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ABSTRACT: Terpenoids derived from phytopathogenic fungi are major participants in interactions among microorganisms, plants,
and animals. The modifications catalyzed by cytochrome P450s significantly influence the structural and bioactivity diversity of the
terpenoids. To conduct genome mining of P450s in pathogenic fungi, in this study, we developed a new software called Natural
Products Tailoring Enzymes Genome Mining (NPtagM). By optimizing the workflow and gene prediction software, NPtagM
demonstrated a 3-fold increase in the number of predicted P450s and an 8-fold reduction in runtime compared to antiSMASH. We
then used it to extract 1189 dereplicated terpenoid P450s from our in-house fungal genomes. Using a sequence similarity network
analysis, we identified a family that potentially produced eremophilane-type sesquiterpenoids. The heterologous expression in
Aspergillus oryzae resulted in the production of two new and four known eremophilanes. Our results highlight the potential of
NPtagM in genome mining for tailoring enzymes from phytopathogenic fungi.
KEYWORDS: NPtagM, tailoring enzyme genome mining, terpenoids, cytochrome P450, phytopathogenic fungi

■ INTRODUCTION
Terpenoids, with over 170,000 known varieties, represent the
largest and most structurally diverse family of natural
products.1 Their diverse structures contribute to a broad
range of biological activities, including antibacterial, anti-
inflammatory, and cytotoxic effects,2 making them significant
for both plant defense and ecological interactions. Fungi are
the primary microbial source of terpenoids, accounting for
about 80% of microbial terpenoids,1 with those derived from
phytopathogenic fungi playing a crucial role in interactions and
defense responses between plants, microorganisms, and
animals. While protecting themselves, they also impact the
environment, influencing plant communities and ecosystem
evolution. Additionally, their economic value is increasingly
apparent, offering a vast application potential. Previous studies
delineated the biosynthesis of fungal terpenoids into two steps.
First, terpene synthases (TPSs) catalyze the cyclization of
acyclic substrates to produce structurally diverse skeletons.
Subsequently, these skeletons are enzymatically decorated by
tailoring enzymes such as cytochrome P450s (P450s), FAD-
dependent monooxygenases, and methyltransferases.3

P450 enzymes represent one of the most important families
among these tailoring enzymes associated with terpenoids.
Almost all of the terpenoid biosynthetic pathways are reported
to include at least one P450 enzyme.4 These enzymes catalyze
various reactions on inert carbon−hydrogen skeletons of
terpenoids, including hydroxylation, C−C bond cleavage, and
oxidative cyclization, among others. These reactions typically
serve as the starting point for structural rearrangement of
terpenoids.5 Modifications catalyzed by P450 enzymes can
significantly enhance the bioactivity and structural diversity of
terpenoids.3,5,6 Given the significance of P450 enzymes in

terpenoid biosynthesis, genome mining of terpene-related
P450s in fungi is a promising approach to unveiling novel
terpenoids and deepen our understanding of terpenoid
biosynthesis.
However, the targeted genome mining of tailoring enzymes

faces some challenges. Unlike core enzymes, the tailoring
enzymes are not only involved in the biosynthesis of natural
products but also widely distributed in the biosynthesis of
primary metabolites. This ubiquity implies that a certain
portion of tailoring enzymes extracted from genomes will not
contribute to the biosynthesis of natural products.7 Given that
tailoring enzymes are typically clustered with core enzymes in
microorganisms, this issue could be solved by extracting
tailoring enzymes associated with biosynthetic gene clusters
(BGCs).
Several software programs, such as antiSMASH and

PRISM,8,9 have been widely used to predict BGCs in fungal
genomes. To apply them in the genome mining of tailoring
enzymes, in this study, we developed a new software, i.e.,
NPtagM, that allows targeted prediction and specific extraction
of natural product tailoring enzymes from large microbial
genomics data sets based on antiSMASH. Using NPtagM, we
extracted P450s associated with terpene biosynthesis from an
in-house fungal genome library and performed clustering
analysis using sequence similarity network (SSN) analysis,10
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which led to the discovery of a class of potential P450s that
which might produce eremophilane-type sesquiterpenoids.
Using the heterologous expression system in Aspergillus oryzae,
two new eremophilane-type sesquiterpenoids were isolated and
characterized.

