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ABSTRACT: Terpenoids exhibit antioxidant, antimicrobial, and health-promoting activities, and are widely utilized in the food
industry. In this study, a new bifunctional terpene synthase (BFTPS) and its associated gene cluster were identified in Colletotrichum
cereale 00173 through a genome mining approach. Heterologous expression of the BFTPS and its gene cluster in Aspergillus oryzae
NSAR1 led to the production of a 14-membered macrocyclic sesterterpene, colcerepene (1), and four hydroxylated derivatives,
colcerepenoids A−D (2−5). The biosynthetic pathway of compounds 1−5 was further elucidated through feeding experiments.
Notably, compound 1 exhibited antibacterial activity against methicillin-resistant Staphylococcus aureus (MRSA) with an MIC value
of 6.25 μM. This study is the first report of anti-MRSA activity in macrocyclic sesterterpenoids, expanding the functional space of
macrocyclic sesterterpenoids as promising leads for developing agents against foodborne pathogens.
KEYWORDS: bifunctional terpene synthases, macrocyclic sesterterpenoids, heterologous expression, biosynthetic pathway,
antibacterial activity

■ INTRODUCTION
The escalating global burden of antimicrobial resistance
(AMR) poses severe threats to food security and public
health, with pathogens like methicillin-resistant Staphylococcus
aureus (MRSA) complicating the treatment of foodborne
infections and diminishing the efficacy of agricultural anti-
biotics.1−3 MRSA is a multidrug-resistant pathogen that can
contaminate food during processing or handling via infected or
asymptomatic carriers.4,5 Insufficient cooking or improper
storage conditions may enable its survival, leading to ingestion,
intestinal colonization, and in some cases, secondary
infections.6 Although current treatments such as vancomycin
and linezolid are effective, their use is limited by cost, toxicity,
and resistance development.7 Therefore, there is an urgent
need for novel and safe antimicrobial agents that can overcome
existing resistance mechanisms.
Macrocyclic terpenoids defined by carbon rings of 12 or

more members, are considered biosynthetic precursors to more
complex polycyclic terpenoids.8 Their constrained ring systems
and diverse functional groups often lead to enhanced target
selectivity.9,10 For example, cembranoids, primarily present in
marine coelenterates and higher plants, possess a 14-
membered carbon ring and demonstrate significant cytotoxic,
anti-inflammatory, and antimicrobial activities.11 Additionally,
the 18-membered macrocyclic sesterterpenoids cyclooctadeca-
tetraene and the 14-membered cericerene, derived from plants,
exhibit notable immunosuppressive activity.12

Fungi represent a promising resource for structurally
complex scaffolds exhibiting potent bioactivities, and terpe-
noids represent one of their most diverse and pharmacolog-
ically significant compound classes.13−16 However, a key

bottleneck in harnessing fungal terpenoids lies in their low
natural abundance and the cryptic nature of their biosynthetic
pathway. While bacteria and plants typically utilize separate
prenyltransferases (PTs) and terpene cyclases (TCs) for
terpenoid biosynthesis, filamentous fungi encode a single
bifunctional terpene synthase (BFTPS), which integrates a TC
domain at the N-terminus and a PT domain at the C-terminus.
The TC domain contains the conserved DDXXD(E) and NSE
motifs, while the PT domain features a single conserved
DDXXD motif. This bifunctional enzyme efficiently catalyzes
both the chain elongation of isoprene units and the subsequent
cyclization, enabling streamlined terpenoid scaffold forma-
tion.17 These initial scaffolds are further modified by tailoring
enzymes to produce a wide variety of terpenoid com-
pounds.18,19 Despite this, the enzymes responsible for
synthesizing macrocyclic terpenoids in microorganisms remain
largely uncharacterized. To date, only one fungal macrocycle-
producing BFTPS, CgCS from Colletotrichum gloeosporioides
has been reported.20 Advances in genome mining and
heterologous expression now enable targeted activation of
these cryptic pathways,21,22 while feature-based molecular
networking (FBMN) accelerates the identification of trace
derivatives through MS/MS pattern recognition.23,24
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In this study, we identified CcMS, the first natural fungal
BFTPS from C. cereale 00173 functionally characterized to
catalyze the synthesis of a macrocyclic sesterterpene scaffold.
Heterologous expression of the associated biosynthetic gene
cluster in Aspergillus oryzae led to the characterization of a 14-
membered macrocyclic sesterterpene, colcerepene (1), along
with four new sesterterpenoids (2−5) derived from 1 with
different hydroxyl substitutions. Critically, compound 1
exhibited potent activity against MRSA (MIC = 6.25 μM),
while derivatives 2−5 showed selective antineuroinflammatory
activity in BV2 microglia. The biosynthetic pathway of these
compounds was also proposed based on feeding experiments.
This work demonstrates how integrated genomics and
metabolomics can unlock fungal terpenoid diversity for
biomedicine and food safety applications, providing a
sustainable platform for antimicrobial discovery.

■ MATERIALS AND METHODS
Chemical Experimental Materials. NMR, HR-EI-MS, LC-

HRMS (ESI), RP-HPLC, and GC−MS analyses were performed as
described previously.22,25 CD spectra were recorded on a Chirascan
circular dichroism spectrometer using acetonitrile as solvent. Optical
rotation was measured with either a Rudolph Research Analytical
Autopol V Automatic Polarimeter or a JASCO P-2200 digital
polarimeter. Biological reagents, chemicals, and media were sourced
from standard commercial suppliers unless otherwise noted.

