molecules

Article

Functional Analysis of Sterol O-Acyltransferase Involved in the
Biosynthetic Pathway of Pachymic Acid in Wolfiporia cocos

Wenjun Zhu ¥©, Ying Liu >%, Jing Tang 2, Heping Liu 2, Naliang Jing 2, Fengfeng Li 2, Ran Xu 1*

and Shaohua Shu 2*

check for
updates

Citation: Zhu, W,; Liu, Y,; Tang, J.;
Liu, H,; Jing, N.; Li, E; Xu, R.; Shu, S.
Functional Analysis of Sterol
O-Acyltransferase Involved in the
Biosynthetic Pathway of Pachymic
Acid in Wolfiporia cocos. Molecules
2022,27,143. https://doi.org/
10.3390/molecules27010143

Academic Editor: Akihito Yokosuka

Received: 26 November 2021
Accepted: 24 December 2021
Published: 27 December 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Life Science and Technology, Wuhan Polytechnic University, Wuhan 430023, China;
zhuwenjun2002@163.com

College of Plant Science and Technology, Huazhong Agricultural University, Wuhan 430070, China;
18186421026@163.com (Y.L.); hzautj@163.com (J.T.); liuheping1236@163.com (H.L.); jnl_1997@163.com (N.].);
lifengfeng@mail hzau.edu.cn (FL.)

Correspondence: xuran3006@126.com (R.X.); shushaohua@mail.hzau.edu.cn (S.S.)

t  These authors contributed equally to this work.

Abstract: Pachymic acid from Wolfiporia cocos possesses important medicinal values including anti-
bacterial, anti-inflammatory, anti-viral, invigorating, anti-rejection, anti-tumor, and antioxidant
activities. However, little is known about the biosynthetic pathway from lanostane to pachymic acid.
In particular, the associated genes in the biosynthetic pathway have not been characterized, which
limits the high-efficiency obtaining and application of pachymic acid. To characterize the synthetic
pathway and genes involved in pachymic acid synthesis, in this study, we identified 11 triterpenoids
in W. cocos using liquid chromatography tandem mass spectrometry (LC-MS/MS), and inferred the
putative biosynthetic pathway from lanostane to pachymic acid based on analyzing the chemical
structure of triterpenoids and the transcriptome data. In addition, we identified a key gene in
the biosynthetic pathway encoding W. cocos sterol O-acyltransferase (WcSOAT), which catalyzes
tumolusic acid to pachymic acid. The results show that silence of WcSOAT gene in W. cocos strain led
to reduction of pachymic acid production, whereas overexpression of this gene increased pachymic
acid production, indicating that WcSOAT is involved in pachymic acid synthesis in W. cocos and
the biosynthesis of W. cocos pachymic acid is closely dependent on the expression of WcSOAT gene.
In summary, the biosynthetic pathway of pachymic acid and the associated genes complement our
knowledge on the biosynthesis of W. cocos pachymic acid and other triterpenoids, and also provides a
reference for target genes modification for exploring high-efficiency obtaining of active components.

Keywords: pachymic acid; biosynthetic pathway; WcSOAT; genes modification; triterpenoids

1. Introduction

The sclerotia of brown rot fungus Wolfiporia cocos, also named fuling in China, possess
important edible and medicinal values that have been used as both edible mushroom and
traditional medicine in East Asia for centuries [1]. The edible W. cocos sclerotium has been
called “Indian bread” or “tuckahoe” in North America [2]. Furthermore, fuling has been
used as a crude drug as a stomachic, diuretic, and sedative in traditional Chinese and
Japanese herbal medicine [3,4]. Fuling is also widely used as a supplement in multiple
wines, nutraceuticals, functional foods, cosmetics, and tea to improve the quality [5-7].

Polysaccharides and triterpenoids are the major bioactive components of W. cocos
sclerotia. Recently, several studies reported that the polysaccharides and triterpenoids
possess multiple immune-stimulatory activities, anti-bacterial, anti-inflammatory, anti-
viral, invigorating, anti-rejection, anti-tumor, and antioxidant activities [8—14]. Pachymic
acid isolated from W. cocos is a triterpenoid, which belongs to the derivative of lanos-
tane skeleton [2,15,16]. Several studies have reported that pachymic acid is one of the
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major pharmacologically active compounds from W. cocos with anti-inflammatory and
anti-tumor activities [10,17].

Development and cultivation of fuling, the sclerotia of W. cocos, are both dependent
on colonization on the wood of Pinus species [18,19]. In China, artificially cultivated fuling
can reach an average weight of 3—4 kg [19]. Currently, the commercial production of fuling
is limited because of severe destruction of W. cocos habitat and the shortages in pinewood
resources. Furthermore, the quantity and quality of active constituents in fuling vary
broadly because of the diverse W. cocos cultivars, cultivation conditions, and pine woods
from different regions of China. All these cause difficulty for standardized production and
clinical application of W. cocos preparations. However, the W. cocos inheritance mechanism
and the genetic basis of sclerotial development and active compound formation are still
largely unknown. Based on optimized biosynthetic pathways, synthetic biology has used
metabolic-pathway design and genetic elements to develop organisms that can synthesize
important chemicals [20]. Synthetic biology technology has been successfully used for the
synthesis of many secondary metabolites and bioactive compounds [21-24]. Therefore, the
synthesis of fuling active compounds using synthetic biology technology was a viable and
efficient strategy that could stably produce active compounds and reduce the consumption
of pinewood resources.

Elucidating the biosynthetic pathway and the associated catalyticase genes are key
steps to produce target compounds, heterogeneously or homologously. At present, al-
though the synthesis of lanostane, the important precursor of pachymic acid, via mevalonic
acid (MVA) pathway has been well studied [25,26], little is known about the biosynthetic
pathway from lanostane to pachymic acid in W. cocos. Identification of the associated genes
remains a challenge.

