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Abstract

Background Triterpenoid compounds such as betulinic acid (BA) and oleanolic acid (OA) exhibit considerable
pharmacological activities. However, their current production primarily relies on plant extraction and chemical
synthesis, methods that are often plagued by low efficiency, complex extraction processes, and environmental
concerns. Microbial-based synthesis has emerged as one of the most effective approaches for producing BA and OA.

Results This study presented the first identification of filamentous fungal strains efficiently synthesizing both BA

and OA. The strain ZBS49 is a newly identified species of Clonostachys isolated from Gleditsia japonica Mig. (showing
99.82% sequence identity), produced 47.7 mg/L of BA. The strain XJ1-1, characterized as Colletotrichum gloeosporioides
and isolated from Cannabis sativa L., yielded 65.76 mg/L of OA. After optimizing the culture medium and cultivation
conditions, the yields of ZBS49 and XJ1-1 increased to 288.97 and 86.14 mg/L, representing improvements of 506%
and 319%, respectively. Furthermore, we discovered that the BA extract of the ZBS49 strain significantly inhibited
hepatocellular cancer cells (SMMC-7721 and HepG2) in a dose-dependent manner, with a minimum inhibitory
concentration of 70 uM. Genomic analysis of Clonostachys sp. ZBS49 elucidated that the presence of 16 putative
genes was related to triterpenoid biosynthesis and 6 distinct terpene biosynthetic gene clusters. Among the 145
CYP450, 5 genes involved in C-28 oxidation were predicted.

Conclusions This research underscores the effectiveness of filamentous fungi as a biotechnological platform for the
efficient production of BA and its derivatives, highlighting their potential applications in cancer therapy. Furthermore,
these findings provide valuable genetic resources and establish a robust technical and theoretical framework for
utilizing ZBS49 as a microbial platform for the biosynthesis of triterpenoids.
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Background

Triterpenoid compounds, such as betulinic acid (BA)
and oleanolic acid (OA), are characterized by signifi-
cant structural diversity and broad biological activities,
including anticancer, antioxidant, and antiviral proper-
ties [1-6]. BA and OA have attracted considerable com-
mercial and academic research attention due to their low

cytotoxicity toward normal cells and their hepatopro-
tective effects [7, 8]. The extraction BA from Zizyphus
Juazeiro barks using a focused microwave was investi-
gated, with a maximum vyield of 3.33 mg/g achieved [9].
Similarly, Medina et al. showed OA achieving a 13 mg/g
yield from Fructus Ligustri Lucidi [10]. Despite various
optimization efforts, plant extraction faces challenges
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such as low natural abundance, resource depletion, and
lengthy processing times. Nonetheless, employing micro-
organisms as platforms for the biosynthesis of terpenoids
via synthetic biology and metabolic engineering offers
a more sustainable production strategy with promising
applications [11, 12].

Endophytic fungi inhabit plant tissues, significantly
promote plant growth, and enhance stress tolerance
through their interactions with host plants [13, 14].
Due to their long-term co-evolution with host plants,
these fungi are capable of synthesizing metabolites that
closely resemble or are identical to those of their plant
hosts, many of which possess valuable medicinal proper-
ties [15, 16]. Consequently, endophytic fungi have been
extensively utilized to produce various natural prod-
ucts, including paclitaxel, podophyllotoxin, and huper-
zine A [17-19]. Furthermore, these fungi have emerged
as promising sources of secondary metabolites featur-
ing novel structures and significant biological activi-
ties, such as antimicrobial, insecticidal, anticancer, plant
hormone, and antioxidant effects [20-23]. Endophytic
fungi also exhibit unique biotransformation capabilities,
which enable the production of complex natural product
scaffolds. This characteristic has proven valuable in dis-
covering novel chemical structures, drug synthesis, and
the degradation of environmental pollutants [24-26].
Therefore, utilizing endophytic fungi to synthesize BA
or OA represents a promising green economic strategy.
Notably, Phomopsis sp. is the first endophytic fungus iso-
lated from Diospyros carbonaria Benoist capable of pro-
ducing BA; however, the yield produced by this fungus
is considerably low, failing to meet the requirements for
industrial production [27]. Similarly, Feng et al. demon-
strated that Cunninghamella blakesleeana can transform
betulin (BT) into at least five products, with BA being
the predominant compound [28]. Additionally, Inonotus
obliquus has been shown to produce BA [29], with BA
yield increasing by 200% and 429.5% upon adding 1.0 g/L
OA and 45 mg/L fungal inducer, respectively [30].