■ MATERIALS AND METHODS
NPtagM Algorithm. NPtagM accepts microorganism genome

files as the input data. Prodigal is utilized for gene prediction in
bacteria genomes,11 whereas GlimmerHMM12 and AUGUSTUS13 are
employed for gene prediction in fungi genomes. Then, potential
tailoring enzymes were extracted from microorganism protein files
using hmmsearch from HMMer14 and BLAST15 with cutoff values set
at 0.01 and 10−5, respectively, and CD-HIT16 was employed to
dereplicate these enzymes based on sequence identity with a cutoff
value set at 0.9. Cutoff values of HMMer, BLAST, CD-HIT, and gene
cluster length can be adjusted according to specific requirements.
Subsequently, NPtagM located the tailoring enzyme in genome using
BLAST, and the gene cluster within 50 kb upstream and downstream
of the tailoring enzyme was extracted and submitted to antiSMASH8

for identifying BGCs, excluding tailoring enzymes located distantly
from the core gene. NPtagM could also automatically extract studied
tailoring enzymes from MIBiG4 using BLAST and HMMer with the
same cutoff criteria (details in the Supplementary Text in the SI).
NPtagM was developed within Python and could run on a Linux
Ubuntu system. The source code of NPtagM is available on GitHub
at https://github.com/ZhanRenCong/NPtagM.
NPtagM Validation. NPtagM algorithm was validated in two

ways: (1) running on 440 experimentally characterized fungi BGCs
from MIBiG and (2) running on 10 bacteria genomes and 10 fungi
genomes alongside antiSMASH. We downloaded the P450 hmm
profile from the Pfam-A database (Pfam accession number: PF00067)
and used it as the query file of NPtagM.17 GlimmerHMM and
AUGUSTUS were utilized as the fungi gene prediction software in
NPtagM, with Aspergills oryzae as the reference organism in
AUGUSTUS. Prodigal and prokka were utilized as the bacteria
gene prediction software. Other parameters were the same as
described above. P450s from the BGCs predicted by antiSMASH
and MIBiG were extracted by HMMer with an e-value cutoff set at
0.01. The P450s predicted by NPtagM and antiSMASH are listed in
Tables S1−S6.
Extraction and Bioinformatics Analysis of Terpenoid

Biosynthetic P450s from the In-House Fungi Genome Library
Using NPtagM. A set of 430 complete genome sequences was
obtained from our in-house fungi genomic library. We downloaded
the P450 hmm profile from the Pfam database (Pfam accession
number: PF00067) and used it as the query file. Our in-house fungi
genome files and their gene protein files were used as a database.
Fungal TPSs were categorized in five families based on their sequence
characteristic: sesquiterpene synthases, trichodiene synthases-like
sesquiterpene synthases, bifunctional terpene synthases, CPS/KS
diterpene synthases, and triterpene synthases. To extract all these
fungal terpene synthases, we use four different hmm profiles as the
core gene query files: Terpene syn C 2 (Pfam accession number:
PF19086), SQHop cyclase C (Pfam accession number: PF13243.8),
CPS/KS, and trichodiene synthases-like sesquiterpene synthases
(built by sequences in Table S7). AUGUSTUS was set as the gene
prediction software. The distance between the P450s and TPSs was
set to 10 kb. So, the extracted sequences were dereplicated by CD-
HIT with a cutoff of 0.8. Finally, 1189 dereplicated P450 terpenoid
biosynthetic sequences were extracted from our in-house fungi
genome library. Besides these sequences, 89 and 29 terpenoid
biosynthetic P450 sequences were identified from the MIBiG
database and manually collected from published papers, respectively
(Tables S8 and S9). The sequence identity between these P450s was
calculated by using BLAST to generate SSN profiles. SSNs were then
visualized using Cytoscape with an e-value cutoff set at 10−120.18

Construction of Expression Plasmids for Eremophilane-
Type Sesquiterpenoid BGCs and Transformation of A. oryzae.

The gDNA of phytopathogenic fungi Colletotrichum siamense 15011
was provided by Prof. Hsiang from the University of Guelph
(Ontario, Canada). Aspergillus oryzae NSAR1 (niaD−, sC−, adeA−,
ΔargB) were used as the host for gene expression. Transformants of
the A. oryzae strain were grown in an MPY medium at 30 °C and 200
rpm for 5 days. Escherichia coli DH10B was used for gene cloning.
The two genes CseA and CseB that encode for STS and P450,

respectively, were amplified from the gDNA of C. siamense 15011 with
primers shown in Table S10. PCRs were performed with the Q5
High-Fidelity DNA Polymerase (New England Biolabs). The
ClonExpressII One Step Cloning Kit (Vazyme Biotech) was used
to construct expression plasmid pUARA4-CseA by inserting the cseA
PCR product into the KpnI restriction sites of pUARA4. pUARA4-
CseAB was constructed by inserting the CseB PCR product into the
NdeI restriction sites of pUARA4-CseA utilizing the same kit. The
constructed plasmids and transformants are summarized in Table S11.
The STS and P450 sequences are available in the National Center for
Biotechnology Information under accession numbers PP516636 and
PP516637.
Transformation of A. oryzae NSAR1 (1.0 × 108 cells) was