Bioinformatics Analysis. Multiple sequence alignments were
generated with ClustalW. A phylogenetic tree was constructed using
the maximum likelihood algorithm implemented in MEGA X software
(v. 10.2.6) with 1000 bootstrap replicates.26 The tree was
subsequently visualized and refined using the iTOL software (v.
7.2.2) (https://itol.embl.de/). The candidate gene CcMS was
retrieved from our in-house genome database.

Strains and Media. C. cereale 00173 (CGMCC 40894) was
isolated from Agrostis stolonifera near Toronto, Canada. It was
cultivated on 2% potato dextrose agar (containing potato extract
0.4%, glucose 2%, agar 2%) at 28 °C for 3−5 days for gene cloning.
All cloning procedures were conducted using Escherichia coli DH10B.
The strain A. oryzae NSAR1 (niaD−sC−adeA−ΔargB::adeA−),27 was
utilized as the host for heterologous expression. This host was initially
grown in DPY broth, and the resulting transformants were
subsequently cultured in MPY broth. The specific compositions of
both media and the detailed cultivation protocols have been described
in our previous work.22,25

Transformation of A. oryzae. Genomic DNA of C. cereale 00173
was extracted following the previously reported method.22 Genes
included in the col biosynthetic gene cluster (orfA, colB, colC, and
colD) were amplified using Q5 High-Fidelity Polymerase (NEB), with
the genomic DNA serving as the template (Table S1). The PCR
products were cloned into pUARA4 or pUSA4, the constructed
plasmids are listed in Table S2.
A. oryzae NSAR1 protoplasts were prepared following the

protoplast-polyethylene glycol method reported previously,28 and
the following transformants were constructed (Table S3): AO-colD
(pUARA4-colD), AO-orfA/colBCD (pUARA4-colD and pUSA4-orfA/
colBC), AO-orfA (pUSA4-orfA), AO-colB (pUSA4-colB), AO-colC
(pUSA4-colC), AO-orfA/colD (pUARA4-colD and pUSA4-orfA), AO-
colBD (pUARA4-colD and pUSA4-colB), AO-colCD (pUARA4-colD
and pUSA4-colC), AO-orfA/colBD (pUARA4-colD and pUSA4-orfA/
colB), AO-orfA/colCD (pUARA4-colD and pUSA4-orfA/colC) and
AO-colBCD (pUARA4-colD and pUSA4-colBC). The nomenclature
for the transformants follows the format of the host, followed by the
transformed gene(s).

Analysis of Metabolites of BFTPS Transformant. To prepare
the seed culture, BFTPS transformant AO-colD was seeded into 100
mL of MPY medium within 250 mL Erlenmeyer flasks. The
fermentation was then scaled up, using 1000 mL of the same medium
in 3000 mL flasks. Mycelia of the BFTPS transformant AO-colD were

inoculated into 250 mL Erlenmeyer flasks containing 100 mL of MPY
medium to prepare the seed culture. Fermentation was carried out in
3000 mL flasks with 1000 mL of MPY medium. A cell pellet (0.5 kg)
was obtained by filtering the culture broth (10 L) of AO-colD, which
was subjected to acetone (1 L × 3) extraction and concentrated in
vacuo. The residue (200 mL) was subjected to extraction in ethyl
acetate (500 mL × 3) to yield a brown oily extract. The combined
organic layers (1.4 g) was analyzed by GC−MS and fractionated by
silica gel with petroleum ether (PE) to afford G1−G15. Fractions G4
and G5 were combined (286 mg) and further purified using
semipreparative HPLC. Intermediate compound 1 was obtained
through separation on an ACE C18-PFP column (10 × 250 mm),
with a mobile phase consisting of 80% acetonitrile and 20% aqueous
solution (tR = 27.0 min, 11.0 mg).

FBMN-Guided Isolation and Identification of New Sester-
terpenoids (2−5). FBMN has emerged as an advanced technique for
the effective identification of target compounds from trace amounts of
crude extracts.23,24 First, the AO-orfA/colBCD strain was cultivated on
1 g of rice medium for 5 days at 30 °C. The resulting culture was
extracted with ethyl acetate (EtOAc), which was then concentrated in
vacuo to yield 8.9 mg of dried extract. This extract was analyzed using
a Shimadzu LC-20AD UPLC system connected to a Thermo
Scientific Q Exactive Orbitrap mass spectrometer operating in
positive electrospray ionization (ESI) mode. For the analysis, a 50
μg/mL sample solution was prepared in MeOH. Chromatographic
separation was performed on a Waters ACQUITY BEH C18 column
(2.1 × 100 mm, 1.7 μm) with a water/ACN gradient. The data-
dependent acquisition method involved a full MS survey scan (m/z
100−1200, 70,000 resolution), followed by higher-energy collisional
dissociation (HCD) MS/MS scans (17,500 resolution, 40 eV collision
energy) of the ten most abundant precursor ions.
Raw mass data were converted with MSConvert29 and processed

using MZmine 2,30 filtering for ion peaks with MS1 > 3.0E6 and MS2

> 3.0E3 responsivity. The processed data for both the control (AO)
and the engineered strain (AO-orfA/colBCD) were uploaded to the
Global Natural Products Social (GNPS) platform for FBMN
(Workflow version release_28.2) with a Minimum Pairs Cosine
threshold of 0.75. From the network, 331 nodes in the m/z range of
300−500 were selected for further investigation. This range was
targeted based on the predicted molecular weight of intermediate
compound 1 after the potential addition of one to five oxygen atoms
by post-tailoring enzymes. Raw data files are available at GNPS under
the following task ID (https://gnps.ucsd.edu/ProteoSAFe/status.
jsp?task=76d8d88001c64bb7adee22ad5e 2e2f7d).
To isolate and identify the tailored products, the fermentation of