The triterpene biosynthesis pathway comprises the
mevalonate (MVA) and methylerythritol phosphate
(MEP) pathways. Starting with 2,3-oxidosqualene as a
precursor, f-amyrin synthase and lupeol synthase cata-
lyze the formation of B-amyrin and lupeol, respectively.
These intermediates are then converted into OA and
BA by combining cytochrome P450 (CYP450) oxidases
and reductases [31, 32]. Tang et al. constructed a bio-
synthetic pathway for BA in Saccharomyces cerevisiae
by integrating multiple strategies, including enhancing
the BA synthesis pathway, dynamically inhibiting com-
peting pathways, boosting the supply of acetyl-CoA and
NADPH, reconstructing the BA synthesis pathway in
peroxisomes, and optimizing the fed-batch fermentation
process, the final BA titer reached 682.29+8.16 mg/L

Page 3 of 17

[32]. To construct an efficient OA-producing strain,
Cheng et al. also employed multiple strategies, including
regulating rate-limiting steps using inducible promoters,
amplifying precursor pools, pathway reconstruction, and
constructing diploid strains. As a result, the OA produc-
tion reached 4.07 g/L in a 100-liter bioreactor [33].

In this study, endophytic fungi Clonostachys sp. ZBS49
and Colletotrichum gloeosporioides X]J1-1 were isolated
from 171 endophytic fungal strains. By optimizing cul-
ture conditions, efficient production of the triterpenoid
compounds BA and OA was successfully achieved, rep-
resenting the highest BA and OA yield documented
among filamentous fungi. Moreover, in vitro assays dem-
onstrated that BA extracted from ZBS49 exhibited a sig-
nificant dose-dependent inhibitory effect on liver cancer
cells. Genomic analysis further identified genes and gene
clusters associated with triterpenoid biosynthesis in
ZBS49. This study provides a robust microbial biosyn-
thesis platform, offering genetic resources and technical
insights for the bioproduction of high-value triterpe-
noids. It also lays a solid theoretical and practical founda-
tion for using BA in cancer cell therapy.

Methods

Cultivation of strains capable of synthesizing and
transforming triterpenes

Previous studies isolated 171 endophytic fungal strains
with secondary metabolite biosynthetic capabilities,
including 20 strains from wild soybean, 50 from Gledit-
sia japonica, and 101 from Cannabis sativa. L. These
endophytic fungi were inoculated onto solid media and
cultured at 28 °C in a constant temperature incubator
for 7-10 days. Subsequently, the fungal cultures were
transferred into 250 mL Erlenmeyer flasks containing
150 mL of liquid medium. In screening strains capable
of converting BT to BA, 2 mL aliquots of BT substrate
stock solution were added to the liquid culture, yielding a
final concentration of 42.67 mg/L. Fermentation without
the addition of BT served as the blank control. All cul-
tures were incubated in the dark at 28 °C with shaking at
150 rpm for 10 days.

Sample preparation and HPLC detection of triterpenoid
content

The fungal mycelium was isolated using a centrifuge at
4000 rpm for 5 min, then dried at 60 °C and concentrated
with a rotary evaporator. The concentrated mycelium
was freeze-dried, ground into a powder, and immersed
in anhydrous ethanol at a 1:20 ratio overnight at room
temperature. Ultrasonic extraction was conducted for
2 h at 25 °C. The supernatant was collected, dried, and
reconstituted with methanol for HPLC analysis. The BA
and OA content were calculated as follows: Y =3*10°-
2349.6, R2=0.9994; Y=Y=1%10"+33,446, R2=0.9993.
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The HPLC system utilized was a Waters 600-717-2478
chromatographic system equipped with the HiQ sil C18
5 um column (4.6 x 250 mm), employing a mobile phase
of acetonitrile and water in a 9:1 ratio, a flow rate of 1.0
mL/min, the injection volume was 20 pL, and a detection
wavelength set at 210 nm [34, 35].

LC-M analysis of ZBS49 mycelial extracts

LC-MS analysis was conducted using a HPLC system
coupled to an Orbitrap Exploris 120 mass spectrometer.
Chromatographic separation was achieved on a Phe-
nomenex Kinetex C18 column (2.1x50 mm, 2.6 um)
maintained at 25 ‘C. The mobile phases consisted of (A)
0.01% acetic acid in water and (B) isopropanol: acetoni-
trile (1:1, v/v). The injection volume was 2 uL, and the
autosampler temperature was set at 4 C.

Mass spectrometry was performed in information-
dependent acquisition (IDA) mode, with full-scan MS
(resolution: 60,000) and MS/MS (resolution: 15,000)
scans. Electrospray ionization (ESI) parameters were
optimized as follows: sheath gas, 50 arb; auxiliary gas,
15 arb; capillary temperature, 320 C; vaporizer tem-
perature, 350 ‘C; sweep gas, 1 arb. The spray voltage was
set at — 3.4 kV, and stepped normalized collision energy
(SNCE) was applied at 20, 30, and 40 eV.

Optimization of fermentation conditions

The endophytic fungal strains ZBS49 (producing BA)
and XJ1-1 (producing OA) were inoculated into 6 dif-
ferent liquid media: Potato Flour Immersion Medium,
Soybean Powder Culture Medium, Improved Martin
Medium, Potato Culture Medium, Medicinal Fungal
Culture Medium, and High-Salt Chahler Medium (Sup-
plementary Table 2). After incubating in the dark for 10
days, samples were then taken to measure biomass and
triterpene yields to identify the optimal culture medium.
Subsequently, based on comparing BA or OA production
and biomass accumulation under different culture con-
ditions, medium components were optimized, includ-
ing the optimal carbon source, nitrogen source, and pH.
After identifying the optimal medium and culture condi-
tions, fermentation time was further optimized by sam-
pling at days 4, 6, 8, 10, and 12 of fermentation. Focused
analysis was performed on the yield of BA and OA, along
with changes in biomass, pH, residual sugar content, and
2,2-Diphenyl-1-picrylhydrazyl (DPPH) radical scaveng-
ing activity of the fungal strains ZBS49 and XJ1-1.

