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ABSTRACT

Antrodia cinnamomea, an edible and medicinal fungus with significant economic value and
application prospects, is rich in terpenoids, benzenoids, lignans, polysaccharides, and benzo-
quinone, succinic and maleic derivatives. In this study, the transcriptome of A. cinnamomea
cultured on the wood substrates of Cinnamomum glanduliferum (YZM), C. camphora (XZM),
and C. kanehirae (NZM) was sequenced using the high-throughput sequencing technology
lllumina HiSeq 2000, and the data were assembled by de novo strategy to obtain 78,729
Unigenes with an N50 of 4,463 bp. Compared with public databases, about 11,435, 6,947,
and 5,994 Unigenes were annotated to the Non-Redundant (NR), Gene Ontology (GO), and
Kyoto Encyclopedia of Genes and Genome (KEGG), respectively. The comprehensive analysis
of the mycelium terpene biosynthesis-related genes in A. cinnamomea revealed that the
expression of acetyl-CoA acetyltransferase (AACT), acyl-CoA dehydrogenase (MCAD), 3-
hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA), mevalonate pyrophosphate decarboxylase
(MVD), and isopentenyl diphosphate isomerase (IDI) was significantly higher on NZM com-
pared to the other two wood substrates. Similarly, the expression of geranylgeranyltransfer-
ase (GGT) was significantly higher on YZM compared to NZM and XZM, and the expression
of farnesyl transferase (FTase) was significantly higher on XZM. Furthermore, the expressions
of 2,3-oxidized squalene cyclase (OCS), squalene synthase (SQS), and squalene epoxidase
(SE) were significantly higher on NZM. Overall, this study provides a potential approach to
explore the molecular regulation mechanism of terpenoid biosynthesis in A. cinnamomea.

ARTICLE HISTORY
Received 7 November 2022
Revised 20 January 2023
Accepted 27 January 2023

KEYWORDS

Antrodia cinnamomea; de
novo transcriptome;
biosynthesis; terpenoid;
qRT-PCR

1. Introduction secondary metabolites of fungi and are widely dis-
tributed in nature [13]. Terpenoid is primarily syn-
thesized by the C5 precursors, such as isopentenyl
diphosphate (IPP) and dimethyl allyl diphosphate
(DMAPP) through the mevalonate (MVA) and
methyl tetrahydroxyl 4-phosphate (MEP) pathways
[14]. Lu et al. [15] elucidated the position and role
of AACT, hydroxymethylglutaryl CoA reductase
(HMGR), MVD, IDI, and other key enzymes in the

chitosan and CaCl, to liquid fermented A. cinnamo-

Antrodia cinnamomea (Syn. Antrodia camphorata
and Taiwanofungus camphorata) belonging to the
Polyporaceae family, is an extremely rare medicinal
fungus restricted to Taiwan’s endemic host tree C.
kanehirai [1], and has been widely used in Taiwan
and China [2]. The crude extracts and active ingre-
dients of A. cinnamomea pose various biological
activities, such as antitumor [3], antioxidant [4], and
liver protection effects [5]. So far, seventy-eight

compounds have been identified in the fruiting
bodies and mycelium of A. cinnamomea [6], includ-
ing sesquiterpene [7], diterpenes [8], triterpenes,
and sterols [9,10], with triterpenoids being the pri-
mary active compound, contributing to the bitter
taste of A. cinnamomea [11,12].

Terpenoids comprised of isoprene (C5) units,
and their derivatives and are one of the major

mea increases the mycelial biomass and triterpe-
noids content [16]. Ma et al. [17] found that the
addition of citrus peel extracts rich in essential oils
increased the production of triterpenoids by ten
folds. Previous studies have analyzed the volatile
compounds in A. cinnamomea, such as hemipter-
penes a-Cadinol, T-Muurolol, T-Cadinol, and
o-Terpineol using organic solvents and water vapor
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distillation and found that the fermentation broth of
A. cinnamomea substrates and mycelium contains
many active substances [18]. Related studies have
found that the bioactive triterpenoids in A. cinna-
momea are abundant and structurally unique,
mainly the ergostane and lanostane types [11].

Several studies have reported that the cultivation
of substrates affects fungal metabolite synthesis. A.
cinnamomea grown on different wood substrates
poses different metabolite compositions and produ-
ces different metabolites when cultured in non-pri-
mary host wood or organs [19]. Yang et al. [20]
used oats, wheat, buckwheat, and barley as the sub-
strates for solid-state fermentation of A. cinnamo-
mea, which significantly enhanced the production of
intracellular polyphenols and triterpenoids, and sec-
ondary metabolites. Lin [21] found that many active
secondary metabolites could be isolated from the
mycelium or substrates of A. cinnamomea. Some
researchers have demonstrated that the metabolic
profile of A. cinnamomea fruit bodies cultured on
A. cinnamomea wood substrates significantly differ
from A. cinnamomea fruit bodies cultured on other
wood substrates, expressing abundant metabolites,
especially ergostane and lanostane triterpenes, ben-
zene compounds, and polyacetylene [22].