To better understand the biosynthetic mechanism, in this study, we identified 11 triter-
penoids in W. cocos using liquid chromatography-mass spectrometry/mass spectrometry
(LC-MS/MS) and analyzed their chemical structure. Furthermore, by analyzing the tran-
scriptome data from our previous study [26], we also inferred the potential biosynthetic
pathway from lanostane to pachymic acid. In addition, we identified a key gene encoding
W. cocos sterol O-acyltransferase (WcSOAT), which catalyzes tumolusic acid to pachymic
acid. SOAT is conserved in eukaryote that catalyzes sterol esterification to detoxify [27],
but its function in W. cocos is still unknown.

To elucidate the pachymic acid synthetic pathway and characterize the WcSOAT gene
in pachymic acid synthesis, we silenced and overexpressed the WcSOAT gene in W. cocos.
The results indicate that WcSOAT plays a significant role. Functional characterization of
WcSOAT will help reveal the synthesis pathway of pachymic acid in W. cocos and ways for
producing the active components efficiently.

2. Results
2.1. Determination of Triterpenoids Compounds in W. cocos

Total triterpenoids in W. cocos mycelium and sclerotia were determined. In total, 11 triter-
penoids were identified by HPLC-MS qualitative analysis: pachymic acid, eburicoic acid, lanos-
terol, trametenolic acid, tumulosic acid, dehydrotrametenolic acid, 16-a-hydroxytrametenolic
acid, poricoic acid C, 3-epi-dehydrotumulosic acid, 3-epi-dehydropachymic acid, and dehy-
droeburicoic acid (Figure S1).

2.2. Biosynthetic Pathway Inferring and Annotation of Catalytic Enzymes Genes

G. lucidum and W. cocos may share a highly similar biosynthesis pathway. Therefore,
based on the chemical structure and chemical groups of identified triterpenoids, and
according to the biosynthetic pathway of ganoderic acid, the possible biosynthetic pathway
from lanostane to pachymic acid was inferred. (1) The C (21) of lanosterol is oxidized by
cytochrome P450 family protein (CYPs) to generate carboxyl and form trametenolic acid.
(2) The C (24) of trametenolic acid is catalyzed by sterol C-24 methyltransferase (SMT)
to form eburicoic acid. (3) The C (16) of eburicoic acid is oxidized by cytochrome P450
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family protein to form tumulosic acid. (4) The C (3) of tumulosic acid is acetylized by sterol
O-acetyl transferase (SOAT) to form pachymic acid (Figure 1).
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Figure 1. The putative biosynthetic pathway from lanostane to pachymic acid in W. cocos.
CYPs: cytochrome P450 family protein; SMT: sterol C-24 methyltransferase; WcSOAT: W. cocos
sterol O-acyltransferase.

In addition, according to the transcriptome data of W. cocos [26], 128 unigenes encoding
cytochrome P450s, 2 unigenes encoding SMTs, and 9 unigenes encoding SOATs were mined.
BLAST searches of KEGG and NCBI database with annotated SOATs sequence revealed the
cDNA sequence of W. cocos sterol O-acyltransferase (WcSOAT) gene (NCBI ID: KY800894.1).

2.3. WeSOAT Is a Transmembrane Sterol O-Acyltransferase

The WcSOAT gene encodes a protein of 612 amino acids. No signal peptide was
predicted using SignalP 5.0 server. Seven transmembrane helices were predicted using
TMHMM Server version 2.0, indicating that the protein is a transmembrane protein. The
ProtComp 9.0 analysis indicated that the sub-cellular localization of WcSOAT protein is on
the endoplasmic reticulum. The SMART MODE analysis showed that WcSOAT contains
a MBOAT (membrane bound O-acyltransferase) domain (Pfam ID: PF03062) with the
function of acetylating the hydroxyl group. BLAST searches of WcSOAT sequence against
the NCBI database revealed the high similarity homologs of WcSOAT in a large number of
fungal genera. Multiple sequence alignment and phylogenetic analysis of WcSOAT and
its homologues showed significant sequence similarity (Figure 2A,B). The 3D structure of
WcSOAT predicted by Phyre2 showed that WcSOAT mainly consists of x-helix (Figure 2C),
indicating that WcSOAT is a hydrophobin. In sum, these results indicated that WcSOAT
functions as a transmembrane sterol O-acyltransferase.
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Figure 2. Sequence similarities between WcSOAT and its homologs. (A) Multiple sequence align-
ment of WecSOAT and its homologs. Full-length protein sequences were aligned using Clustal W

and the alignment was edited using Jalview. Intensity of blue shading reflects the level of amino
acid identity at each position. WC: W. cocos; FR: Fomitopsis rosea (TFY64640.1, 77.51%); PP: Postia
placenta (XP_024340927.1, 75.25%); DQ: Daedalea quercina (KZT70797.1, 76.25%); SC: Sparassis crispa
(XP_027617438.1, 65.95%); GS: Gelatoporia subvermispora (EMD39091.1, 63.92%). (B) Phylogenetic
analysis of WcSOAT and its homologs from other species. The full-length protein sequences were
analyzed using MEGA X with Unrooted neighbor-joining bootstrap (1000 replicates). The black
triangle marks the location of WcSOAT. A scale bar at the lower left corresponds to a genetic distance
of 0.05. (C) 3D structural models of WcSOAT, predicted using I-TASSER and further analyzed by

PyMOL software.