Determination of DPPH free radical scavenging activity in
fermentation broths of BA- and OA-producing strains

The DPPH radical scavenging assay was performed as
follows: 400 uL of fungal mycelial extracts (at varying
concentrations) were mixed with 400 uL of 1.5 mmol/L
DPPH solution. The mixture was vortexed thoroughly
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and incubated in darkness at room temperature for
30 min. The absorbance at 517 nm was measured and
recorded as Ay,

For control measurements, 400 puL of 95% ethanol was
substituted for the DPPH solution and mixed with 400
uL of methanol, with the absorbance recorded as A, ;o1-
The blank measurement consisted of 400 pL. DPPH solu-
tion reacted with 400 puL methanol, with absorbance
recorded as Ay, .

Inhibition of hepatocellular carcinoma cells by ethanol
extract of BA synthetic strain Clonostachys sp. ZBS49
SMMC-7721 and HepG2 cells were cultured in 96-well
plates and incubated for 24 h at 37 °C. Various concen-
trations of BA were then introduced, and cell viability
was evaluated using the Calcein AM/PI assay. Cells were
treated with BA for wound healing assessments and
observed under a microscope. Apoptosis was evaluated
after 24 h of BA treatment using Annexin V-FITC/PI
staining followed by flow cytometry.

Genome analysis of Clonostachys sp. ZBS49

The genome of Clonostachys sp. ZBS49 was sequenced
using short-read Illumina and long-read PacBio platforms
by Majorbio Bio-Pharm Technology Co., Ltd. (Shang-
hai, China). An Ilumina HiSeq platform constructed
the genomic library, and assembly was completed with
SOAPdenovo2 to create optimal contigs, which were
scaffolded based on paired-end and overlap relation-
ships. Gene prediction was conducted using Maker2,
SNAP, GeneMark-ES, and Augustus; annotations were
performed via BLAST against various databases, includ-
ing COG, GO, KEGG, NR, and SwissProt. Carbohydrate-
active enzymes (CAZymes) were identified using the
CAZy database, and cytochrome genes were annotated
with the fungal CYP450 enzyme database. Secondary
metabolite biosynthetic gene clusters were predicted
using AntiSMASH 7.0.0 and manually verified. Phyloge-
netic analysis categorized ZBS49 within the genus Clo-
nostachys, revealing its evolutionary relationships with
related Hypocreales species. Orthologous gene clustering
was performed using Ortho Finder and MCL clustering,
and phylogenetic trees were constructed for each ortho-
group, resulting in a rooted species tree inferred through
the STRIDE algorithm.

Results

Screening of strains with the function of transforming BA,
synthesizing BA or OA

To obtain an endophytic fungal chassis for the efficient
synthesis of BA and OA, we screened 171 endophytic
fungal strains derived from triterpene-producing plants
in this study. Among these, 43 strains were identified as
capable of converting BT to BA, 43 strains were capable
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of synthesizing BA, and 41 strains were capable of syn-
thesizing OA. Among the strains tested, eight were able
to convert BT to BA at levels exceeding 20 mg/L, with
strain ZB6L exhibiting the highest conversion rate of
43.6 mg/L (Fig. 1). Additionally, ten strains produced
more than 15.30 mg/L of BA, with ZBS49 generating
the highest amount at 47.7 mg/L (Fig. 2A, C). Moreover,
ten strains produced over 12.06 mg/L of OA, with strain
XJ1-1 demonstrating a remarkable yield of 65.76 mg/L

(Fig. 2B, C). The internal transcribed spacer (ITS) analy-
sis revealed that ZBS49 exhibits 99.82% sequence identity
with Clonostachys sp., highlighting its potential as a novel
strain for synthesizing BA and its derivatives. Further-
more, LC-MS analysis of the mycelial extract from ZBS49
confirmed the significant presence of BA and various
metabolites with potential medicinal and agricultural
applications, including methyldazone, phenothiazine,
and diltiazem. These findings highlight the promising
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value of ZBS49 for diverse applications across multiple
fields (Supplementary Table 3).