performed by the protoplast-polyethylene glycol method reported
previously to construct the transformants AO-CseA (containing
pUARA2-CseA) and AO-CseAB (containing pUARA2-CseAB).19 AO
is an abbreviation of A. oryzae, and AO-CseA means a transformant
harboring the cseA gene. AO transformants were grown on an MPY
(maltose polypeptone yeast extract medium; 3% maltose, 1%
polypeptone, and 0.5% yeast extract) medium containing 1%
(NH4)2SO4 and 0.01% adenine for 3−5 days at 30 °C.
To detect the transcription, the total RNA of AO transformants

was extracted from dried mycelia using an AxyPrep Multisource Total
RNA Miniprep Kit (Axygen) according to the manufacturer’s
instructions and then treated with DNase I (Life Technologies) for
reverse transcription. Complementary DNA (cDNA) was synthesized
with a PrimeScript RT Reagent Kit with a gDNA Eraser (Takara)
using the oligo dT primer according to the manufacturer’s
instructions. RNA integrity was confirmed by electrophoresis on a
TAE (Tris-base acid-EDTA) agarose gel, and the concentration was
determined by using a Nanodrop instrument (Thermo Scientific).
Reverse transcripts were prepared from 500 ng of the total RNA by
the PrimeScript RT Reagent Kit using the gDNA Eraser (Takara)
with random primers following the manufacturer's instructions. PCR
was performed with the Q5 High-Fidelity DNA Polymerase (New
England Biolabs) in the presence of 25 ng of reverse transcribed RNA.
Heterologous Expression of Eremophilane-Type Sesquiter-

penoid BGCs and Identification of Metabolites. Mycelia of STS
transformant AO-CseA were inoculated into the MPY medium (5
mL) containing 0.925% (NH4)2SO4, 0.15% methionine, and 0.01%
adenine in a 20 mL headspace screw top vial at 30 °C for 3 days.
Mycelia of transformant AO-CseAB were inoculated into the MPY
medium (50 mL) containing 0.925% (NH4)2SO4 and 0.01% adenine
in a 250 mL Erlenmeyer flask to prepare seed culture. Fermentation
was then carried out in 10 Erlenmeyer flasks (3000 mL), each
containing 1000 mL of the MPY medium at 30 °C and 220 rpm for 5
days.
The fermentation products of transformant AO-CseA were

extracted with a solid-phase microextraction (SPME) fiber (50/30
μm DVB/CAR/PDMS; Stableflex, 24 Ga, manual holder) for 15 min
at room temperature. After extraction, the SPME fiber was inserted
into the injection port of a QP2010SE (Shimadzu, Kyoto, Japan)
GC−MS apparatus with a DB-5 MS capillary column (0.25 mm × 30
m, 0.25 μm film thickness, SHIMADZU) in splitless mode. The
column temperature was increased at 30 °C/min from 60 to 120 °C,
then increased at 5 °C/min to 180 °C, and then increased at 30 °C/
min to 270 °C. The flow rate of the helium carrier gas was 1.41 mL/
min. The structures of compounds detected by GC−MS were
identified by comparing their mass spectra with those of terpenoids in
the National Institute of Standards and Technology (NIST) standard
reference database.
The culture broth of transformant AO-CseAB was extracted

exhaustively with ethyl acetate (10 L × 3). The combined organic
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layers were concentrated to yield a dark brown oil extract (5.23 g),
were subjected to the silica gel column eluted by a gradient hexane-
EtOAc-methanol, and afforded fractions G1−G9. G4 (189 mg) was
purified by preparative RP-HPLC using an ACE C18-PFP (10 × 250
mm) column eluting at a flow rate of 4.0 mL/min using an isocratic
elution (24% CH3CN-H2O) to obtain 1 (8.3 mg, tR = 28.4 min), 2
(2.4 mg, tR = 31.5 min), 4 (2.2 mg, tR = 34.6 min), 5 (1.6 mg, tR =
38.2 min), and 6 (2.6 mg, tR = 45.7 min). G3 (143 mg) was purified
by preparative RP-HPLC using an ACE C18-PFP (10 × 250 mm)
column eluting at a flow rate of 4.0 mL/min using a gradient elution:
0 min, 25% CH3CN-H2O and 35 min, 35% CH3CN to yield 3 (2.2
mg, tR = 30.1 min).