2.4. MeJA Induces WeSOAT Gene Expression and Pachymic Acid Accumulation in W. cocos

The effects of MeJA on the genes involved in triterpenoids biosynthesis have been
reported in plants and fungi [28-31]. Therefore, we infer that MeJA may regulate the
expression of WecSOAT gene. The results showed that the expression levels of WeSOAT
increased significantly after MeJA treatment (Figure 3A), indicating that MeJA can induce

the WcSOAT gene expression.
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Figure 3. The effects of MeJA on WcSOAT gene expression and pachymic acid accumulation. (A) The
relative expression level of WcSOAT in W. cocos after treatment with MeJA was evaluated by RT-qPCR.
The expression level of WcSOAT in the sample treated without MeJA was set as 1, and relative
transcript levels were calculated using the comparative Ct method. Transcript levels of the W. cocos
his3-1 gene were used to normalize different samples. Data represent means and standard deviations
of three independent replications. (B) The content of pachymic acid in W. cocos after treatment with
MeJA. Data were obtained from three independent experiments with total 9 replicates. ** indicate
statistical differences at p < 0.01 compared with sample without MeJA treatment, one-way ANOVA.

Several studies have shown that MeJA functions as an enhancer of pachymic acid
accumulation by activating the triterpenoids biosynthesis pathway [29,31]. We analyzed
the effect of MeJA on the accumulation of pachymic acid using the HPLC method. This
method in our study showed a good linear relationship (Figure S2), and is accurate, repro-
ducible, and stable, and can be used to determine the content of pachymic acid in W. cocos.
The results showed that the levels of pachymic acid accumulation in W. cocos mycelium
increased significantly after MeJA treatment (Figure 3B), suggesting that MeJA may induce
the accumulation of pachymic acid by increasing the supply of precursors.

2.5. WeSOAT Is Involved in Pachymic Acid Synthesis

To determine the possible functions of WcSOAT in the synthesis of pachymic acid, we
generated WcSOAT gene silence and overexpression strains, and the expression levels of
the WcSOAT gene in wild type (WT), silence (Si), and overexpression (OE) strains were
verified using RT-qPCR (Figure 4A).

We then analyzed whether the WcSOAT gene affects the growth of W. cocos. The result
showed no difference in growth on PDA in the gene silence and overexpression strains
compared with the wild-type strain (Figure 4B). Then, we analyzed the concentration of
pachymic acid. The results demonstrated that the production of pachymic acid decreased in
WcSOAT gene silence strains, whereas the production increased in WcSOAT overexpression
strains, compared with wild-type strain (Figure 5), indicating that WcSOAT is involved in
pachymic acid synthesis.
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Figure 4. The phenotype of WcSOAT gene silence and overexpression strains. (A) The relative
expression level of WeSOAT in WT, W. cocos gene silence (Si), and overexpression (OE) strains. The
expression level in WT strain was set as 1, and relative transcript levels were calculated using the
comparative Ct method. Transcript levels of the W. cocos his3-1 gene were used to normalize different
samples. Data represent means and standard deviations of three independent replications. (B) Hyphal
growth rate. The indicated strains were grown on PDA plates at 25 °C. Radial growth was measured
every day for 5 days and growth rate was calculated. Data were obtained from three independent
experiments with total 10 replicates. In box plots, whiskers indicate the minimum and maximum
values; the line indicates the median, the box boundaries indicate the upper (25th percentile) and
lower (75th percentile) quartiles, all data are plotted as black dots. Same letters in the graph indicate
no statistical differences at p < 0.01 using one-way ANOVA one-way.
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Figure 5. WcSOAT is involved in pachymic acid synthesis. The content of pachymic acid in indicated
W. cocos strains was analyzed. Data were obtained from three independent experiments with total
9 replicates. ** indicate statistical differences at p < 0.01 compared with WT strain, one-way ANOVA.
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3. Discussion

Pachymic acid, a triterpenoid from traditional Chinese medicinal fungus W. cocos,
possesses pharmacological activities, including anti-inflammatory and anti-tumor activi-
ties [10,17]. However, compared with the well-studied lanostane synthesis pathway [25,26],
the biosynthetic pathway from lanostane to pachymic acid remains incompletely under-
stood. Furthermore, the functions of the genes involved in biosynthesis of pachymic acid
remain only partly known, limiting the genetic manipulation for enhancing the production
of pachymic acid.

Previous studies on Ganoderma lucidum, the closely related fungi of W. cocos, revealed
the biosynthetic pathway from lanostane to ganoderic acid. The lanosterol is catalyzed by
cytochrome P450 protein CYP5150L8 to form 3-hydroxy-lanosta-8,24-dien-26-ol (HLDO),
then form 3-hydroxy-lanosta-8,24-dien-26-al (HLDA), and finally form lanosterol derivative
ganoderic acid [32,33]. Pachymic acid and ganoderic acid are both derivatives of lanosterols
and share a highly similar carbon skeleton with other lanosterol derivatives. G. lucidum
and W. cocos may also share a highly similar biosynthesis pathway. Therefore, we firstly
inferred the putative biosynthetic pathway from lanostane to pachymic acid and annotated
the catalyticase genes based on the triterpenoids structure and transcriptome data of W.
cocos, and the biosynthetic pathway of ganoderic acid (Figure 1). The results demonstrated
that the C (21) of lanosterol is oxidized by cytochrome P450 family protein to generate
carboxyl and form trametenolic acid, then the C (24) of trametenolic acid is catalyzed by
SMT to form eburicoic acid, the C (16) of eburicoic acid is oxidized by cytochrome P450
family protein to form tumulosic acid, and the C (3) of tumulosic acid is acetylized by SOAT
to form pachymic acid (Figure 1).