Optimization of fermentation conditions of strains ZBS49
and XJ1-1

The composition and conditions of culture media play a
critical role in influencing the growth dynamics of fun-
gal mycelium and the yield of metabolic products. To
enhance the production of BA and OA, we first inves-
tigated the impact of 6 different culture media on the
yields of strains ZBS49 and XJ1-1 under parallel condi-
tions. (Fig. 3A, B). The results indicate that the mycelia
of both fungi are capable of growing on all media except
Czapek’s high-salt medium. The production of BA by
ZBS49 in soybean meal medium achieved its highest
level at 139.13 mg/L, which is 2.92 times greater than that

w
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obtained in the PDB medium. Meanwhile, the yield of
BA by XJ1-1 in the soybean meal medium was recorded
at 30.67 mg/L, slightly lower than the yield in the PDB
medium. Although the OA yield of strain XJ1-1 is higher
when using the PDB medium, the complex preparation
process of the PDB medium does not meet the require-
ments for industrial production. In contrast, soybean
meal medium simplifies the process and is more condu-
cive to large-scale fermentation applications. Therefore,
soybean meal medium was selected for further research.
In the present study, we optimized fermentation condi-
tions for strains ZBS49 and XJ1-1 via single-factor analy-
sis. For strain ZBS49, the optimal culture parameters
were determined to be 10 g/L sucrose, 10 g/L soybean
meal extract, and an initial pH of 6 (Fig. 3C, E, G). For
strain XJ1-1, the optimal conditions comprised 20 g/L
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sucrose, 20 g/L soybean meal extract, and an initial pH
of 5 (Fig. 3D, F, H). Based on these optimized medium
compositions, we further investigated the optimal culti-
vation time and dynamic changes occurring during fer-
mentation. Kinetics analysis of fermentation revealed
that for strain ZBS49, sucrose consumption was contin-
uous over the first four days, accompanied by a gradual
decline in pH (Fig. 4A). By day 5, a significant increase
in biomass was observed, coinciding with an acceleration
in BA biosynthesis. During this phase, sucrose depletion
continued, while pH levels exhibited a steady rebound.
Maximum BA production was recorded between days 6
and 10, reaching a peak concentration of 288.97 mg/L on
day 10 (Fig. 4B), representing a 5.06-fold increase com-
pared to the pre-optimization yield. As sucrose became
fully depleted in the subsequent days (days 11-12), the
mycelium transitioned into a senescence phase, leading
to a slight decline in BA production. For strain XJ1-1,

sucrose was rapidly consumed within the first four days,
accompanied by a marked decrease in pH (Fig. 4C). By
day 5, the strain entered the logarithmic growth phase,
initiating OA biosynthesis. A rapid accumulation of
OA was observed between days 6 and 8, during which
sucrose levels continued to decline while pH gradually
increased (Fig. 4C, D). The maximum OA production of
86.14 mg/L was achieved on day 8, representing a 0.31-
fold increase compared to the pre-optimization yield
(Fig. 4D). From days 9 to 12, OA production showed an
overall downward trend, indicating the onset of the fer-
mentation decline phase.

Additionally, dynamic monitoring of DPPH radi-
cal scavenging activity during fermentation provided
insights into the antioxidant activity patterns of second-
ary metabolites. The DPPH scavenging rate of ZBS49
mycelial extract initially increased, followed by a decline,
and eventually plateaued, with the peak activity (85.55%)
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observed on day 6 (Fig. 4B). This result indicated that
the strain generated its highest levels of antioxidant
compounds at this stage. By contrast, XJ1-1 exhibited
fluctuating DPPH scavenging activity, with an initial
slight increase, followed by a decrease and a subsequent
increase (Fig. 4D). The peak scavenging rate (44.01%)
occurred on day 8, coinciding with the peak OA produc-
tion, suggesting that OA contributes significantly to the
antioxidant activity of XJ1-1.

Inhibition of hepatocellular carcinoma cells by ethanol
extract of BA synthetic strain Clonostachys sp. ZBS49

BA extract of ZBS49 inhibits the proliferation and migration
of liver cancer cells

BA is a potent compound known for its remarkable
anticancer properties. Research conducted by Chen et
al. demonstrated that BA suppresses GRP78-regulated
stemness-related proteins and hinders the polarization
into tumor-associated macrophages, thereby diminishing
cancer stemness [36]. Additionally, a study by Fernandes
et al. emphasized the selective effects of BA against glio-
blastoma, revealing that it inhibits cell proliferation,
induces apoptosis, disrupts the Akt/NFxB-p65 signal-
ing pathway, and enhances the efficacy of temozolomide
[37]. To offer significant technical insights and theoreti-
cal foundations for using ZBS49 in BA production, pav-
ing the way for its application in cancer cell therapy, we
conducted the following studies.

In our investigations involving SMMC-7721 and
HepG2 cells, we employed Calcein/PI staining and col-
ony formation assays, which showed that treatment with
70 and 140 pM BA significantly reduced cell viability
and increased cell mortality (Fig. 5A, B). Additionally,
a cell scratch assay was performed to assess the impact
of BA on cell migration, revealing a progressive decline
in migratory capacity with the administration of 70 and
140 uM BA compared to the control group (Fig. 5C). Col-
lectively, these findings indicate that BA exerts a dose-
dependent inhibitory effect on the proliferation and
migration of SMMC-7721 and HepG2 cells.