■ RESULTS
The Workflow of the NPtagM Algorithm Detects NPs-

Related Tailoring Enzymes. To address the prolonged
runtime and reduced accuracy in extracting NPs-related
tailoring enzymes, we developed NPtagM. This algorithm
significantly reduces runtime by employing a “linkage
extraction” method, which focuses on searching for core
enzyme genes located near tailoring enzyme genes. Addition-
ally, to enhance the prediction accuracy, NPtagM selectively
applies AUGUSTUS,13 which has demonstrated superior
performance in predicting genes through fungal genomes
compared to GlimmerHMM,12 the tool traditionally used in
antiSMASH.
The workflow of NPtagM is scanning a genome for the

potentially novel NPs-related tailoring enzymes. All tailoring
enzymes were first extracted from the microbial genomes using
HMMer or BLAST, and redundancies were removed using
CD-HIT based on sequence identity. Subsequently, gene
clusters 50 kb upstream and downstream of the tailoring
enzyme were extracted from the genome and subjected to
additional gene prediction using GlimmerHMM or AUGUS-
TUS. NPtagM then employs antiSMASH or users’ own core
gene profiles' hidden Markov model (pHMM) to identify core
enzyme genes within these annotated gene clusters. Finally,

biosynthetic gene clusters (BGCs) that contain both the core
and modified enzyme genes are filtered and retained.
Meanwhile, NPtagM will automatically extract specific tailoring
enzymes and their gene clusters from the MIBiG with the same
parameters and export them together with those retrieved from
the genome, which are further characterized by SSN clustering
analysis and experiments (Figure 1).
Comparison and Validation of the Efficiency of

NPtagM with antiSMASH. To demonstrate the accuracy of
NPtagM, we used it to predict P450s in 440 experimentally
characterized fungal BGCs from MIBiG. A total of 507 P450s
were manually extracted from the annotated BGCs. When
antiSMASH was used to predict biosynthetic P450s from this
genomic library, 250 P450s were successfully identified. In
contrast, NPtagM identified 273 and 420 biosynthetic P450s
utilizing GlimmerHMM and AUGUSTUS as the gene
prediction software, respectively (Table 1).

The runtime and efficiency of the NPtagM algorithm were
further validated by running it on 10 fungi genomes alongside
antiSMASH. Using GlimmerHMM as the gene prediction
software, antiSMASH requires approximately 245 min to
detect all BGCs. NPtagM identifies all P450s in BGCs in
approximately 33 min, representing an 8-fold reduction in
runtime compared to antiSMASH. Additionally, a similar
number of biosynthetic P450s were extracted (38 for
antiSMASH and 41 for GlimmerHMM). When AUGUSTUS

Figure 1. Workflow of NPtagM. The NPtagM workflow begins by extracting potential tailoring enzymes from microorganism genomes.
Subsequently, NPtagM retrieves the gene cluster associated with the identified tailoring enzymes, subjecting it to further gene prediction utilizing
various software tools. NPtagM then identifies core enzyme genes within these annotated gene clusters using antiSMASH or users’ own pHMM,
excluding tailoring enzymes distant from the core enzymes. Additionally, NPtagM extracts target tailoring enzymes from the MIBiG database. An
SSN could be constructed to visualize the sequence relationships among reported and predicted tailoring enzymes. For interested clusters from
SSN, their products could be further predicted by integrating the core enzymes and BGC analysis.

Table 1. Accuracy of NPtagM Compared to antiSMASHa

software accuracy

antiSMASH 253/507 (49.90%)
NPtagM (GilmmerHMM) 273/507 (53.85%)
NPtagM (AUGUSTUS) 420/507 (82.84%)

aBoth tools were tested by extracting biosynthetic P450s in 440
experimentally characterized fungal BGCs from MIBiG.
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was used as the gene prediction software, NPtagM extracted
110 P450s, nearly 3 times the number extracted by
antiSMASH. However, we also observed a significant increase
in runtime, from 33 to 215 min, due to the lengthy time
required for gene prediction across the entire genome.
Submitting the protein sequence files along with the genome
data could bypass this step, reducing the time to 53 min (Table
2). Besides P450s, we also applied NPtagM in predicting α-

ketoglutarate-dependent mononuclear nonheme iron enzymes,
which demonstrated a 2-fold increase in the number of
predicted enzymes and an 11-fold reduction in runtime (Table
S12).
SSN Analysis of Terpenoid Biosynthetic P450s from