In this study, 11 chemical structures of triterpenoids were identified in W. cocos using
HPLC-MS qualitative analysis (Figure S1). These provided the basis for predicting the
biosynthetic pathway of pachymic acid in W. cocos. For further gene function annotation,
we employed the newest biological informatics, including genome and transcriptome
data of W. cocos, to annotate the genes in the biosynthetic pathway, and then inferred a
more comprehensive synthesis pathway of pachymic acid in W. cocos. In this pathway,
WCcSOAT catalyzes the last step in pachymic acid synthesis pathway: acetylizing the C
(3) of tumulosic acid to form pachymic acid (Figure 1). In Arabidopsis thaliana, the sterol
O-acyltransferase AtSAT1 mediates phytosterol ester biosynthesis [34]. However, the
functions of SOAT in the synthesis of pharmacologically active compounds are still largely
unknown in medicinal fungi. Furthermore, although the genome [25,35], transcriptome [26],
secretome [36], and mitochondrial genome [37] of W. cocos have been investigated, the
molecular mechanisms involved in the biosynthesis of secondary metabolites remained
incompletely understood. The gene function study of WcSOAT has not been reported
before. For the first time, we analyzed the function of WcSOAT gene in pachymic acid
synthesis. The results revealed that genetic manipulation of the expression level of WcSOAT
gene could change the pachymic acid production (Figure 5), indicating that WcSOAT is
involved in biosynthesis of pachymic acid in W. cocos. Therefore, gene function study will
provide novel resources for investigating the mechanisms driving the synthesis of active
compounds in W. cocos, and more genes need to be investigated in further study.

Diverse environmental signals can regulate the expression of genes related to the
biosynthesis of secondary metabolites [38-40]. MeJA is an important signaling component
in plants and fungi. Our result showed that exogenous MeJA could induce the WcSOAT
gene expression and enhance the pachymic acid accumulation in W. cocos (Figure 3). This
result provides another clue that the signaling components can be applied as inducers to
increase the accumulation of pharmacologically active secondary metabolites in medicinal
plants or fungi, and function study on the synthesis of the active compounds associated
genes will also help elucidate the regulatory mechanisms of active compounds in W. cocos
and other fungi.

In summary, we determined the triterpenoids compounds, inferred the biosynthetic
pathway from lanostane to pachymic acid, and analyzed the functions of WcSOAT gene in
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pachymic acid synthesis in W. cocos. The results of this study will help reveal the synthesis
pathway of pachymic acid in W. cocos and produce the active components more efficiently
and will also provide new insights into the molecular mechanisms involved in secondary
metabolism in W. cocos.

4. Materials and Methods
4.1. Strains and Culture Conditions

The wild type W. cocos strain GIM5.219 was obtained from the Institute of Agricultural
Culture Collection of China and used to generate gene silence and gene over expression
transformants in this study. All the strains in this study were grown on potato dextrose
agar (PDA) medium (Acumedia, Lansing, MI, USA) at 25 °C. Escherichia coli strain JM109
was used for propagating all plasmids and grown on Luria—Bertani (LB) medium (Difco,
Detroit, MI, USA) containing 100 ng/mL ampicillin or 50 pg/mL kanamycin as required
at 37 °C.

4.2. Bioinformatics Analysis and Programs Used in This Study

The SignalP 5.0 server (http://www.cbs.dtu.dk/services/SignalP/ accessed on 8
October 2021) was used to predict the signal peptide sequence and SMART MODE
(http:/ /smart.embl-heidelberg.de/smart/change_mode.pl accessed on 8 October 2021)
was used to analyze the protein domain. The 3D structural model of WcSOAT was
analyzed using I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/accessed
on 26 October 2021). The National Center for Biotechnology Information (NCBI) (http:
/ /www.ncbinlm.nih.gov/ accessed on 26 October 2021) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) (https://www.genome.jp/kegg/accessed on 26 October
2021) databases were used for BLAST analysis. The ProtComp 9.0 (http://www.softberry.
com/berry.phtml?topic=protcompan&group=programsé&subgroup=proloc accessed on
26 October 2021) was used for sub-cellular localization prediction of WcSOAT protein.
The TMHMM Server v. 2.0 (http://www.cbs.dtu.dk/services/ TMHMM /accessed on 26
October 2021) was used for transmembrane structure prediction.

4.3. Extraction and Manipulation of DNA and RNA

Genomic DNA of indicated W. cocos strains were isolated using the CTAB method
as described previously [41]. The total RNA of indicated strains were isolated employing
TriZOL reagent (Invitrogen, Waltham, MA, USA) according to the manufacturer’s protocols.
The total RNA samples were treated with DNase I (Thermo Scientific, Vilnius, Lithuania) to
digest the residual genomic DNA, and then used to generate the first strand cDNA using
RevertAid™ First Strand cDNA Synthesis Kit (Thermo Scientific, Vilnius, Lithuania).

The RT-qPCR was used to determine the gene expression levels of WcSOAT gene in in-
dicated strains. RT-qPCR was performed using the CEX96 Touch Real-Time PCR Detection
System (Bio-Rad, Hercules, CA, USA) and SYBR Premix Ex Taq II (Takara, Dalian, China),
following the manufacturer’s instructions. Primers were designed across or flanking an
intron (WcSOAT-Q-F: ATCTCCGATGCTGTGCTCGTTCT and WcSOAT-Q-R: CAGCG-
TAAGGAAGCCCGAQ). The relative expression levels of the W. cocos his3-1 gene was used
as references for normalizing the RNA sample (his3-1-F: AGTCCACGGAACTCCTAATCA
and his3-1-R: AGCGGCTAAGTTGGTGTCT). For each examined gene, RT-qPCR assays
were repeated three times, each repetition with three independent replicates.

To verify the effect of MeJA on the expression of WcSOAT gene, wild type W. cocos
strain was cultured on PDA or PDA containing 100 pM MeJA at 28 °C for 5 days, then the
expression level of WcSOAT was analyzed using RT-qPCR.

4.4. Plasmid Construction and Transformation of W. cocos

To construct the WcSOAT gene over expression vector, the full-length open reading
frame of WcSOAT gene fused with HA tag at the C terminus was amplified by PCR
with restriction sites of Asc I and Not I, and then ligated to plasmid pHygKS under the
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manipulation of Ganoderma lucidium glyceraldehyde-3-phosphate dehydrogenase gene promoter
(Pgpd) (NCBI Accession: DQ404345.1) and the endo-b-1,4-glucanase precursor terminator
(NCBI Accession: CP009807.1).