However, so far, no studies have reported the
mycelium of A. cinnamomea cultured on different
wood substrates. Therefore, in this study, the tran-
scriptome of the A. cinnamomea mycelium cultured
in different wood substrates was sequenced using
[Mlumina 2 000 to analyze the genes involved in ter-
penoid biosynthesis. The study results will provide a
foundation for the functional identification of ter-
penoid biosynthetic genes, synthetic pathways, and
molecular breeding.

2. Materials and methods
2.1. Antrodia cinnamomea mycelia

The strain was provided by the Green Development
Research Institute of Southwest Forestry University
and numbered BSNZZ. The wood substrates were
mainly based on three species of camphor plants,
including C. glanduliferum, C. camphora, and C.
kanehirae. All woods used in this study were identi-
fied by the Institute of Green Development of
Southwest Forestry University. The strains were ino-
culated on the outer walls of different camphor plant
substrates, and incubated for 270 d in a constant
temperature incubator at 26°C with 95% humidity.
After the mycelium of A. cinnamomea covered the
wood substrates’ surface, 0.5cm® of the mycelium
was taken under sterile conditions and transferred to
a 2mL centrifuge tube. 3 replicates per sample,
labeled, and stored at —80°C for later use.

2.2. Determination of biomass

A certain area of the mycelium cultured on NZM,
XZM and NZM was taken to measure the biomass
using the colony diameter, and the influence of dif-
ferent conditions on the biomass of the strains was
analyzed.

2.3. Determination of triterpene content

Standard curve production: 10.08 mg of oleanolic
acid standard dried to constant weight was weighed
in a 25mL volumetric flask, dissolved in 80% etha-
nol and fixed at a concentration of 0.4032 mg/mL.
The oleanolic acid standard solution (0.00, 0.10,
0.20, 0.30, 0.40, 0.50, 0.60, 0.70, 0.80mL) was
absorbed into the graduated test tube and placed in
a water bath at 50~ 60°C. After the solvent was
dried, 0.3 mL of 5% vanillin glacial acetic acid solu-
tion and 1 mL perchloric acid solution were added,
respectively. After cooling, 10mL of glacial acetic
acid was added and shaken vigorously. The blank
was used as the control, and the absorbance was
measured at 550 nm. The concentration of oleanolic
acid (mg/g) was used as the abscissa and the absorb-
ance value was used as the ordinate to plot the
standard curve and obtain the regression equation.

Sample extraction: The samples were weighed
and mixed with an appropriate amount of 50%
ethanol. Then, the samples were sonicated for
30min, left for 48h, and filtered. Later, the filter
and filter residues were washed with water fractional
times, concentrated, and dried until no ethanol taste
was left. The filtrate was transferred to a separating
funnel, extracted with trichloromethane, and the
extract was collected, and merged into a 50mL
volumetric flask. Afterward, the volume was fixed
and shaken to obtain the test solution. An appropri-
ate amount of test solution and reference series
solution was taken in a 10mL colorimetric tube,
dried, and cooled, followed by the addition of
0.2mL of vanillin glacial acetic acid solution and
0.8 mL of perchloric acid and vigorous shaking. It
was kept warm in a water bath at 70°C for 15 min,
cooled in an ice bath immediately, and removed.
Finally, 5mL of acetic acid was added, shaken well
at a wavelength of 550 nm, and the absorbance was
measured to, plot the standard curve.

2.4. RNA extraction and sequencing library
construction

RNA was extracted from three species of A. cinna-
momea mycelium samples, namely YZM, XZM, and
NZM, using the TransZol Up Plus RNA Kit
(Transgen Biotech, Beijing, China). About 3 ug of
each sample was added to the NA 6000 Pico chip



(Agilent Bioanalyzer) for RNA identification. The
sequencing library was constructed using the
NEBNext UltraTM RNA Library Prep Kit for
Mlumina (NEB, Ipswich, MA, USA). The mRNA
was enriched with polyA structure in the total RNA
by Oligo (dT) magnetic beads. The RNA fragments
with a length of about 300bp were interrupted by
ion interruption. The first strand of cDNA with 6-
base random primers and reverse transcriptase was
synthesized using RNA as a template. The second
strand of ¢cDNA was synthesized using the first
strand of cDNA as a template. After the library was
constructed, the library fragment enrichment was
carried out by PCR amplification, the library size
was selected according to the fragment size at
450bp, and the library was quality checked by an
Agilent 2 100 Bioanalyzer. The library was con-
structed by Pythenos Biotechnology for Paired-end
(PE) sequencing using the Illumina HiSeq 2 000
sequencing platform with independent sample
sequencing depths of 6 G.