AO-orfA/colBCD transformant was carried out in 50 kg rice medium
(each containing 80 g rice, 120 mL water and 0.01% adenine), with
stationary incubation at 30 °C for 27 days. The sample was
exhaustively extracted with EtOAc and concentrated to yield a crude
extract (25.7 g) was fractionated by normal phase silica gel
chromatography using a gradient of DCM-MeOH (100% DCM,
DCM:MeOH with ratios 99:1, 98:2, 97:3, 96:4, 95:5, 9:1, 7:3, 1:1,
and 100% MeOH) as the mobile phase, resulting in ten subfractions
(G1−G10). Based on characteristic UV absorption and LC-HRMS
analysis, potential novel analogs of colcerepene were identified in G3
and G4. The two fractions were combined (5.7 g) and further
separated using reversed-phased silica gel column with a MeOH−
H2O gradient (0%, 20%, 40%, 60%, 80%, 85%, 90%, 95%, and 100%
MeOH) to give 9 subfractions RG1−RG9. After drying in vacuo, RG5
(92.7 mg) was subjected to semipreparative HPLC on an ACE C18
column (10 × 250 mm), and eluted gradiently from 40% ACN−H2O;
60% ACN−H2O (20 min); and 99% ACN−H2O (25 min). This
process yielded 2 (3.5 mg, tR = 26.9 min) and 3 (8.6 mg, tR = 28.5
min). RG6 (114.2 mg) was purified by RP-HPLC on an ACE C18-
PFP column (10 × 250 mm) with a gradient elution (4.0 mL/min): 0
min, 55% ACN−H2O; 20 min, 70% ACN−H2O; and 25 min 99%
ACN−H2O. This yielded 4 (1.9 mg, tR = 23.9 min) and 5 (1.7 mg, tR
= 25.5 min).
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Colcerepene (1): Colorless oil. [α]D27 = −156.7 (c 0.36, CHCl3). 1H
NMR and 13C NMR data, see Table S4; HR-EI-MS m/z 340.3134 [M
− H2O]+ (calcd. for C25H40, 340.3127) (Figure S2).
Colcerepenoid A (2): Colorless oil. [α]D27 = −91.7 (c 0.36, CHCl3).

1H NMR and 13C NMR data, see Table S6; HR-ESI-MS m/z
373.3116 [M − H2O + H]+ (calcd. for C25H42O3, 373.3107, Δ 3.876
ppm) (Figure S12).
Colcerepenoid B (3): Colorless oil, [α]D27 = −84.1 (c 0.64, CHCl3).

1H NMR and 13C NMR data, see Table S7; HR-ESI-MS m/z
373.3114 [M − H2O + H]+ (calcd. for C25H42O3, 373.3107, Δ 3.550
ppm) (Figure S20).
Colcerepenoid C (4): Colorless oil, [α]D27 = −196.8 (c 0.19,

CHCl3). 1H NMR and 13C NMR data, see Table S8; HR-ESI-MS m/
z 357.3166 [M − H2O + H]+ (calcd. for C25H42O2, 357.3157, Δ 3.995
ppm) (Figure S27).
Colcerepenoid D (5): Colorless oil, [α]D27 = −102.7 (c 0.22,

CHCl3). 1H NMR and 13C NMR data, see Table S9; HR-ESI-MS m/
z 357.3167 [M − H2O + H]+ (calcd. for C25H42O2, 357.3157, Δ 3.909
ppm) (Figure S35).

Rh2(OCOCF3)4-Induced CD Spectra to Determine the
Absolute Configuration of 1. Compound 1 (0.5 mg) was
dissolved in 1 mL of chloroform and the original CD spectrum was
immediately recorded. Subsequently, Rh2(OCOCF3)4 (2 mg) was
reacted with 1 in chloroform, and the CD spectra of the Rh-
complexes were recorded until a stable state was achieved
(approximately 20 min). The data collected for the Rh-complexes
were corrected by subtracting the inherent CD spectrum. The
absolute configuration of C-15 was determined by analyzing the sign
of the E band around 350 nm in the induced CD spectrum.31,32

Preparation of MTPA Esters to Determine the Absolute
Configuration of 2, 3, and 5. MTPA esters were prepared by
reacting compound 3 (1 mg) with 180 μL of deuterated pyridine for
0.5 h, followed by the addition of R-(−)-MTPA chloride (10 μL) to
obtain 3a, and with S-(+)-MTPA chloride to obtain 3b. Similarly,
compounds 2a/2b and 5a/5b were obtained from compounds 2 and
5 (0.5 mg each) using the same procedure.

Chemical Computation Details. All theoretical calculations
were performed using density functional theory (DFT).33 A
preliminary conformational search was conducted with Sybyl-X 2.0
software. The resulting ground-state geometries were subsequently
optimized at the B3LYP/6-31G(d) level. Finally, magnetic shielding
constants for the stable conformers were calculated at the B3LYP/6−
311+G(2d, p) level.