To construct the WeSOAT gene silence vector, a 400 bp fragment was PCR amplified
from WeSOAT cDNA sequence with indicated restriction sites and then ligated to pCIT to
construct a reverse repeat structure that separated by the 420 bp intron. This new reverse
repeat fragment was digested with Asc I and Not I, then ligated with the pHygKS plasmid
to generate the WcSOAT gene silence vector.

Transformation of W. cocos was performed as described previously [42].

4.5. Chemical Analysis Methods
4.5.1. Fungus Material Preparation

The W. cocos sclerotium were milled into a powder and oven dried at 25 °C until the
weight remained constant. Then, 1 g powdered samples were subjected to soaking in 10 mL
methanol and ultrasound lysis (500 W, 40 kHz: 60 min). The mixture was precisely weighed
and heated to reflux for 30 min, cooled, and then centrifuged at 9000 x ¢ for 10 min. The
upper layer was collected and filtered through a 0.45 pm filter before using. The standard
substance (minimum content: 98%, Batch No. 031006) was provided by Yeyuan Biological
company (Shanghai, China).

4.5.2. HPLC-MS Conditions

HPLC-MS analysis was performed using a HPLC system (Agilent Technologies,
Santa Clara, CA, USA) coupled to an electrospray ionization—-QTOF/MS apparatus (Q-
Exactive, Thermo, Waltham, MA, USA). A C18 reversed phase column (Hypersil BDS
C18, 250 x 4.6 mm, 5 pm inner diameter, ThermoFisher Scientific, Shanghai, China) was
used for HPLC separation. The column temperature was kept at 30 °C, and the flow rate
was maintained at 0.8 mL/min. The gradient was composed of acetonitrile (A) and 0.1%
phosphoric acid in ultrapure water (B). The linear gradient was set as follows: 0—20 min,
0-50% A; 20-30 min, 50-65% A; 30-51 min, 65-70% A; 51-70 min, 70-85% A; 70-76 min,
85-95% A; 76-85 min, 95-100% A. The extracted samples were used for quantification at a
wavelength of 210 nm and with 1.0 pL injection volume.

Target compounds were identified using HPLC-MS/MS as described by Zou et al. [43].
A nitrogen drying gas flow of 600 L-h~!, a desolvation temperature at 350 °C, a nebulizer
pressure of 45 psi, and a capillary voltage of 2600 V were used. Argon was used as collision
energy of 30 V. The MS data were collected in centroid mode from /z 200 to 1300 to ensure
accurate mass measurements over a wide dynamic range. Dynamic range enhancement
was applied throughout the MS experiment. For the precursor ions and fragment, the
accurate mass and composition ions were calculated using Mass Lynx V4.1 software (Waters
Corporation) included with the instrument. The ESI interface was operated in the positive
and negative ion modes.

4.5.3. HPLC Conditions

Agilent 1260 Infinity II HPLC system was used for the analysis. In addition, analy-
sis was carried out on a Hypersil BDS C18 (5 pm, 250 mm X 4.6 mm, internal diameter,
ThermoFisher Scientific, China) with a gradient elution program. The mobile phase was
composed of acetonitrile (A) and 0.1% phosphoric acid in ultrapure water (B). The elution
program was optimized and conducted as follows. The process of separation was per-
formed using the following elution gradient: 0—20 min, 0-50% A; 20-30 min, 50-65% A;
30-51 min, 65-70% A; 51-70 min, 70-85% A; 70-76 min, 85-95% A; 76-85 min, 95-100%
A, at a flow rate of 0.8 mL/min. The column temperature was maintained at 30 °C. The
external standards and extracted samples were used for quantification at wavelength of
210 nm and with 20 pL injection volume.
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4.5.4. Precision, Repeatability and Accuracy

Intra- and inter-day variations were chosen to determine the precision of the developed
method. The intra-day variation was determined by analyzing the same mixed standard
solution six times within one day, while for the inter-day variability test, the solution was
examined in triplicate for consecutive 24 h. The RSD of the retention time and peak area
were taken as the measures of precision. The RSD was taken as the measure of repeatability.
A recovery test was used to evaluate the accuracy of this method.

4.6. Function Annotation of Catalytic Enzymes Genes in the Biosynthetic Pathway of
Pachymic Acid

The transcriptome analyses of mycelium and sclerotia of W. cocos were performed as
described [26]. De novo transcriptome assembly was carried out with the Trinity short reads
assembling program. A total of 38,722,186 reads of mycelium and 39,710,244 sclerotium
were obtained by further sequence stitching and de-redundancy treatment using TGICL
software. BLASTX alignments of all unigenes sequences against several protein databases,
including NR, NT, Swiss-Prot, GO, KEGG, and other databases, were performed, with a
total of 27,325 unigenes annotations. The candidate genes were screened by analyzing
the data of W. cocos transcriptome and the differentially expressed genes (DEGs) between
mycelium and sclerotia, and the possible genes are selected by blasting against the GO
database, KEGG transcription database, and NCBI database.

Supplementary Materials: The following supporting information can be downloaded at. Figure S1.
Total triterpenoids identified in W. cocos mycelium and sclerotia by HPLC-MS qualitative analysis.
Figure S2. Standard curve of pachymic acid.

Author Contributions: W.Z. and Y.L. conceptualized the experiments and research plans; W.Z., Y.L.,
J.T. and H.L. performed the experiments; W.Z., Y.L., N.J. and EL. carried out data and statistical
analysis; S.S. acquired funding; R.X. and S.S. revised the manuscript; W.Z. and Y.L. wrote. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by National Natural Science Foundation of China (81872948,
31972215 and 81903782) and Key project at central government level: The ability establishment of
sustainable use for valuable Chinese medicine resources (2060302).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Publicly available datasets were analyzed in this study. This data can
be found in NCBI (https://www.ncbi.nlm.nih.gov/, accessed on 26 November 2021). The NCBI IDs
of genes used in Figure 2 are: KY800894.1, TFY64640.1, XP_024340927.1, KZT70797.1, XP_027617438.1
and EMD39091.1.