the Fungi Genome Library Forms a Comprehensive
Landscape of Terpenoid Biosynthetic P450s. Utilizing
NptagM, 1189 dereplicated terpenoid biosynthetic P450
sequences were successfully extracted from our in-house fungal
genome library comprising 430 fungal genomes. Additionally,
89 terpene biosynthesis P450s were identified from the MIBiG
database, and 29 were manually collected from published
papers (Tables S8 and S9). These P450s are associated with
various TPSs, i.e., 127 with triterpene synthases (TTSs), 119
with trichodiene synthase-like sesquiterpene synthases
(TDTSs), 464 with sesquiterpene synthases, 282 with
monofunctional diterpene/sesterterpene synthases (MFTSs),
and 215 with CPS/KS diterpene synthases (CPS/KSs) (Figure
2).
Subsequently, we systematically investigated the sequence

relationships among terpenoid biosynthetic P450s, aiming to
create a comprehensive map that could be systematically
searched to identify P450s of biosynthetic or taxonomic
significance. We used BLAST to compute a sequence identity
distance matrix for the 1189 predicted terpenoid biosynthetic
P450s from our in-house fungal genomic library, along with the
118 reported members from MIBiG and published papers.
Using SSN with an e-value cutoff set at 10−120, we identified
321 families of terpenoid biosynthetic P450s with distinct core
genetic components (Figure 3). These families include 2 large
families (families 1 and 2, with 473 and 117 P450s), 7 medium
families (families 3 to 9, each containing 16−100 P450s), 26
small families (each containing 4−15 P450s), and 286 mini
families (each containing 1−3 P450s). The SSN analysis
revealed an unexpected robust correlation between P450
sequences and their corresponding TPSs. A total of 473 P450s
from CPS/KS and MFTS BGCs, distributed within family 1,
are thought to be implicated in the oxidation of diterpene and
sesterterpene skeletons, and 240 P450s from STS and TDTS

BGCs are grouped into six families (families 2−7), likely
responsible for modifying sesquiterpene skeletons. Addition-
ally, 30 P450s from TTS BGCs are categorized into families 8
and 9, probably involved in the modification of triterpene
skeletons.
Function Analysis of the P450 Families Revealed

Unexplored P450s Responsible for Eremophilane-Type
Sesquiterpenoids. In total, 54.3% of fungal P450s were
clustered in nine large and medium families, and we further
predicted the functions of all large and medium families
containing reported P450s by integrating the TPS and BGC
analysis (details in the Supporting Information, Figure S1).
Through secondary SSN analysis, P450s in family 1 are
implicated in modifying a spectrum of diesterpene/sesterter-
pene skeletons (Figure S2). P450s identified in families 2 and 3
are likely involved in the production of eremophilane-type
sesquiterpenoids and heptelidic acid analogs, respectively
(Figures S3−S5). P450s in family 4 may be involved in
modifying tricyclic sesquiterpene skeletons to generate
protoilludane-type and other fungi-specific sesquiterpenoids
(Figure S6). P450s in family 6 are implicated in the
biosynthesis of botryane-type sesquiterpenoids (Figures S7
and S8). Moreover, P450s in families 8 and 9 may be
responsible for producing fusidane-type and hopane-type
triterpenoids, respectively (Figures S9 and S10). However,
there are some P450s whose functions cannot be well
clustered, such as families 5 and 7. It is possible that these
P450s are multifunctional and are involved in the modification
of different types of terpene skeletons.
We focused on family 2, which comprises 117 P450s,

including two reported P450s responsible for the biosynthesis
of eremophilane-type sesquiterpenoid PR-toxin.20 Eremophi-
lane-type sesquiterpenoids exhibit a range of phytotoxic,
antimicrobial, anticancer, and immunomodulatory properties
(Figure 4A).21 Over 200 eremophilanes have been isolated
from different fungi.22 However, aside from PR toxins, there
have been few reports of BGCs for such compounds.
Subsequent sequence similarity analysis of STSs associated
with family 2 P450s revealed that over 90% of STSs in this
group clustered with two STSs (prx2 and AtAS) capable of
producing aristolechene, the skeleton of eremophilane (Figure
4B).23,24 The BGCs containing these P450s are approximately
20 kb in size and harbor a core set of genes, including STS and
P450s, as well as other oxidoreductases such as short-chain
dehydrogenases, α-KG-dependent oxidoreductases, FAD-de-
pendent enzymes, and GMC oxidoreductases (Figure 4C and
Table S13). These results strongly suggest that P450s from
family 2 may be involved in eremophilane-type sesquiterpene
biosynthesis.
The Heterologous Expression of the Selected P450