BA extract of ZBS49 induces apoptosis in hepatocellular
carcinoma cells

We evaluated the apoptotic effects of the BA extract
from ZBS49 on hepatocellular carcinoma cells by treat-
ing SMMC-7721 and HepG2 cells with 0, 70, and 140
uM for 24 h. Apoptosis was assessed using the Annexin
V-FITC/PI assay, which revealed a significant increase
in apoptosis rates. In SMMC-7721 cells, the apopto-
sis rate rose from 7.58 to 25.9%, while in HepG2 cells,
it increased from 4.9 to 30.1% (Fig. 5D). These findings
suggest that the BA extract from ZBS49 induces apopto-
sis in both SMMC-7721 and HepG2 cells in a concentra-
tion-dependent manner. Notably, the extract exhibited a
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half-maximal inhibitory concentration (ICs,) of 70 pM,
highlighting its potential as a promising anticancer agent.

Genome analysis of Clonostachys sp. ZBS49

Assembly and annotation of the genomic sequence of
Clonostachys sp. ZBS49

To further elucidate the secondary metabolic pathway of
strain ZBS49 and propose potential strategies for opti-
mizing BA production, whole-genome sequencing of
strain ZBS49 was performed. The results indicate that
the genome size of strain ZBS49 is 57.91 Mb, with a GC
content of 49.78%. It contains 18,358 protein-coding
genes, with an average coding sequence (CDS) length of
1,770.12 bp. BUSCO analysis confirmed the high com-
pleteness of the genome assembly, with a complete-
ness score of 99.3%, indicating its exceptional quality.
Non-coding RNA prediction revealed the presence of
236 tRNA genes and 49 rRNA genes. Additionally, the
genome contains 58 short dispersed repeats, 251 long
dispersed repeats, 4 long terminal repeats, 68 DNA trans-
posons (accounting for 0.9% of the genome), 5,401 simple
sequence repeats, and 3 satellite repeats. The functional
annotation of the COG identified 8,137 genes with unde-
fined functions. Among these, 1,255 genes were associ-
ated with carbohydrate transport and metabolism. GO
annotation correlated 3,268 genes to metabolic pro-
cesses, 6,323 genes to catalytic activity, and 4,929 genes
to binding functions. KEGG analysis indicated that 579
genes are implicated in carbohydrate metabolism, while
346 are related to transport and catabolic pathways
(Fig. 6). The high expression of genes in related metabolic
pathways, especially those related to secondary metabo-
lism, provides an essential basis and reference for subse-
quent secondary metabolism research.

Phylogenetic analysis of Clonostachys sp. ZBS49

To analyze the phylogenetic of the endophytic fungus
ZBS49, we selected 11 fungal species from the same
genus and relatively close relatives within the order Car-
nobacteria for a single-copy direct homologous sequence
analysis. OrthoFinder identified 162,137 genes (93.8%)
across 17,415 gene families for ZBS49 and the 11 other
fungal species involved. In total, 4,309 gene families were
recognized across all species, of which 3,232 were com-
posed entirely of single-copy genes. The results indicated
that ZBS49, compared to the other 11 reference fungi,
possessed 17,394 genes categorized into 13,621 gene fam-
ilies and 1,030 unassigned gene families. We employed
the STRIDE algorithm to construct a phylogenetic tree
for ZBS49 and the 11 other fungal species within the
order Carnobacteria, analyzing the taxonomic status
of ZBS49 and delineating the homologous relationships
among various genera based on the highly conserved
single-copy direct homologous sequences. The analysis
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Fig. 5 BA extract of ZBS49 inhibited the proliferation and migration of hepatocellular carcinoma cells. Note: A: Calcein/PI staining of SMMC-7721 and
HepG2 cells following 24 h of incubation with BA (0 uM, 70 uM, 140 uM) or an equivalent volume of DMEM medium. B: SMMC-7721 and HepG?2 cells
incubated with BA (0 uM, 70 pM, 140 uM) or an equal volume of DMEM medium for 24 h, showcasing a clone formation assay. C: SMMC-7721 and HepG2
cells underwent a wound healing assay after incubation with BA (0 uM, 70 uM, 140 uM) or an equal volume of DMEM medium for 24 h. D: The apoptosis
rate of SMMC-7721 and HepG2 cells was assessed as (Q2+Q3)/(Q1 + Q2+ Q3 +Q4) through flow cytometry, with the cells incubated with BA (0 uM, 70
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revealed that ZBS49 is the closest relative to Clonostachys
rosea f. rosea. Based on genome phylogenetic analyses,
ZBS49 belongs to the Sarcoidales order, Chlorophoraceae
family, and Clonostachys genus (Fig. 7).

Elucidation of the biosynthetic pathway of BA in
Clonostachys sp. ZBS49

Elucidation of the terpene precursor pathway genes in ZBS49
To further explore the BA biosynthesis pathway of Clo-
nostachys sp. ZBS49, 16 key precursor genes involved
in BA biosynthesis, were identified from the genome.
The enzymes encoded by these genes include 2 acetyl-
CoA C-acetyltransferases, 1 hydroxymethylglutaryl-
CoA synthase, 1 hydroxymethylglutaryl-CoA reductase,
2 mevalonate kinases, 1 phosphomevalonat kinase, 1
diphosphomevalonate decarboxylase, 1 isopentenyl-di
phosphate delta-isomerase, 1 geranylgeranyl diphosphate
synthase, 2 farnesyl diphosphate synthases, 1 squalene

synthase, 1 squalene monooxygenase, and 2 squalene-
hopene cyclases (Fig. 8A). Genomic localization analysis
indicated that these genes are predominantly found on
scaffolds 4 and 14 (Fig. 8B). Furthermore, through Anti-
SMASH fungal 7.0.0 analysis, six terpene biosynthetic
gene clusters were identified in ZBS49 (Fig. 8C). Among
them, cluster 1 and cluster 4 have been confirmed as tri-
terpene biosynthetic gene clusters, containing coding
genes for enzymes such as CYP450, dioxygenase, and
glycosyltransferase.

