB broth, tran-
scriptome sequencing was performed to characterize the
differentially expressed genes (DEGs) of intergroup com-
parison (TBI/PDB) (Fig. 4A). There were 3,874 DEGs, in
which the up-regulated and down-regulated genes were
2,053 and 1,821, respectively (Fig. 4B). The RNA-seq
data was submitted to NCBI database (PRJNA1309316).
Gene Ontology (GO) enrichment analysis manifested
that the up-regulated genes were approximately engaged
in biological processes including lipid metabolism,
organophosphate catabolism, and secondary metabolites
biosynthesis (Fig. 4C). The KEGG enrichment data dem-
onstrated that the up-regulated genes were significantly

enriched in primary metabolic pathways participating in
the processes of fatty acid, amino acid, starch, sucrose,
glycolysis and gluconeogenesis (Figure S4, Supporting
Information). These pathways were related to primary
metabolism, including carbon metabolic reactions for
strain growth and secondary metabolism. In addition,
significant enrichment was also observed in the biosyn-
thetic pathways of terpenoids and mycotoxins.

Next, when we further examined the cluster psd, one
phenomenon observed is that there are many dispens-
able genes within the cluster. Therefore, transcriptomic
analyses of the encoded genes might be helpful to distin-
guish genes directly involved in PSDs biosynthesis. The
expression level of psdA (gene 08149) and psdN (gene
08175, coding methyltransferase) in TBI sample were sig-
nificantly up-regulated than PDB condition (Fig. 4B, Fig-
ure S5, and Table S2, Supporting Information). Further
deciphering the genes 08145-08148 and 08176-08180,
gene 08148 encoded a hypothetical protein and was
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Fig. 4 Mining transcriptome data for phenylspirodrimanes production. A HPLC profiles of organic extracts obtained from the strain Stachybotrys sp.
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significantly down-regulated, while genes 08145-08147,
gene 08176, and gene 08180 exhibited no detectable
expression level in both conditions. Moreover, the genes
(08177-08179) were annotated as phosphatase, mannitol
dehydrogenase and accessory effector CFEM5, respec-
tively. These three genes are obviously not associated
with secondary metabolism and could be excluded from
further analysis. Therefore, we speculated that psdA and
psdN should be located on the left and right boundaries
of the cluster psd (Fig. 2A).

Similarly, statistical analyses revealed that seven
genes (psdA, psdC-F, psd] and psdN) were significantly
up-regulated (FC>2, p<0.05) in TBI condition, dem-
onstrating that corresponding coded proteins should
participate in PSDs generation. Also, seven genes (psdB,
and psdG-I, and psdK-M) from both culture conditions
exhibited high expression level in TPM (transcripts per
million) values and moderately up-regulated (1<FC<2)
in TBI sample, indicating these genes might contribute
in PSDs biosynthesis or metabolites transport. Based on
the transcriptome data, it was supposed that psdl might
serve as regulatory factor, which could trigger the catal-
ysis of proteins encoded by the cluster psd. In contrast,
eleven genes displayed no detectable expression level in
both conditions, which are unlikely involved in biosyn-
thesizing PSDs (Figure S5, Table S2, Supporting Infor-
mation). Real-time reverse-transcription PCR further

demonstrated that transcriptional level of the cluster
psd in TBI condition exhibited much higher than in
PDB broth, in which eight genes including psdA-F, psd],
and psdN were selected for investigation (Fig. 4D). The
transcription levels of psdA, psdE and psdF increased
remarkably in 3.3, 12.9, and 31.1-fold compared with
that of PDB condition, respectively (Fig. 4D). The tran-
sciptional analyses of Psd family genes indicated that TBI
broth activated the biosynthesis of PSDs significantly.