Conflicts of Interest: The authors declare that they have no conflict of interest.

1.  Wang, W,; Dong, H.; Yan, R.; Li, H.; Li, P; Chen, P; Yang, B.; Wang, Z. Comparative study of lanostane-type triterpene acids in
different parts of Poria cocos (Schw.) Wolf by UHPLC-Fourier transform MS and UHPLC-triple quadruple MS. . Pharm. Biomed.
Anal. 2015, 102, 203-214. [CrossRef] [PubMed]

2. Rios, ].L. Chemical constituents and pharmacological properties of Poria cocos. Planta Med. 2011, 77, 681-691. [CrossRef]

3. Lin, Z.H; Xiao, Z.B.; Zhu, D.N,; Yan, Y.Q.; Yu, B.Y.; Wang, Q.]. Aqueous extracts of FBD, a Chinese herb formula composed of
Poria cocos, Atractylodes macrocephala, and Angelica sinensis reverse scopolamine induced memory deficit in ICR mice. Pharm. Biol.
2009, 47, 396-401. [CrossRef]

4. Wang, Y.Z.; Zhang, ].; Zhao, Y.L.; Li, T.; Shen, T.; Li, ].Q.; Li, W.Y,; Liu, H.G. Mycology, cultivation, traditional uses, phytochemistry
and pharmacology of Wolfiporia cocos (Schwein.) Ryvarden et Gilb.: A review. ]. Ethnopharmacol. 2013, 147, 265-276. [CrossRef]

[PubMed]

5. Wang, Q.; Song, G.Q. Study on fremented wine from Wolfiporia cocos. Food Res. Dev. 2007, 11, 3-6.


https://www.ncbi.nlm.nih.gov/
http://doi.org/10.1016/j.jpba.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25282601
http://doi.org/10.1055/s-0030-1270823
http://doi.org/10.1080/13880200902758816
http://doi.org/10.1016/j.jep.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23528366

Molecules 2022, 27,143 11 of 12

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Wang, Y.Z.; Li, T.; Zhao, Y.L.; Zhang, J.; Liu, H.G. Contents of some metabolites in the peel and flesh of the medicinal mushroom
Wolfiporia cocos (F.A. Wolf) Ryvarden et Gilb. (Higher Basidiomycetes). Int. J. Med. Mushrooms 2012, 14, 79-83. [CrossRef]
[PubMed]

Zhang, C.L.; Xiong, C.Y,; Yang, EJ.; He, SM.; Gui, X.M.; Zhou, Y.L.; Li, WW. Preliminary study on solid fermentation tea of wild
Poria cocos and Ganoderma lucidumin Puer. Heilongjiang Agric. Sci. 2015, 4, 126-128.

Chen, B.; Zhang, J.; Han, J.; Zhao, R; Bao, L.; Huang, Y.; Liu, H. Lanostane triterpenoids with glucose-uptake stimulatory activity
from peels of the cultivated edible mushroom Wolfiporia cocos. ]. Agric. Food Chem. 2019, 67, 7348-7364. [CrossRef]

Feng, Y.L,; Lei, P; Tian, T,; Yin, L.; Chen, D.Q.; Chen, H.; Mei, Q.; Zhao, Y.Y.; Lin, R.C. Diuretic activity of some fractions of the
epidermis of Poria cocos. ]. Ethnopharmacol. 2013, 150, 1114-1118. [CrossRef] [PubMed]

Lee, S.; Lee, D.; Lee, S.O.; Ryu, J.Y.; Choi, S.Z.; Kang, K.S.; Kim, K.H. Anti-inflammatory activity of the sclerotia of edible fungus,
Poria cocos wolf and their active lanostane triterpenoids. J. Funct. Foods 2017, 32, 27-36. [CrossRef]

Li, W.; Zhao, J.; Yao, Q.; Li, W.; Zhi, W.; Zang, L.; Liu, E; Niu, X. Polysaccharides from Poria cocos (PCP) inhibits ox-LDL-induced
vascular smooth muscle cells proliferation and migration by suppressing TLR4/NF-kB p65 signaling pathway. J. Funct. Foods
2019, 60, 103393. [CrossRef]

Tang, J.; Nie, J.; Li, D.; Zhu, W.; Zhang, S.; Ma, E; Sun, Q.; Song, J.; Zheng, Y.; Chen, P. Characterization and antioxidant activities
of degraded polysaccharides from Poria cocos sclerotium. Carbohydr. Polym. 2014, 105, 121-126. [CrossRef]

Wang, H.; Mukerabigwi, J.F.; Zhang, Y.; Han, L.; Jiayinaguli, T.; Wang, Q.; Liu, L.; Cao, Y.; Sun, R.; Huang, X. In vivo immuno-
logical activity of carboxymethylated-sulfated (1—3)-f-d-glucan from sclerotium of Poria cocos. Int. |. Biol. Macromol. 2015, 79,
511-517. [CrossRef]

Zhao, Y.Y,; Feng, Y.L; Bai, X.; Tan, X.J.; Lin, R.C.; Mei, Q. Ultra performance liquid chromatography-based metabonomic study
of therapeutic effect of the surface layer of Poria cocos on adenine-induced chronic kidney disease provides new insight into
anti-fibrosis mechanism. PLoS ONE 2013, 8, €59617. [CrossRef]

Zheng, Y.; Yang, X.W. Poriacosones A and B: Two new lanostane triterpenoids from Poria cocos. |. Asian Nat. Prod. Res. 2008, 10,
645-651. [CrossRef]

Zheng, Y.; Yang, X.W. Two new lanostane triterpenoids from Poria cocos. ]. Asian Nat. Prod. Res. 2008, 10, 323-328. [CrossRef]
Shi, C.; Ma, Q.; Ren, M,; Liang, D.; Yu, Q.; Luo, J. Antitumor pharmacological mechanism of the oral liquid of Poria cocos
polysaccharide. J. Ethnopharmacol. 2017, 209, 24-31. [CrossRef] [PubMed]