Precursor Feeding Experiment. The biotransformation assay
using compound 4 and 5 as the substrate was conducted following the
procedure described previously.34 The AO, AO-colB, and AO-colC
transformants were cultivated for 2 days at 30 °C. Biotransformation
assays were then conducted using compound 4 and 5 as substrates.
For compound 4, 1 mL of PBS buffer containing 300 μg of substrate
(DMSO solution) was applied to the surface of both blank MPY and
AO-colB. Similarly, for compound 5, 1 mL of PBS buffer containing
300 μg of substrate (DMSO solution) was applied to the surface of
blank MPY and AO-colC. Following incubation at 30 °C for 2 days,
the samples were extracted with EtOAc. The resulting organic layer
was dried, reconstituted in MeOH, and then profiled using LC-
HRMS.

Antimicrobial Assays. Antimicrobial assays were conducted
following the antimicrobial susceptibility testing standards outlined

Figure 1. Bioinformatic analysis and heterologous expression of CcMS. (A) Maximum Likelihood phylogenetic tree of TC domains of 76 reported
BFTPSs and the putative BFTPS CcMS from C. cereale 00173. BFTPSs in this study are indicated by red, and the reported ones are indicated by
black. The bar represents 1 nucleotide substitutions per site. (B) GC−MS profiles of metabolites from AO-colD (i) and AO monitoring (ii). (C)
Structures of colcerepene, and key 2D NMR correlations of colcerepene (1).
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by the Clinical and Laboratory Standards Institute (CLSI) and in
accordance with previous report.35 The methicillin-resistant S. aureus
strain (MRSA) (clinical strain from Chaoyang Hospital, Beijing,
China),36 E. coli ATCC11775, Paratyphoid fever, Bacillus cereus,
Salmonella enteritidis C50336, and Mycobacterium smegmatis MC2155
was employed for testing.

Antineuroinflammatory Activity In Vitro. The in vitro anti-
inflammatory assay followed the methods of Yang et al.37 Nitric oxide
production was quantified through nitrite accumulation analysis using
a commercial Griess assay system (Thermo Fisher, Shanghai).
Spectrophotometric measurements were conducted at 560 nm using
a microplate reader.

Cell Cytotoxicity Assay. Cell viability was assessed using a Cell
Counting Kit-8 (CCK-8; AC Biotechnology Co., Ltd., Qingdao,
China) according to the manufacturer’s protocol.38 Absorbance was
measured at 450 nm using a microplate reader (MULTISKAN MK3),
with a reference wavelength of 650 nm to correct for nonspecific
absorption. Cell viability (%) was calculated as

= ×A A A Aviability ( )/( ) 100sample blank vehiclecontrol blank

Where Asample, Avehicle control, and Ablank represent the absorbance of
treated cells, vehicle-only control cells (100% viability), and medium
+ CCK-8 reagent without cells, respectively.

Statistical Assay. Data were derived from independent experi-
ments performed in triplicate replicates and expressed as mean ± SD.
Statistical significance was determined by one-way ANOVA with
Tukey’s posthoc test using GraphPad Prism 8.0 software (GraphPad,
La Jolla, CA, USA) (*p < 0.05).

■ RESULTS AND DISCUSSION
Bioinformatic Analysis and Discovery of a New

Macrocyclic Sesterterpene Synthase. Macrocyclic sester-
terpenoids exhibit unique pharmacological effects due to their
rigid frameworks and specific interactions with biological
targets, often demonstrating combined antimicrobial, anti-
inflammatory, and anticancer activities.12 While fungi are major
sources of natural terpenoids, most known macrocyclic
diterpene synthases are plant-derived,11,39,40 with few reported
in fungi. To date, only one bifunctional terpene synthase,
CgCS from C. gloeosporioides, has been characterized to
catalyze the formation of a macrocyclic triterpene scaffold.20

To explore novel biosynthetic analogs, we employed CgCS
as a probe for a BLASTp alignment against the amino acid
sequence of the congeneric fungus C. cereale 00173. This
search identified a BFTPS sharing 69.5% identity (52.2%
similarity) with CgCS. This enzyme, predicted to encode 767
amino acids, retains the conserved terpene synthase motifs: the
N-terminal 95DDXXD/E99 motif and 228NSE/DTE236 triad in
the TC domain, along with C-terminal 494DDXXD498 and
623DDXXD627 motifs in the PT domain (Figure S1). Based on
the phylogenetic framework previously established by Hideaki
Oikawa,41 phylogenetic analysis revealed that this BFTPS
found in C. cereale 00173 belongs to clade F of type A
synthases, a rare group with only four reported members
(Figure 1A).