Investigation on the biosynthesis of metabolite
chartarlactam K

Phenylspirodrimanes are unique meroterpenoids featur-
ing a drimane-type sesquiterpene is spiro-fused to a phe-
nyl moiety via a furan ring [40]. The genetic basis for the
biosynthesis of ascochlorin was well determined previ-
ously, and the early-stage biosynthesis of PSDs should be
highly identical to that of ascochlorin [18]. In the light of
the molecular structures of stachybisbin B and proposed
gene functions of the gene cluster psd, a metabolic path-
way of metabolite 1 was envisioned [9] (Fig. 5). Domains
of the megasynthase PsdA are programmed and generate
polyketide chains and an offloading thioesterase domain
is used for thioester hydrolyzation and chain release.
The following steps involve the prenyltransferase PsdC
to accomplish the sesquiterpene chain transferring and
an NRPS-like reductase PsdB responsible for aldehyde
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formation to generate precursor ilicicolin B [9, 18]. In
ascochlorin pathway, the intermediate ilicicolin B occurs
halogenation catalyzed by AscD and AscE-catalyzed
epoxidation for the generation of ilicicolin A, followed by
terpene cyclase AscF-mediated cyclization and multiple
oxidations [18]. In contrast, the intermediate ilicicolin B
might be epoxidized and cyclized to afford the spirocyclic
intermediate F1839-1, which was sequentially catalyzed
by an uncharacterized flavin monooxygenase and a ter-
pene cyclase in a different manner [22, 33, 41] (Fig. 5).
Subsequently, an additional oxygenation installs the
hydroxyl group in the compound F1839-1. Then, the gen-
erated intermediate mer-NF5003E is then subjected to
oxidative modification, leading to the formation of the
precursor stachybotrydial (bearing an O-phthalaldehyde
group) [22]. The intermediate stachybotrylactam might
be transformed from the precursor stachybotrydial by
three successive steps including C22-carboxylation,
amination, and dehydration [41]. Subsequently, an addi-
tional oxygenation reaction installs the C-2 hydroxyl
group in the intermediate F1839-A [33]. The final reac-
tion might be catalyzed by O-acetyltransferase Psd] and
then furnishes the acetyl group to yield 1 (Fig 5). In addi-
tion, based on the PSDs isolated from the strain CPCC
401591, we believed that the intermediate stachybotryd-
ial containing O-phthalaldehyde moiety exhibits high
reactivity and could be condensed with varied amino
acids to synthesize structurally diverse N-containing
derivatives (Figure S1, Supporting Information) [41].
Considering the diverse class of PSDs, we preferred that
multi-step redox cascade occurs during the biosynthetic
process [33, 41]. This proposal hints to the possibility that

redox enzymes might exhibit relatively broad substrate
scope during PSDs biosynthesis in vivo.

Discussion

To the best of our knowledge, this is the first report to
characterize the gene cluster psd functioning in biosyn-
thesis of phenylspirodrimanes from Stachybotrys spe-
cies [2]. This genus has been considered to be a treasure
for PSDs discovery, a multitude of bioactive derivatives
bearing complexified structural modifications have been
isolated and gained increasing interest recently [2, 22,
32]. Stachybotrys is a distinctive fungal genus due to its
metabolic versatility and capability to produce diversified
secondary metabolites [2, 26, 27]. In this report, genome
guided bioinformatic mining of the fungus CPCC 401591
revealed the presence of an uncharacterized gene cluster
psd. It carries the conserved locus encoding PsdA, PsdB,
and PsdC ensemble, which exhibited higher identities
with their counterparts responsible for producing asco-
chlorin and stachybisbin B, respectively [1, 17]. This find-
ing indicated that PsdA/PsdB/PsdC ensemble is believed
to be involved in the conversion of shared intermediate
ilicicolin B, which is considered to be an on-pathway
precursor in the biosynthesis of many fungal meroterpe-
noids [1, 12, 17, 20]. A more detailed cluster blast bioin-
formatic analysis was conducted on genome-sequenced
filamentous fungi from NCBI database. Interestingly, all
these ilicicolin B-forming genes are associated with the
three-gene ensemble. This ensemble consists of genes
that encode an orsellinic acid synthase, a UbiA-like pren-
yltransferase, and an NRPS-like reductase [1, 17]. To fur-
ther investigate the phylogeny, three conserved proteins
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were selected for Multi-Locus Sequence Typing (MLST)
phylogenetic tree construction. As shown in Fig. 6, mark-
edly, the species Stachybotrys clustered as a well-sup-
ported branch, which constitute an important genus for
producing PSDs [6, 12, 20-23, 33, 35, 42]. In addition, the
biosynthetic pathways with ilicicolin B serving as path-
way intermediate are widely distributed in fungal strains,
exemplified as stachybisbins from closely related S. bis-
byi PYHO05-7, ascochlorin and ascofuranone from Acre-
monium egyptiacum F-1392 [1, 17]. This further implies
mining other fungal strains clustered in different branch
might supply the opportunities to discover novel ilicico-
lin B-derived meroterpenoids.