Demonstrated Its Capability to Produce Eremophilane-
Type Sesquiterpenoids. One BGC from C. siamense 15011
(C. siamenseeremophilane, Cse) that harbors the STS and P450
from family 2 was selected and identified (Figure 5A and Table
S13) to investigate whether these P450s participate in the
oxidative modifications of eremophilane-type sesquiterpenoids.
STS encoded by cseA possessed a conserved motif similar with
other reported STS, including N-terminal 113DDXXD/E117
motif and 242NSE/DTE248 triad in the TC domain (Figure
S11). To validate the function of cseA, we construct an AO-
cseA transformant by introducing cseA into A. oryzae. The
fermentation products of the AO and AO-cseA were compared
by GC−MS, and sesquiterpene skeleton aristolechene was

Table 2. Performance of NPtagM Compared to
antiSMASHa

software runtime
number of

extracted P450

antiSMASH 245 min
36 s

38

NPtagM (GilmmerHMM) 33 min
31 s

41

NPtagM (AUGUSTUS) 215 min
16 s

110

NPtagM (AUGUSTUS) [skip gene
prediction across genomes]

53 min
18 s

aBoth tools were tested by extracting biosynthetic P450s from a data
set consisting of 10 fungal genomes.
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detected as an additional peak in AO-cseA, with a molecular
ion peak at m/z 204 (Figure 5B). Subsequently, P450 encoded
by CseB, homologous to P450 ORF11 catalyzed hydroxylation
in the biosynthesis of PR-toxin,25 was cotransferred into A.
oryzae to generate the transformant AO-cseAB. Six sesquiter-
penes with different site oxidations of aristolochene were
isolated and identified from AO-CseAB, including two new
eremophilanes (1 and 2), along with four reported ones (3−6)
(Figure 5C,D).
Compound 1 was isolated as a colorless oil, λmax = 200 nm.

The molecular formula C15H25O2 was deduced by LC-HRMS
(m/z 219.1746 [M-H2O + H]+, calcd. for 219.1749),
indicating four units of unsaturation. The 1H NMR, 13C
NMR, and HSQC spectra of 1 revealed the presence of 15
carbon signals and showed the presence of two methyl groups,
four methylene groups, one olefinic methylene group, one
hydroxymethyl group, two methine groups, one olefinic
methine carbon, one hydroxyl methine group, and three

quaternary carbons. A comparison of the 1D and 2D NMR
data of 1 to paraconiothins D indicated that they shared the
same eremophilane skeleton.26 The hydroxylated position was
assigned as C-2 based on the HMBC correlation of H-1/C-9,
H-1/C-10, and H-1/C-3 and 1H−1H COSY correlations of H-
1/H-2, H-2/H-3. Another hydroxylated position was assigned
as C-12 based on the HMBC correlation of H-12/C-13. Thus,
the planar structure of compound 1 was fully constructed.
Based on key NOESY correlations, including H-1β/H3-14, H-
2/H-4, H-3β/H3-14, H-7/H3-14, and H-3β/H-15, the methyl
group (C-14 and C-15), H-7, and the hydroxy group of C-2
were β-oriented. Thus, the relative configuration of compound
1 could be determined. In addition, a crystal of 6 was obtained
using methanol: hexane (1:1) at 4 °C. The single-crystal X-ray
crystallographic experiment was performed using Cu Kα
radiation, yielding a Flack parameter of 0.08 (11) (Figure 5E
and Table S14; CCDC: 2346750), which indicated that the
absolute configuration of 6 was 4S, 5R, 7R. Considering that 1

Figure 2. Terpene skeletons produced by different fungal TPS families and their modified bioactive terpenoids. The number of P450 enzymes
associated with each TPS that were extracted from our in-house fungal genomes using NPtagM was indicated near each box.
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Figure 3. An SSN was constructed to depict the sequence relationships among reported fungal and extracted functionally uncharacterized
terpenoid biosynthetic P450s, with an e-value cutoff set at 10−120. In this network, reported P450s from both the MIBiG database and published
literature are represented as red diamonds. Predicted P450s from diverse terpenoid BGCs are depicted as circles, each color-coded to represent a
distinct type.

Figure 4. Genome mining to identify P450 enzymes potentially responsible for producing eremophilane-type sesquiterpenoids. (A) Structure and
bioactivity of eremophilane-type sesquiterpenoids. (B) SSN analysis of TPSs from family 1, along with two previously reported STSs known to
produce aristolechene using an e-value cutoff of 10−80. (C) BGCs of P450s in family 2.