Analysis of the CYP450 family in the ZBS49 genome and

screening for CYP450 genes with C-28 oxidation activity

To provide critical insights into the biosynthetic path-
ways of BA and establish a theoretical framework for
further investigation into the C-28 oxidation functions
of the CYP450 gene family in fungi, we isolated 145
complete CYP450 genes following rigorous filtering
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and selection processes. Phylogenetic clustering analy-
sis (Fig. 9) revealed that 116 of the identified CYP450
genes were classified into eight distinct clades: clade 1
(2 genes), clade 2 (5 genes), clade 3 (3 genes), clade 8 (65
genes), clade 9 (2 genes), clade 10 (19 genes), clade 14 (2
genes), and clade 15 (18 genes). Further analysis of the
motifs and conserved domains within the CYP450 genes
from the ZBS49 genome indicated that motifs 1 and 2
are highly conserved and prevalent across the majority of
these genes, suggesting that these motifs may represent
unique conserved features characteristic of the ZBS49
CYP450 family.

These enzymes are involved in the oxidation or hydrox-
ylation of specific sites during the biosynthesis of various
triterpenoid compounds. Notably, CYP450 genes exhib-
iting C-28 oxidation activity are predominantly found
within the plant Steroid 2-Cysteine family, which are
known to catalyze the oxidation of a- and B-amyrins and
lupeol [38, 39]. To investigate the presence of analogous
functional CYP450 genes in fungi, we performed a clus-
tering analysis juxtaposing known plant CYP450 genes
with those identified in the ZBS49 genome. The study
revealed that five genes (g04998, g08573, g14573, g10613,
g14162) clustered with plant C-28 oxidation CYP450
genes within the same evolutionary branch and were
classified into the Steroid 2-Cysteine family CYPI120A.

Discussion

Triterpenoid compounds such as BA and OA have sig-
nificant biological activities, including hepatoprotec-
tive, anti-inflammatory, antiviral, and anticancer effects,
making them highly valuable in the pharmaceutical and
healthcare fields [40]. However, the current production
of these compounds primarily relies on plant extraction
and chemical synthesis, which suffer from low efficiency,
complex extraction processes, and environmental con-
cerns [41]. Consequently, developing sustainable bio-
synthetic approaches has become a key research focus.
Through long-term co-evolution, endophytic fungi have
acquired the ability to synthesize metabolites identical
or similar to those of their host plants, positioning them

Clonostachys solani
20 £:038 Clonostachys byssicola
D037 R 0036 Clonostachys rhizophaga
0.037 u Clonostachys sp ZBS49

0.02 Clonostachys rosea f rosea

as a promising natural source for producing bioactive
compounds [15, 16]. In recent years, researchers have
isolated the initial strain Epicoccum nigrum TXB502
from Taxus, which is capable of synthesizing paclitaxel in
natural environments. Through process optimization and
immobilization techniques, the paclitaxel concentration
was increased approximately 22-fold [42]. Previous stud-
ies have demonstrated that endophytic fungi possess the
ability to synthesize BA and OA. Peyrat et al. isolated an
endophytic fungus with significant antibacterial activity
from Thuja Sutchuenensis, identifying 10 terpenoid com-
pounds in its fermentation products, including BA and
OA. However, the low yield of these compounds poses a
challenge to industrial-scale production [27]. To address
this issue, we systematically screened 171 endophytic
fungal strains isolated from various triterpene-producing
plants. As a result, we successfully identified 43 strains
capable of converting BT to BA, 43 strains capable of
synthesizing BA, and 41 strains capable of synthesiz-
ing OA. Without genetic modification, strain ZBS49
achieved a BA yield of 47.7 mg/L, and strain XJ1-1 pro-
duced OA at a yield of 65.76 mg/L, representing the high-
est production levels reported to date among naturally
occurring filamentous fungi. Filamentous fungi possess
a robust protein secretion system and a comprehensive
post-translational modification mechanism, enabling
efficient heterologous protein expression while ensur-
ing correct eukaryotic protein folding. Additionally, their
well-established submerged fermentation technology
reduces industrial production costs. These advantages
collectively position filamentous fungi as an essential
group of industrial microorganisms with widespread
applications across multiple sectors, including food, feed,
biofuels, biochemical products, pharmaceuticals, paper
production, detergents, textiles, waste management, and
agriculture [43, 44]. Filamentous fungi widely utilized for
large-scale industrial production of natural products pri-
marily include Aspergillus, Trichoderma, Penicillium, and
Myceliophthora, with Fusarium, Rhizopus, and Mucor
being applied to a lesser extent. These fungal species are
predominantly employed in producing cephalosporin
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Fig. 9 CYP450 phylogenetic tree of ZBS49 genome

C, statins, cellulases, and organic acids [45—49]. In this
study, we have first identified a fungal strain capable of
efficiently synthesizing BA and OA. This discovery estab-
lishes a crucial strain foundation for the industrial pro-
duction of BA and OA, holding significant theoretical
implications and practical applications.