Figure 2. Heterologous expression of the col gene cluster. (A) Gene organization of the proposed colcerepenoids biosynthetic cluster. (B) LC-
HRMS profiles of metabolites from TIC of AO-orfA/colBCD (i); AO-control (ii) EIC 373.3115 and 357.3157 of AO-orfA/colBCD (iii) and EIC
373.3115 and 357.3157 of AO-control (iv). (C) Overview of the molecular networking generated from LC-HRMS data sets of the AO-col gene
cluster.
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To uncover the function of this BFTPS, the corresponding
gene (colD) was expressed in A. oryzae. GC−MS analysis of
extracts from the recombinant strain (AO-colD) revealed a
unique product with a molecular ion at m/z 340, which was
absent in the control strain (AO) (Figure 1B). Subsequent
purification by silica gel chromatography and HPLC yielded
the major product, compound 1, as a colorless oil with [α]D27 −
156.7 (c 0.36, CHCl3). HR-EI-MS established its molecular
formula as C25H42O, indicating five degrees of unsaturation
(found 340.3134 [M − H2O]+, calcd. for 340.3127) (Figure
S2). The 1H NMR, 13C NMR, and HSQC spectra of 1
revealed 25 carbon signals, which included six methyl groups
(δC/H 15.9/1.65, 15.7/1.58, 16.2/1.65, 25.1/1.39, 18.1/1.65,
and 26.2/1.70), nine methylene groups, one methine, four
trisubstituted double bonds (δC 132.9/128.1, 133.2/126.7,
134.7/125.5, and 131.2/126.4), and one sp3 quaternary carbon
(δC 74.7). The chemical shift of 74.7 ppm for the quaternary
carbon indicates the presence of an additional hydroxyl group
in the structure. Based on its five unsaturation degrees, the four
double bonds suggest that compound 1 could be a monocyclic
sesterterpene. The 1D NMR signals of 1 closely resembled
those of (14S,15R,2E)-15-hydroxy-α-cericerene, with both
compounds featuring a side chain shortened by one isoprene
unit relative to colleterpenol.20,42 The 1H−1H COSY and
HMBC correlations further establish the 14-membered
macrocyclic structure (Table S4 and Figures S3−S7). The
relative configuration of 1 was partially elucidated through the
analysis of key NOESY signals. All double bonds were assigned
as E-configuration based on the correlations of H-2/H-4, H-

1b/H-20, H-6/H-8, H-5/H-21, H-10/H-12a, and H-9/H-22
(Figure S8). Thus, the planar structure of 1 was fully
established as a 14-membered macrocyclic sesterterpene and
was found to be identical to that of known sesterterpene
(14S,15R,2E)-15-hydroxy-α-cericerene (Figure S9).42
However, the specific rotation of 1 was opposite to that of

the known compound (+106.7), suggesting it was an
enantiomer.12 The absolute configuration at C-15 was
definitively established through additional circular dichroism
measurements induced by Rh2(OCOCF3)4. The positive
Cotton effect observed at 350 nm for the Rh-complex further
supported a 15S configuration based on the ‘bS’ bulkiness
(Figure S10).31,32 The further calculated ECD spectrum for
the (14R,15S)-1 isomer shows excellent agreement with the
experimental spectrum, while the spectrum for the (14S,15S)
epimer showed an inverted or poorly matching curve. (Figure
S11). Thus, the absolute structure of compound 1 was
unambiguously determined to be 14R,15S. This macrocyclic
sesterterpene was named colcerepene (Figure 1C), and then
the BFTPS responsible for its biosynthesis was designated
CcMS (Colletotrichum cereale Macrocyclic Sesterterpenoid
Synthase).

FBMN-Guided Discovery of New Sesterterpenoids
Colcerepenoids A−D (2−5). To expand the chemical
diversity of post-tailored products of 1, we analyzed the gene
cluster associated with CcMS. Bioinformatics analysis revealed
three adjacent cytochrome P450 monooxygenase genes (orfA,
colB, and colC), suggesting that their coexpression with CcMS
could yield oxidized derivatives of colcerepene (1). OrfA is

Figure 3. Large-scale fermentation of AO-orfA/colBCD and the structures of colcerepenoids. (A) LC-HRMS profiles of metabolites from large-scale
fermentation (marked as L) extracts of AO-orfA/colBCD (i) and AO-control (ii). Chromatograms were extracted at m/z 357 and 373 [M − H2O +
H]−. (B) Structures of colcerepenoids A−D (2−5). (C) Δδ-Values (δS − δR) of (S)- and (R)-MTPA esters 2 and 3.
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homologous to ARMGADRAFT_1018417, which catalyzes
hydroxylation in the melleolide biosynthesis.43,44 ColB is
similar to EqxH, part of the equisetin biosynthetic gene
cluster.45 ColC shows high similarity to Hmp1, a post-
modification enzyme of hypothemycin (Figure 2A and Table
S1).46 All these genes are present in characterized fungal
secondary metabolic pathways. To explore these potential
postmodification products, a transformant harboring all four
genes (AO-orfA/colBCD) was constructed. We run FBMN for
the rapid and targeted detection of trace colcerepene related
sestertepenoids from microscale cultures of the transform-
ant.23,24

Microculture extracts (1 g rice medium) were analyzed by
LC-HRMS and data were subjected to FBMN analysis. Based
on the hypothesis that the P450 enzymes would introduce
oxygen atoms to colcerepene (1), the LC-HRMS analysis was
focused on a mass range of m/z 340−518, resulting in 331
remaining nodes in the network. The FBMN analysis of the
AO-orfA/colBCD extract successfully identified four nodes of
interest absent in the control strain. These included 2 nodes at
m/z 373.3115 [M − H2O + H]+ (calcd. for C25H41O3, tR =
5.82 min and tR = 5.99 min) and 2 nodes with m/z 357.3157
[M − H2O + H]+ (calcd. for C25H42O2, tR = 8.54 min and tR =
8.85 min), corresponding to di- and monohydroxylated
derivatives of colcerepene (1), respectively (Figure 2B,C).
Guided by the FBMN analysis, large-scale fermentation (50 kg
rice medium) of AO-orfA/colBCD strain was performed,
leading to the isolation and characterization of four new 14-
membered macrocyclic sesterterpenoids (2−5) (Figure 3A).
NMR analysis confirmed that all four compounds retained the
14-membered macrocyclic ring system of colcerepene (1)
(Figure 3B).
Compounds 2 and 3 were identified as isomers, with NMR