Journal of Agricultural and Food Chemistry pubs.acs.org/JAFC Article

https://doi.org/10.1021/acs.jafc.4c07653
J. Agric. Food Chem. 2024, 72, 27225−27234

27230

https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jafc.4c07653?fig=fig4&ref=pdf
pubs.acs.org/JAFC?ref=pdf
https://doi.org/10.1021/acs.jafc.4c07653?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


shares the same biosynthetic pathway as 6, the absolute
configuration of 1 was determined as 2R, 4S, 5R, 7R (Figures
S12−S18 and S26, Table S15).
Compound 2 was isolated as a colorless oil, λmax = 198 nm.

The molecular formula C15H25O2 was deduced by LC-HRMS
(m/z 219.1746 [M-H2O + H]+, calcd. for 219.1749),
indicating four units of unsaturation. The 1D and 2D NMR
signals of 2 closely resembled those of 1,26 indicating that they
share the same skeleton. The difference between these two
compounds was that the hydroxy group at C-12 in compound
1 was absent and an additional hydroxy group was substituted
at C-8, which could be confirmed by the 1H−1H COSY
correlations of H-8/H-9 and HMBC correlations of H3-12/C-
9, H3-12/C-10, and H3-12/C-11. Thus, the planar structure of
2 was fully constructed. Based on key NOESY correlations, H-
8/H-13 indicated that the hydroxy group of C-2 was β-
oriented. Based on the identified absolute configuration of 6,
the absolute configuration of 2 was elucidated as 2R, 4S, 5R,
7R, 8S (Figures S19−S26, Table S16).
Compound 3 was isolated as a white powder. The molecular

formula C15H25O3 was deduced by LC-HRMS (m/z 235.1696
[M-H2O + H]+, calcd. for 235.1698), indicating four units of
unsaturation and three units of hydroxylation. The NMR data
are in good agreement with paraconiothins D in the previous
report (Figures S27 and S28, Table S17).26

Compound 4 was isolated as a white powder. HR-ESI-MS
data of 4 revealed its molecular formula as C15H23O2 (m/z
235.1696 [M + H]+, calcd. for 235.1698), indicating five units
of unsaturation, one unit of hydroxylation, and one carbonyl.
The NMR data are in good agreement with acremeremophi-
lanes G in the previous report (Figures S29 and S30, Table
S17).27

Compound 5 was isolated as a white powder. HR-ESI-MS
data of 5 revealed its molecular formula as C15H25O2 (m/z
219.1748 [M-H2O + H]+, calcd. for 219.1749), indicating four
units of unsaturation, one unig hydroxylation, and one
carbonyl. The NMR data are in good agreement with those
of paraconiothins C in the previous report (Figures S31 and
S32, Table S18).26

Compound 6 was isolated as a white powder. HR-ESI-MS
data of 6 revealed its molecular formula as C15H23O2 (m/z
235.1696 [M + H]+, calcd. = 235.1698), indicating five units of
unsaturation and two units of hydroxylation. The NMR data
are in good agreement with 12-hydroxynootkatone in the
previous report (Figures S33 and S34, Table S18).28

■ DISCUSSION
NPs are an important source for bioactive compounds, many
of which have been widely applied in the pharmaceutical or
agricultural industry. The biosyntheses of most NPs can be
delineated into two steps. Initially, core enzymes catalyze
simple building blocks to produce structurally diverse
skeletons. Subsequently, these skeletons are enzymatically
decorated by tailoring enzymes such as P450s, FAD-dependent
monooxygenases, and methyltransferases, thereby further
enriching the chemical and bioactivity diversity of NPs.29

Recent advances in genome mining have revealed numerous
novel terpenoids and biosynthetic enzymes, often facilitated by
core enzymes. Genome mining of tailoring enzymes promises
to unveil novel NPs and deepen our understanding of NP
biosynthesis. While software products like antiSMASH and
PRISM have been extensively utilized to predict BGCs and
tailoring enzymes in fungal genomes, their use for the specific
extraction of NP-related tailoring enzymes in extensive fungal