Kubo, T.; Terabayashi, S.; Takeda, S.; Sasaki, H.; Aburada, M.; Miyamoto, K. Indoor cultivation and cultural characteristics of
Wolfiporia cocos sclerotia using mushroom culture bottles. Biol. Pharm. Bull. 2006, 29, 1191-1196. [CrossRef]

Xu, Z.; Tang, W.; Xiong, B.; Wang, K.; Bian, Y. Effect of revulsive cultivation on the yield and quality of newly formed sclerotia in
medicinal Wolfiporia cocos. ]. Nat. Med. 2014, 68, 576-585. [CrossRef]

Cameron, D.E.; Bashor, C.J.; Collins, ].J. A brief history of synthetic biology. Nat. Rev. Microbiol. 2014, 12, 381-390. [CrossRef]
Liu, X.; Cheng, J.; Zhang, G.; Ding, W.; Duan, L.; Yang, J.; Kui, L.; Cheng, X.; Ruan, J.; Fan, W,; et al. Engineering yeast for the
production of breviscapine by genomic analysis and synthetic biology approaches. Nat. Commun. 2018, 9, 448. [CrossRef]
Paddon, C.J.; Keasling, ].D. Semi-synthetic artemisinin: A model for the use of synthetic biology in pharmaceutical development.
Nat. Rev. Microbiol. 2014, 12, 355-367. [CrossRef]

Tu, L.; Su, P; Zhang, Z.; Gao, L.; Wang, J.; Hu, T.; Zhou, ].; Zhang, Y.; Zhao, Y.; Liu, Y.; et al. Genome of Tripterygium wilfordii and
identification of cytochrome P450 involved in triptolide biosynthesis. Nat. Commun. 2020, 11, 971. [CrossRef]

Yan, X; Fan, Y.; Wei, W.; Wang, P; Liu, Q.; Wei, Y.; Zhang, L.; Zhao, G.; Yue, J.; Zhou, Z. Production of bioactive ginsenoside
compound K in metabolically engineered yeast. Cell Res. 2014, 24, 770-773. [CrossRef]

Luo, H,; Qian, J.; Xu, Z,; Liu, W,; Xu, L.; Li, Y;; Xu, J.; Zhang, J.; Xu, X.; Liu, C.; et al. The Wolfiporia cocos genome and transcriptome
shed light on the formation of its edible and medicinal sclerotium. Genom. Proteom. Bioinf. 2020, 18, 455-467. [CrossRef]

Shu, S.; Chen, B.; Zhou, M.; Zhao, X.; Xia, H.; Wang, M. De novo sequencing and transcriptome analysis of Wolfiporia cocos to
reveal genes related to biosynthesis of triterpenoids. PLoS ONE 2013, 8, e71350. [CrossRef] [PubMed]

Gulati, S.; Balderes, D.; Kim, C.; Guo, Z.A.; Wilcox, L.; Area-Gomez, E.; Snider, J.; Wolinski, H.; Stagljar, I.; Granato, J.T.; et al.
ATP-binding cassette transporters and sterol O-acyltransferases interact at membrane microdomains to modulate sterol uptake
and esterification. FASEB J. 2015, 29, 4682—4694. [CrossRef]

Misra, R.C.; Maiti, P.; Chanotiya, C.S.; Shanker, K.; Ghosh, S. Methyl jasmonate-elicited transcriptional responses and pentacyclic
triterpene biosynthesis in sweet basil. Plant Physiol. 2014, 164, 1028-1044. [CrossRef]

Sun, T.; Zou, L.; Zhang, L.; Zhang, ].; Wang, X. Methyl jasmonate induces triterpenoid biosynthesis in Inonotus baumii. Biotechnol.
Biotechnol. Equip. 2017, 31, 312-317. [CrossRef]

Tian, R.; Zhang, C.; Gu, W.; Gu, Y.; Xu, F; Li, T,; Ji, Y.; Wei, C.; Xue, W.; Wu, W. Proteomic insights into protostane triterpene
biosynthesis regulatory mechanism after MeJA treatment in Alisma orientale (Sam.) Juz. Biochim. Biophys. Acta Proteins Proteom.
2021, 1869, 140671.

Yin, J.; Li, C.; Zhan, Y.; Sun, H.; Gong, Y.; Zhang, M.; Xiao, J. The response of physiological characteristics, expression of OSC
genes, and accumulation of triterpenoids in Betula platyphylla Sukto MeJA and SA treatment. Plant Mol. Biol. Rep. 2016, 34,
427-439. [CrossRef]

Chen, S.; Xu, J.; Liu, C,; Zhu, Y.; Nelson, D.R.; Zhou, S.; Li, C.; Wang, L.Z.; Guo, X; Sun, Y.; et al. Genome sequence of the model
medicinal mushroom Ganoderma lucidum. Nat. Commun. 2012, 3, 913. [CrossRef]


http://doi.org/10.1615/IntJMedMushr.v14.i1.80
http://www.ncbi.nlm.nih.gov/pubmed/22339710
http://doi.org/10.1021/acs.jafc.9b02606
http://doi.org/10.1016/j.jep.2013.10.043
http://www.ncbi.nlm.nih.gov/pubmed/24184192
http://doi.org/10.1016/j.jff.2017.02.012
http://doi.org/10.1016/j.jff.2019.05.047
http://doi.org/10.1016/j.carbpol.2014.01.049
http://doi.org/10.1016/j.ijbiomac.2015.05.020
http://doi.org/10.1371/journal.pone.0059617
http://doi.org/10.1080/10286020802133597
http://doi.org/10.1080/10286020701782742
http://doi.org/10.1016/j.jep.2017.07.003
http://www.ncbi.nlm.nih.gov/pubmed/28684300
http://doi.org/10.1248/bpb.29.1191
http://doi.org/10.1007/s11418-014-0842-z
http://doi.org/10.1038/nrmicro3239
http://doi.org/10.1038/s41467-018-02883-z
http://doi.org/10.1038/nrmicro3240
http://doi.org/10.1038/s41467-020-14776-1
http://doi.org/10.1038/cr.2014.28
http://doi.org/10.1016/j.gpb.2019.01.007
http://doi.org/10.1371/journal.pone.0071350
http://www.ncbi.nlm.nih.gov/pubmed/23967197
http://doi.org/10.1096/fj.14-264796
http://doi.org/10.1104/pp.113.232884
http://doi.org/10.1080/13102818.2017.1284023
http://doi.org/10.1007/s11105-015-0931-5
http://doi.org/10.1038/ncomms1923