data indicating that both were dihydroxylated derivatives of 1,
with hydroxyl groups located at C-4 and C-8. The 1D NMR
signals of 2 closely resembled those of compound 1, with two
additional signals corresponding to hydroxyl groups (δC/H
78.1/4.50, 77.8/4.35). Hydroxylation at C-4 and C-8 was
confirmed by 1H−1H COSY correlations of H-4/H-5 and H-
8/H-9, as well as HMBC correlations of H3-20/C-4, H-2/C-4,
and H3-21/C-8 (Table S6 and Figures S13−S18). The 1H and
13C NMR data of compound 3 shared an identical planar
structure with compound 2, featuring hydroxyl groups at C-4
and C-8 (Table S7 and Figures S21−S25). Based on the
analysis of key NOESY signals, all double bonds of 2 were
assigned as E-configuration, as confirmed by the correlations of
H-2/H-4, H-1b/H-20, H-6/H-8, H-5/H-21, H-10/H-12a, and
H-9a/H-22 (Figure S19). Compound 3 exhibits a double bond
geometry consistent with that of 2 (Figure S26).
To determine their absolute configurations, TD-DFT-based

ECD and 13C NMR calculations for the two C-4 epimers were
performed. However, the calculated CD spectra for both
epimers were dominated by the core scaffold and exhibited
nearly identical trends (Figure S54), making them unsuitable
for differentiation, and the 13C NMR calculations of 2 and 3
afforded identical DP4 probability (Tables S11 and S12).
Subsequently, the MTPA esters of 2 and 3 (2a, 2b, 3b and 3d,
respectively) were prepared by reacting with R-(−)-MTPA
chloride and S-(+)-MTPA chloride, respectively.47 Based on
the Δδ (δS − δR) at H-6 and H-10, the absolute configuration
at C-8 of 2 and 3 were both determined as R configuration and
S configuration at C-2. Although the chirality at C-4 could not
be directly determined from this analysis, the opposing trends

in the Δδ values surrounding C-4 in 2 and 3 suggested they
were C-4 epimers (Figure 3B, S19, S26, and S42−S47). This
was further validated by DFT-based quantum chemical
calculations of the 1H NMR chemical shifts, which exhibited
a consistent Δδ trend at the H-6 position, in agreement with
the experimental observations (Figures 3C, S55, and S56,
Table S10). Based on these combined analyses, the absolute
configuration of 2 was assigned as 4S,8R,14R,15S, and the
absolute configuration of 3 was assigned as 4R,8R,14R,15S.
Compound 4 was a monohydroxylation product of 1, with

the additional hydroxyl group (δC/H 78.2/4.38) (Table S8)
positioned at C-8, as confirmed by 1H−1H COSY correlations
of H-8/H-9 and HMBC correlations of H3-21/C-8 (Figure 3B
and Figures S28−S33). Since subsequent feeding experiments
identified Compound 4 as the biosynthetic precursor to 2 and
3, its absolute configuration at C-8 was determined as R, and
double bond geometry was consistent with that of 2 and 3
(Figure 5C and S34).

The presence of a hydroxyl group at C-4 in compound 5 was
confirmed through HMBC correlations of H3-20/C-4 and H-
2/C-4 (Figures S36−S40). All double bonds of 5 were
assigned as E-configuration based on the key NOESY
correlations of H-2/H-4, H-1a/H-20, H-6/H-8, H-5/H-21,
H-10/H-12, and H-9/H-22 (Figure S41). Subsequent Mosher
ester analysis47 was used to determine the absolute
configuration of C-4 as R (Figures 3B and S48−S51),
establishing the absolute configuration of 5 as 4R,14R,15S.

Biological Activity Evaluation of Colcerepenoids. The
potential activities of the isolated compounds (1−5) was
evaluated through a series of bioassays to determine their
antimicrobial, antineuroinflammatory, and cytotoxic activities.
The antibacterial activities of compounds 1−5 were

evaluated against a panel of common foodborne human
pathogens. MRSA represents a severe public health threat due
to its multidrug resistance, severely limiting treatment options
and transforming routine infections into life-threatening
conditions. Furthermore, its presence in livestock and the
food chain presents a significant zoonotic risk, enabling
difficult-to-treat foodborne outbreaks. This persistent pathogen
underscores the urgent need for innovative antimicrobial
solutions to mitigate its escalating burden on both agriculture
and public health.48 Antibacterial assays demonstrated that
compound 1 exhibited significant inhibitory activity against a
clinical MRSA strain with a minimum inhibitory concentration
(MIC) of 6.25 μM. In contrast, its hydroxylated derivatives
showed reduced efficacy. Compounds 4 and 5 had MIC values

Figure 4. Inhibitory effects of compounds 1−5 against LPS-induced
NO production in BV2 cells. Mean ± SD of four replicates is shown.
*p < 0.05, ***p < 0.001, ****p < 0.0001 with the LPS group. ####p <
0.0001 with the control group.
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of 25 μM, a 4-fold decrease in potency compared to compound
1.
In addition to MRSA, activity was assessed against M.

smegmatis (a nonpathogenic surrogate for M. tuberculosis),
which serves as a common surrogate for M. tuberculosis, the
causative agent of tuberculosis.49 Tuberculosis remains a
significant global health threat, necessitating the discovery of
novel therapeutic agents. Furthermore, M. smegmatis itself
poses risks to food safety and agricultural systems. Its extreme
tolerance to common disinfectants and its environmental
persistence enables the contamination of water sources, soil,
and food processing facilities. This resilience can lead to the
cross-contamination of agricultural products, particularly dairy
and produce, and contributes to the environmental spread of
antimicrobial resistance (AMR) genes within food chains.50,51