Figure 5. Heterologous expression of the selected P450 proves its capability to produce eremophilane-type sesquiterpenoids. (A) BGC in this
study. (B) GC−MS profile of A. oryzae transformant containing STS CseA. (C) EIC profile of the A. oryzae transformant containing STS CseA and
P450 CseB. (D) Structures of isolated eremophilane-type sesquiterpenoids 1−6 from AO-CseAB. The asterisk means the new compound. (E) X-ray
crystal structure of 6.
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genomes is hindered by serious issues, such as lengthy
processing times and low accuracy. This is because these
software tools need to search BGCs across the entire genome
and utilize fast, but low-accuracy, fungal gene prediction
software. In this study, we introduced a new software program,
NPtagM, designed for scanning NP-related tailoring enzymes
from microorganism genomes. By optimizing the workflow and
gene prediction software, NPtagM demonstrated a 3-fold
increase in the number of predicted fungal biosynthetic P450s
and an 8-fold reduction in runtime compared to antiSMASH.
The development of NPtagM enables the identification of
specific tailoring enzymes from extensive genomic databases,
which could significantly accelerate the genome mining of
tailoring enzymes. The tailoring enzymes extracted by NPtagM
could be further dereplicated and analyzed based on sequence
identity using SSN, phylogenetic trees, and CD-HIT. Besides
tailoring enzymes, NPtagM provided their corresponding
BGCs, which could be further analyzed by BiG-SCAPE,
CORASON, and clinker. Based on the analysis of the
sequences of tailoring enzymes and their BGCs, users can
make preliminary predictions about their functions.
However, NPtagM faces two main challenges. The first is the

trade-off between accuracy and speed. Currently, NPtagM
utilizes AUGUSTUS or GlimmerHMM for gene prediction,
but neither of these tools offers high accuracy or fast
performance. Recent advancements in machine learning and
deep learning have significantly improved genomics,30 and we
believe that new software leveraging these efficient algorithms
could potentially address this issue. The second is the function
prediction of extracted tailoring enzymes. Due to the sequence
and function diversity as well as the large gap between
functionally characterized and uncharacterized tailoring
enzymes, understanding the sequence−function relationship
of extensive tailoring enzymes still encounters a huge
challenge. Recently, the rapid development of protein structure
prediction and molecular dynamic simulation techniques has
deepened our understanding of enzyme catalytic mecha-
nisms.31,32 Combining these protein structure-based ap-
proaches may subsequently overcome the existing limitation.
P450s catalyze various reactions on the inert carbon−

hydrogen skeleton of terpenoids, including hydroxylation, C−
C bond cleavage, oxidative cyclization, etc. The modifications
catalyzed by P450s significantly influence the structural and
bioactivity diversity of terpenoids.3,6 Several papers have
performed comprehensive bioinformatics analysis on bacterial
terpenoid biosynthetic P450s.10,33 However, as the major
microbial resource of terpenoids, the sequence and function
diversity of fungal terpenoid biosynthetic P450s still remains
untapped. In this study, utilizing NPtagM, we provide a
comprehensive landscape of terpenoids’ biosynthetic P450s.
The SSN analysis classified all P450s into 321 families, with
many families not clustered with reported ones. The sequence
diversity of P450s holds great potential for the discovery of
more novel terpenoids and reactions.
Eremophilane-type sesquiterpenoids constitute one of the

largest fungal terpenoid families with diverse bioactivities.
Some of these compounds have found applications in the
pharmaceutical and food industries. For instance, PR-toxin, a
highly oxygenated eremophilane-type sesquiterpenoid found in
Penicillium roqueforti, poses significant challenges to food
quality and safety due to its potent mycotoxin properties.34

Another example is an eremophilane-type sesquiterpene
lactone isolated from Xylaria sp. BCC 21097, which has

demonstrated moderate cytotoxic activities against various
cancer cell lines (KB, MCF-7, and NCI-H187) with IC50
values ranging from 3.8 to 21 μM.35 Additionally, nigriterpene
C sourced from Xylaria nigripes has been shown to inhibit
lipopolysaccharide-induced inducible nitric oxide production
without inducing significant cytotoxic effects.36 In this study,
we characterized a new P450 capable of oxidizing C-2, C-3, C-
8, and C-12 of the aristolechene skeleton to produce
eremophilane-type sesquiterpenoids. Additionally, we identi-
fied a large P450 family, consisting of 117 members, that might
produce eremophilane-type sesquiterpenoids. Further charac-
terization of these P450s might lead to the discovery of more
structurally diverse eremophilane-type sesquiterpenoids.
In summary, a new tool called NPtagM was developed,

which significantly improves efficiency with a 3-fold increase in
the number of predicted fungal biosynthetic P450s and an 8-
fold reduction in runtime compared to existing methods. Using
NPtagM, we extracted 1189 dereplicated P450s involved in
terpenoid biosynthesis from fungal genomes, identifying a
family potentially producing eremophilane-type sesquiterpe-
noids. Heterologous expression of a P450 and the correspond-
ing sesquiterpene synthase resulted in the production of two
new eremophilanes in A. oryzae, showcasing that NPtagM has
potential for genome mining in NP biosynthesis from
microorganisms.
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