The growth and development of microbial mycelia and
the biosynthesis of secondary metabolites are signifi-
cantly influenced by the type of culture medium, nutrient

composition, and cultivation conditions. Studies have
demonstrated that optimizing fermentation parameters
can substantially enhance the yield of target products.
For instance, Sun et al. systematically optimized the cul-
ture conditions of Tremella aurantialba NX-20, increas-
ing the yield of the target product to 15.02 + 0.40 g/L [50].
Similarly, Qiu et al. improved the fermentation process
of Aspergillus favipes HN4-13, achieving an emodin
yield of 132.40+3.09 mg/L [51]. Previous studies have
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demonstrated that the biosynthesis of xylitol is regulated
mainly by fermentation parameters such as cultivation
temperature, pH, agitation speed, and concentrations
of carbon and nitrogen sources [52]. Furthermore, the
efficiency of erythritol synthesis is also significantly
influenced by factors including the type of carbon and
nitrogen sources, pH, and temperature [53]. Based on
these findings, this study systematically investigated
the effects of 6 different culture media on the growth
of the strain and the biosynthesis of its metabolic prod-
ucts. The results demonstrated that the soybean meal
medium significantly promoted both strain growth and
triterpenoid biosynthesis, leading to a 192% increase in
the production of BA by strain ZBS49 compared to the
PDB medium. This enhancement can be attributed to
two potential factors: first, the soybean meal medium is
rich in secondary metabolite precursors such as squalene
[54], providing a sufficient substrate supply for triterpe-
noid biosynthesis in strains ZBS49 and X]J1-1; second,
soybean meal, as an organic nitrogen source with a high
protein content (44%), possesses a well-balanced compo-
sition of essential amino acids, which confers significant
advantages in microbial fermentation. Previous studies
have demonstrated the successful application of soybean
meal in the biosynthesis of lactic acid and surfactin [55,
56]. Building upon this foundation, this study further
conducted single-factor optimization of the soybean-
based medium. The results demonstrated that nitrogen
source, carbon source concentration, and pH signifi-
cantly influenced the growth of strains ZBS49 and XJ1-1,
as well as the biosynthesis of BA and OA. Precisely, when
sucrose and soybean meal extract were added at concen-
trations of 10 g/L, and the pH was adjusted to 6, strain
ZBS49 achieved its highest BA yield of 288.97 mg/L on
the 10th day of fermentation, representing a 506%-fold
increase than that before optimization. For strain XJ1-1,
the highest yield of OA, 86.14 mg/L, was obtained on the
8th day of fermentation when sucrose and soybean meal
extract were added at concentrations of 20 g/L and the
pH was adjusted to 5, representing a 31%-fold increase
compared to pre-optimization conditions. To date, stud-
ies on the optimization of culture conditions for BA and
OA biosynthesis by filamentous fungi remain scarce. This
study represents the first application of a soybean-based
medium to produce BA and OA. The optimized fermen-
tation system significantly enhanced triterpenoid yields,
providing important theoretical and practical insights for
the cost-effective biosynthesis of triterpenoid compounds
using filamentous fungi.