Nature’s power as a chemist is well represented by
the structures of PSD derivatives, which are featured
by a distinct spirocyclic drimane fused to a phenyl sub-
stituent, and particularly a characteristic spirofuran ring
framework [12, 20, 22, 42]. Nevertheless, few reports
have described the genetic bases of this class of hybrid
metabolites [12]. In our study, the gene deletion-based
strategy was performed to demonstrate that the gene
cluster psd is responsible for the PSDs biosyntheses.
Another definitive evidence is that the gene cluster stb

responsible for ilicicolin B biosynthesis from the fun-
gus S. bisbyi PYHO05-7 was heterologously expressed
in Aspergillus oryzae NSAR1 host [2, 26, 27]. A more
detailed investigation of the gene cluster psd revealed
that encoding genes are scattered and distributed sepa-
rately. Further genome mining of the sequenced S. char-
tarum IBT 40,293 and S. chlorohalonata IBT 40,285 also
revealed the presence of clusters similar to the cluster psd
(Supplementary Information, Table S4) [17, 43]. Some
strains of S. chartarum reportedly produces PSDs, such
as chartarutines [44], stachybotrins [45], distachydri-
manes [28], bistachybotrysins [7, 23, 45], and therefore,
this cluster is also expected to be responsible for the pro-
duction of phenylspirodrimanes in S. chartarum [12].
Considering the presence of several unrelated genes in
the cluster psd and previous OSMAC experimental data,
therefore, we tried to distinguish the redundant genes
using transcriptomic analyses. Notably, among the co-
localized twenty-seven open reading frames in the gene
cluster psd, thirteen down-regulated, not expressed, or
silent genes were efficiently differentiated. Although
the experimental evidence was preliminary, mapping
the differential expression profiles could shed light on
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identification of candidate genes responsible for PSDs
biosynthesis. Regarding the metabolic pathway in gen-
erating F1839-1 from intermediate ilicicolin B, two key
reaction steps might be included, e.g., epoxidation cata-
lyzed by flavin monooxygenase, and cyclization catalyzed
by membrane-bound terpene cyclase [1, 12, 17, 28, 40].
Nevertheless, these encoded genes could not be obtained
in this cluster [17]. With transcriptome sequencing data,
two separate gene clusters are obtained that most likely
participated in the catalytic process, and this need to be
further characterized through gene deletions. Ultimately,
the underlying mechanism of PSDs biosynthesis would
be uncovered in the near future.

Using a genome mining strategy, we clarified the gene
cluster psd functioning in phenylspirodrimanes biosyn-
theses in Stachybotrys sp. The biosyntheses of PSDs and
ascochlorin share the common pathway up to the gen-
eration of the pathway intermediate ilicicolin B. Also, a
bioinformatic analysis of the BGC psd was performed.
Notably, RNA-sequencing based transcriptomic profiling
facilitated to decipher intriguing characteristics of PSDs
biosyntheses and eliminate the unrelated genes. This
study thus contributes to broadening the knowledge on
biosynthesizing this group of meroterpenoids. We have
established the method for the genetic manipulation of
the fungus Stachybotrys, and further manipulation of
encoding genes of the psd locus will be conducted in our
laboratory.
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