Molecules 2022, 27,143 12 of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Wang, W.E,; Xiao, H.; Zhong, J.J. Biosynthesis of a ganoderic acid in Saccharomyces cerevisiae by expressing a cytochrome P450
gene from Ganoderma lucidum. Biotechnol. Bioeng. 2018, 115, 1842-1854. [CrossRef]

Chen, Q.; Steinhauer, L.; Hammerlindl, J.; Keller, W.; Zou, J. Biosynthesis of phytosterol esters: Identification of a sterol
o-acyltransferase in Arabidopsis. Plant Physiol. 2007, 145, 974-984. [CrossRef]

Cao, S.; Yang, Y.; Bi, G.; Nelson, D.; Hu, S.; Makunga, N.P; Yu, B.; Liu, X.; Li, X.; Hu, X. Genomic and transcriptomic insight of
giant sclerotium formation of wood-decay fungi. Front. Microbiol. 2021, 12, 746121. [CrossRef]

Gaskell, J.; Blanchette, R.A.; Stewart, PE.; BonDurant, S.S.; Adams, M.; Sabat, G.; Kersten, P.; Cullen, D. Transcriptome and
secretome analyses of the wood decay fungus Wolfiporia cocos support alternative mechanisms of lignocellulose conversion. Appl.
Environ. Microbiol. 2016, 82, 3979-3987. [CrossRef]

Chen, M.; Chen, N.; Wu, T.; Bian, Y.; Deng, Y.; Xu, Z. Characterization of two mitochondrial genomes and gene expression
analysis reveal clues for variations, evolution, and large-sclerotium formation in medical fungus Wolfiporia cocos. Front. Microbiol.
2020, 11, 1804. [CrossRef]

Bayram, O.; Braus, G.H. Coordination of secondary metabolism and development in fungi: The velvet family of regulatory
proteins. FEMS Microbiol. Rev. 2012, 36, 1-24. [CrossRef]

Calvo, A.M.; Wilson, R.A.; Bok, ].W.; Keller, N.P. Relationship between secondary metabolism and fungal development. Microbiol.
Mol. Biol. Rev. 2002, 66, 447-459. [CrossRef]

Yu, J.-H.; Keller, N. Regulation of secondary metabolism in filamentous fungi. Annu. Rev. Phytopathol. 2005, 43, 437-458.
[CrossRef]

Sun, Q.; Wei, W.; Zhu, W.; Zhang, S.; Song, J.; Zheng, Y.; Chen, P. Genetic diversity of Chinese Wolfiporia cocos cultivars revealed
by phenotypic traits and ISSR markers. Mycol. Progress 2015, 14, 61. [CrossRef]

Sun, Q.; Wei, W,; Zhao, J.; Song, J.; Peng, E; Zhang, S.; Zheng, Y.; Chen, P; Zhu, W. An efficient PEG/CaCl,-mediated
transformation approach for the medicinal fungus Wolfiporia cocos. ]J. Microbiol. Biotechnol. 2015, 25, 1528-1531. [CrossRef]
[PubMed]

Zou, Y.T,; Long, E; Wu, C.Y.; Zhou, ].; Zhang, W.; Xu, ].D.; Zhang, Y.Q.; Li, S.L. A dereplication strategy for identifying triterpene
acid analogues in Poria cocos by comparing predicted and acquired UPLC-ESI-QTOF-MS/MS data. Phytochem. Anal. 2019, 30,
292-310. [CrossRef] [PubMed]


http://doi.org/10.1002/bit.26583
http://doi.org/10.1104/pp.107.106278
http://doi.org/10.3389/fmicb.2021.746121
http://doi.org/10.1128/AEM.00639-16
http://doi.org/10.3389/fmicb.2020.01804
http://doi.org/10.1111/j.1574-6976.2011.00285.x
http://doi.org/10.1128/MMBR.66.3.447-459.2002
http://doi.org/10.1146/annurev.phyto.43.040204.140214
http://doi.org/10.1007/s11557-015-1088-1
http://doi.org/10.4014/jmb.1501.01053
http://www.ncbi.nlm.nih.gov/pubmed/26017228
http://doi.org/10.1002/pca.2813
http://www.ncbi.nlm.nih.gov/pubmed/30569602

	Introduction 
	Results 
	Determination of Triterpenoids Compounds in W. cocos 
	Biosynthetic Pathway Inferring and Annotation of Catalytic Enzymes Genes 
	WcSOAT Is a Transmembrane Sterol O-Acyltransferase 
	MeJA Induces WcSOAT Gene Expression and Pachymic Acid Accumulation in W. cocos 
	WcSOAT Is Involved in Pachymic Acid Synthesis 

	Discussion 
	Materials and Methods 
	Strains and Culture Conditions 
	Bioinformatics Analysis and Programs Used in This Study 
	Extraction and Manipulation of DNA and RNA 
	Plasmid Construction and Transformation of W. cocos 
	Chemical Analysis Methods 
	Fungus Material Preparation 
	HPLC-MS Conditions 
	HPLC Conditions 
	Precision, Repeatability and Accuracy 

	Function Annotation of Catalytic Enzymes Genes in the Biosynthetic Pathway of Pachymic Acid 

	References