Transcriptomics and genomics-based approaches
have become integral strategies for investigating the
natural products of various organisms [57, 58]. These
methodologies enable the identification of potential bio-
synthetic pathways for secondary metabolites isolated
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from organisms, activating silent pathways and the ratio-
nal design of new molecules, thus promoting the biosyn-
thesis of valuable secondary metabolites. Compared to
traditional natural product discovery methods, genome-
guided natural product mining allows for more precise
identification of the secondary metabolites encoded by
the strains, thus accelerating the discovery of novel bioac-
tive natural products. Although fungal genomes typically
contain a wealth of genes involved in secondary metab-
olite biosynthesis, most of these genes are either not
expressed or only weakly expressed under standard labo-
ratory culture conditions, necessitating further explora-
tion. For example, Yang et al. used the protein sequence
of the sesquiterpene cyclase EriG as a probe for genomic
mining, successfully identified 7 new terpene cyclases,
further elucidating their product structures, including
the novel sesquiterpene scaffold lydicene [59]. Similarly,
Chen et al. performed whole-genome sequencing of the
basidiomycete Irpex lacteus, identified the tremulane
sesquiterpene synthase, and heterologously expressed it
in Aspergillus oryzae, leading to the production of four
new sesquiterpenes Iltremulanols A-D [60]. In this study,
an ITS sequence alignment revealed that strain ZBS49
shares 99.82% sequence similarity with Clonostachys spe-
cies, suggesting it may represent a new strain within this
genus. Genome sequencing of ZBS49 revealed a genome
size of 57.91 Mb, consistent with previously reported
genome sizes for fungi within the same genus [61, 62]. To
date, no studies have reported the triterpene biosynthetic
pathway of the genus Clonostachys. However, given its
potential in BA synthesis, it is particularly important to
thoroughly investigate the genes involved in its efficient
BA production. The biosynthesis of fungal terpenoid nat-
ural products begins with the MVA pathway, which syn-
thesizes the two five-carbon intermediates, isopentenyl
pyrophosphate (IPP) and dimethylallyl pyrophosphate
(DMAPP). These intermediates are then catalyzed by
FPP synthase (FPPS), squalene synthase (SQS), and squa-
lene epoxidase (SQE) to form 2,3-oxidosqualene [63].
Furthermore, Tian-Gang Liu’s team discovered a unique
triterpene biosynthesis pathway in fungi independent of
the squalene synthesis route. In this pathway, the isopre-
nyl transferase domain of the Type I chimeric terpene
cyclases TvTS and MpMS catalyzes the condensation
of IPP and DMAPP to form hexaprenyl pyrophosphate
(HexPP), which is then cyclized by the terpene cyclase
domain to produce a novel triterpene scaffold [64]. In
this study, genomic analysis of strain ZBS49 identified 16
genes related to triterpene biosynthesis, along with two
triterpene biosynthetic gene clusters containing CYP450,
dioxygenases, and glycosyltransferases. This study rep-
resents the first systematic analysis of the triterpene
biosynthetic pathway in Clonostachys sp., providing a
foundation for understanding the metabolic potential of
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strain ZBS49 and offering new directions for optimizing
BA production.

CYP450 enzymes play a crucial role in triterpene bio-
synthesis, such as catalyzing oxidation at various posi-
tions on the carbon ring backbone to form unsaturated
groups like hydroxyl, carboxyl, ketone, and double bonds
[65]. To date, only a limited number of CYP450 genes
have been reported to be involved in the modification
of triterpenoid scaffolds in filamentous fungi, such as
HelB1-HelB4, FusBl, CepB4, CYP512U6 and AfumB,
which catalyze oxidation or hydroxylation of specific
sites during the biosynthesis of various triterpenes [66—
70]. The CYP450 genes involved in the synthesis of BA
mainly belong to the plant CYP716 family. For example,
RoCYP716A155 from Rosmarinus officinalis effectively
converts lupeol to BA [39]. Similarly, CYP716A12 from
Medicago truncatula can catalyze a three-step oxida-
tion of B-amyrin and lupeol to produce ursolic acid (UA)
and BA, respectively [38]. CYP716A179 from Glycyr-
rhiza uralensis, expressed heterologously in engineered
yeast strains, was shown to catalyze the conversion of
B-amyrin, a-amyrin, and lupeol into UA, OA, and BA,
respectively [71]. In Arabidopsis thaliana, CYP716A1
and CYP716A2 catalyze the hydroxylation of lupeol to
form BA through a single hydroxylation reaction [72].
To explore similar CYP450 genes in strain ZBS49, this
study performed a clustering analysis of known plant
CYP450 genes and P450 genes in the ZBS49 genome. The
results revealed that 5 genes (g04998, g08573, g14573,
g10613, g14162) belong to the same evolutionary branch
as known plant C-28 oxidizing CYP450 genes and are all
classified under the CYP120A family. This finding pro-
vides a significant theoretical foundation for further in-
depth investigation of the biosynthetic pathway of BA,
while also laying the groundwork for research on the
P450 gene family responsible for C-28 oxidation in fungi.

Conclusion

This study presented the first report on two endophytic
fungal strains, ZBS49 and XJ1-1, recognized for their
remarkable natural production of BA (47.7 mg/L) and
OA (65.76 mg/L). ITS sequence analysis revealed that
ZBS49 shares 99.82% similarity with known strains,
suggesting that ZBS49 may be classified as a novel spe-
cies within the genus Clonostachys. Optimization of
culture media and growth conditions resulted in signifi-
cant enhancements in BA and OA production, achieving
yields of 288.97 and 86.14 mg/L, which reflect increases
of 506% and 31%, respectively. The BA extract derived
from ZBS49 exhibited a significant dose-dependent
inhibitory effect on hepatocellular carcinoma (HCC) cell
lines, specifically SMMC-7721 and HepG2. Notably, the
extract showed an IC;, of 70 uM, suggesting its potential
utility as an anticancer agent. The biosynthetic pathway
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of BA in ZBS49 has been elucidated for the first time,
revealing the involvement of 16 genes in triterpenoid bio-
synthesis alongside 2 triterpene biosynthetic gene clus-
ters and 5 CYP450 genes potentially associated with C-28
oxidation. We establish a robust technical and theoretical
foundation for utilizing ZBS49 as a microbial chassis for
triterpenoid biosynthesis, highlighting its potential appli-
cations in cancer therapy. Furthermore, we emphasize
the viability of employing filamentous fungi as biofacto-
ries to efficiently produce BA and its derivatives, provid-
ing valuable genetic resources for metabolic engineering
and biotechnological advancements.
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