In this work, compound 2 displayed moderate antibacterial
activity against M. smegmatis, with an MIC of 12.5 μM, while
the positive control rifampicin had an MIC of 1.56 μM (Table
1). However, none of the compounds exhibited any activity
against E. coli, S. paratyphoid, B. cereus, and S. enteritidis (Table
S13).
These results strongly suggests that the overall hydro-

phobicity of the colcerepene scaffold is a key determinant for
its antibacterial potency. To quantitatively support this
hypothesis, we have also calculated the logP values for these
compounds using Chem3D (Table S14). It is plausible that,
similar to many membrane-targeting agents, the efficacy of
compound 1 (logP = 5.8) is associated with its ability to
effectively insert into the lipid bilayer and perturb the cell
membrane.52,53 Consequently, chemical modifications that
increase hydrophilicity, such as the hydroxylations observed

in 2−5 (logP range = 3.8−4.3), appear to impair this
mechanism by altering the compound’s optimal hydro-
phobic−hydrophilic balance and promoting membrane
perturbation, leading to reduced antimicrobial activity (Table
S14). Similar trends have been observed in other terpenoids,
where postmodification processes modulate their biological
functions. For instance, hydroxylated asperterpenoids have
demonstrated increased hydrophilicity but diminished anti-
bacterial activity, likely due to reduced interactions with
bacterial proteins.54

In addition to their antimicrobial activity, metabolites of
fungi are increasingly recognized as a promising source of
neuroprotective agents,55 particularly newly discovered anti-
inflammatory terpenoids.56,57 The enantiomer of compound 1
exhibits inhibitory effects on the inflammatory cytokines TNF-
α and IL-6,42 which are involved in the induction of nitric
oxide (NO) production. Therefore, we preliminarily assess the
anti-inflammatory potential of compound 1 and its derivatives
based on their inhibitory effects on NO production. The
antineuroinflammatory potential of these compounds was
assessed by evaluating their effects on LPS-induced nitric oxide
(NO) production in BV2 microglial cells. Compounds 2, 4,
and 5 demonstrated preliminary anti-inflammatory activity at
20 μM, with NO inhibition rates of 25.1%, 29.6%, and 30.1%,
respectively, and the remaining compounds showed relatively
weak anti-inflammatory effects (Figure 4). However, these
findings are preliminary and face two key limitations. First, the
limited yield of colcerepenoids restricted testing to a single
concentration (20 μM), preventing IC50 determination.
Second, while these findings indicate moderate activity, the
underlying mechanism of action remains unknown. A full
mechanistic investigation, such as determining effects on
pathways like NF-κB signaling, iNOS/COX-2 expression, or
cytokine release, was considered beyond the scope of this
initial discovery-focused study. In follow-up studies, obtaining
sufficient quantities of these compounds will be essential to
both accurately determine their IC50 values and elucidate their
precise anti-inflammatory mechanisms.
Furthermore, the cytotoxicity of compounds 1−5 was

evaluated against human stomach (MKN-45) and liver
(HepG2) cancer cell lines, using doxorubicin hydrochloride
as the positive control. Only Compound 1 exhibited weak
inhibition against the growth of MKN-45 and HepG2 cells by
40.11 ± 0.99% and 46.31 ± 1.67%, respectively, at 20 μM
(Table 1). The hydroxylated derivatives 2−5 showed markedly
lower cytotoxicity (Table S16). In our study, an integrated
structure−activity relationship (SAR) analysis revealed a

Figure 5. Gene function validation of orfA, colB, and colC in A. oryzae.
(A) LC-HRMS profiles of extracts from AO-colBD (i), AO-colCD (ii),
AO-colBCD (iii), AO-orfA/colBCD (iv), and AO-blank (control) (v),
chromatograms were extracted at m/z 373 + 357 [M − H2O + H]+.
(B) LC-HRMS profiles of 4 fed to AO-colB (i), AO (ii), and blank
medium (iii); LC-HRMS profiles of 5 fed to AO-colC (iv), AO (v),
and blank medium (vi), chromatograms were extracted at m/z 373 +
357 [M − H2O + H]+. (C) Biosynthetic pathway of colcerepenoids in
A. oryzae.

Table 1. Antibacterial and Cytotoxicity Activities of 1−5

Compound

MIC (μM) Cell inhibition ±SD (%)a at 20 μM

MRSA m. smegmatis MKN-45 HepG2

1 6.25 >50 40.11 ± 0.99% 46.31 ± 1.67%
2 >50 12.5−25 25.73 ± 0.38% 34.75 ± 2.32%
3 >50 25−50 4.40 ± 1.99% 19.40 ± 0.41%
4 25 >50 15.12 ± 2.99% 32.46 ± 1.67%
5 25 >50 12.87 ± 2.00% 38.99 ± 1.96%
Vanb 1.56 NT NT NT
Rfpb NT 1.56 NT NT
Doxb NT NT 88.72 ± 0.73% 91.77 ± 0.99%

aCell inhibition rates are the mean ±SD of three independent
experiments at corresponding concentration. NT, not tested. bPositive
control.
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divergent trend. The parent compound, colcerepene (1),
showed the most potent antibacterial activity but was inactive
in anticancer assays. In contrast, its hydroxylated derivatives
(2−5) exhibited reduced antibacterial potency but gained
weak anticancer activities, particularly against HepG2 and
MKN-45 cell lines. This suggests that structural modifications,
such as hydroxylation, critically alter the compound’s hydro-
phobic−hydrophilic balance. This provides a clear strategy for
optimization: it may be possible to enhance bacterial specificity
and therapeutic index by maintaining hydrophobicity (to keep
antibacterial activity) while concurrently ensuring low
cytotoxicity to host cells. These findings emphasize the
significance for a more systematic SAR analysis, potentially
through the design and synthesis of targeted analogs in future
studies.

Biosynthetic Pathway Elucidation of the Colcerepe-
noids. To elucidate the biosynthetic pathway of colcerepe-
noids 2−5, a series of engineered A. oryzae strains were
constructed and the ethyl acetate extracts from these
transformants were analyzed by LC-HRMS. Coexpression of
colB and colD (strain AO-colBD) and colC and colD (strain AO-
colCD) revealed that P450s ColB and ColC hydroxylated
compound 1 at C-4 and C-8, resulting in compounds 5 and 4,
respectively (Figure 5A, traces i and (ii). The coexpression of
all three P450s with colD (strain AO-colBCD) produced all
four hydroxylated derivatives (2−5), confirming that orfA is
not involved in their biosynthesis (Figure 5A, traces iii and
(iv). No additional products were detected in the AO-blank
crude extracts, indicating that the AO endogenous enzyme did
not contribute to the formation of compounds 2−5 (Figure
5A, trace v).
To identify the precursors of the dihydroxylated products 2

and 3, substrate feeding experiments were performed. When
compound 4 was fed to the AO-colB strain, both 2 and 3 were
detected, indicating that ColB catalyzes hydroxylation at C-4
to produce these C-4 epimers from 4. In contrast, feeding
compound 5 to the AO-colC strain did not yield any further
products (Figure 5B). These findings establish that colcer-
epenoid C (4) is the key intermediate in the pathway leading
to both colcerepenoid A (2) and B (3). However, P450
enzymes typically exhibit high stereospecificity, with an
asymmetric active site structure that allows substrates to bind
in a specific conformation, yielding a single stereoisomer. Our
literature review revealed a potential parallel: the P450 product
5-epi-armilol is converted to the unstable tsugicoline B by a
short-chain dehydrogenase/reductase (SDR), which is then
reduced to its epimer, armilol, by another SDR.58 This suggests
that compound 2 is not a direct product of ColB, but is instead
derived from the initial P450 product (compound 3) through a
similar epimerization process involving endogenous AO host
enzymes. This mechanism would explain the resulting pair of
C-4 epimers. A proposed biosynthetic pathway for the
colcerepenoids is illustrated in Figure 5C: The PT domain
of CcMS catalyzes the head-to-tail condensation of isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP) to produce the C25 linear precursor geranylfarnesyl
pyrophosphate (GFPP), which is subsequently cyclized by the
TC domain to yield 1. The compound 1 are then hydroxylated
by the P450 ColB and ColC to generate 5 and 4, respectively.
Compound 4 is further transformed by ColB and endogenous
AO host enzymes, affording a pair of C-4 epimers.
However, we acknowledge that the precise functions of the

P450 tailoring enzymes in this study were inferred from in vivo

heterologous expression and feeding experiments. Further
validation via in vitro enzymatic assays would be ideal, but this
is currently impeded by the significant technical challenges of
purifying these membrane-associated fungal enzymes.
Terpenoids, known for their medicinal properties, have

demonstrated a wide range of unique biological activities, such
as artemisinin and paclitaxel.59,60 Among terpenoids, macro-
cyclic structures, have gained significant interest due to their
diverse bioactive properties, including antimicrobial, anti-
inflammatory, and anticancer activities. These compounds,
which are primarily found in plants and fungi, have shown
promise in a range of therapeutic applications, such as
durumolides, derived from Lobophytum durum Tixier-Dur-
ivault, demonstrate potent activity against Salmonella enterica
subsp. enterica serovar Typhimurium, with inhibition rates
exceeding those of the positive control, ampicillin.61 Similarly,
lobophytone T, isolated from the Chinese soft coral L.
pauciflorum Ehrenberg, exhibits antimicrobial properties,
effectively inhibiting the growth of S. aureus, Streptococcus
pneumoniae, and yeast.62 However, regarding the colcerepe-
noids identified in this study, a direct comparison to
nonmacrocyclic analogs, which would definitively determine
the role of the 14-membered ring in conferring activity, is not
yet available. These analogs were not isolated from our strain
and their synthesis is nontrivial. Therefore, while we have
identified preliminary activity for this scaffold, the specific
contribution of the macrocyclic ring itself (versus a linear
precursor) remains unknown and presents a key objective for
future investigations.
In conclusion, this study successfully employed a strategy

combining genome mining and heterologous expression to
uncover the biosynthetic pathway of a new family of
macrocyclic sesterterpenoids in C. cereale 00173. A novel
bifunctional terpene synthase, CcMS, was identified as the
catalyst that synthesizes the core scaffold, colcerepene (1),
which was further decorated by downstream P450 enzymes to
yield four new hydroxylated derivatives (2−5). Biological
evaluation demonstrated that colcerepene (1) exhibits potent
inhibitory activity against the drug-resistant pathogen MRSA,
while its hydroxylated derivatives (2, 4, and 5) display
moderate antineuroinflammatory effects. The elucidation of
this pathway provides a molecular foundation for the target
engineering of these compounds through synthetic biology.
This work not only expands the chemical diversity of
macrocyclic sesterterpenoids but also highlights their dual
potential as leads for developing agents against foodborne
pathogens and as functional ingredients that can enhance
health through neuroinflammatory regulation.
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