2.5. Transcriptome assembly and functional
annotation

The raw reads in the FASTQ format were processed
by an internal Perl script that obtained clean reads
by filtering the readings containing joints, poly-N,
and low-quality reads and calculated the Q20, Q30,
and GC contents in the clean reads. Subsequent
analyses were performed using high-quality clean
reads. The assembly was performed using Trinity
software (Http//trinityrnaseq.github.io/), which con-
catenates the reads with a certain length of overlap
into fragments without N into Contigs, and then
connects different Contigs from the same transcript
to obtain a non-redundant sequence that cannot be
extended at both ends. Sequence similarity was per-
formed on Unigene using the sequence comparison
method, and NR, GO, KEGG, and evolutionary
genealogy of genes (eggNOG) (E-value< 10-5) were
used to annotate the function of Unigene of A.
cinnamomea.

2.6. Functional analysis of differential genes

The readings mapped to each gene were counted
using HTSeq v0.6.1, and the fragments per kilobase
of transcript per million mapped fragments (FPKM)
were used to calculate the expression level of each
transcript in different samples. The gene length and
sequencing depth were normalized using FPKM.
According to the FPKM value of gene expression,
the differential expression of multiple genes between
different samples was calculated using DEseq. The
threshold was set to qvalue < 0.001 and log2Ratio
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> 1 to screen the differentially expressed genes
(DEGs). GOseq was used for GO enrichment ana-
lysis, and the significantly enriched GO pathways
were screened. The hypergeometric tests were
applied in the KEGG Pathways to detect the path-
ways with the most significant enrichment of DEGs
compared with the assembled transcriptomes’
background.

2.7. Real-time quantitative fluorescence PCR

Specific primers (Table S1) were designed to detect
acetyl CoA synthase (ACS13), AACT2, Acetyl-CoA
carboxylase (ACC1), acetyl-CoA terpenoid cyclases
(AOC), HMG-CoA, MVD, OCS, SQS, SE, and
Hydroxymethylglutaryl CoA synthase (HMGS2)
genes of A. cinnamomea by fluorescence quantitative
PCR using a PCR thermal cycler (ABI 7 300;
Applied Biosystems, Foster City, CA, USA) to valid-
ate the results of transcriptome sequencing and the
expression pattern of target genes. The PCR reaction
system conditions were as follows: denaturation pro-
cedure (94°C, 2min), amplification quantification
procedure was repeated 40 times (94°C, 15s; 58 °C,
15s; 72°C, 45s), and finally, 72°C, 10min. The
qPCR analysis was performed for 3 independent
biological replicates of each sample and 3 technical
replicates of each biological replicate.

3. Results
3.1. Growth rate and biomass

A. cinnamomea mycelia showed different growth
rates on different wood substrates. After 30 days of
growth on NZM and XZM, the wood was almost
completely coated with white hyphae, while YZM
was partially coated with white hyphae. A. cinnamo-
mea showed that after 90 days of growth on NZM
and XZM, the mycelia began to be white and grad-
ually changed to orange with more bright color.
Afterward, the mycelia of YZM became heavy and
changed to orange-red color. The mycelia of YZM
became thick but partially covered the wood.
Compared with YZM, NZM and XZM grew signifi-
cantly faster (Figure 1). The biomass of A. cinnamo-
mea mycelium growing on YZM was 0.323 g/cm”.
The biomass of A. cinnamomea mycelium growing
on XZM was the least, accounting for 0.305g/cm’.
A. cinnamomea mycelium grown on NZM was
between two i.e., 0.310 g/cm’. The growth rate and
biomass of A. cinnamomea mycelium cultured on
different wood substrates showed significant differ-
ences, indicating that different cultivation conditions
affect the A. cinnamomea mycelium growth and sec-
ondary metabolites production.
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Figure 1. Growth of mycelia on different wood substrates of Antrodia cinnamomea. (A) NZM 90 d; (B) XZM 90 d; (C) YZM

90 d.
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Figure 2. Triterpene content of Antrodia cinnamomea. Data
are expressed as the average of three biological
replicates.Different letters indicate significant differences at
p < 0.05 (Duncan’s multiple range test).

3.2. Triterpene content of A. cinnamomea

The triterpenes content in A. cinnamomea was
determined by vanillin - glacial acetic acid chromo-
genic method using oleanolic acid as the standard,
and the standard curve equation was y=0.0082x-
0.0087 (r=0.9995). The triterpenes content was cal-
culated, as shown in Figure 2. Triterpenes are the
primary active substances in A. cinnamomea. The
mycelia of A. cinnamomea grown on three kinds of
wood substrates contained different triterpene con-
tents. The contents of NZM, XZM, and YZM triter-
penes were 21.1mg/g, 17.4mg/g, and 13.3mg/g.
From the perspective of triterpenoid content, NZM
triterpenoid content was the highest, followed by
XZM and YZM. Different culture methods had sig-
nificant effects on the triterpenoid contents of A.
cinnamomea mycelium and may affect the synthesis
of terpenoids to different degrees.

3.3. Sequencing and assembly of the
transcriptome data from Antrodia cinnamomea

Based on the Illumina HiSeq 2 000 high-throughput
sequencing  platform  of Shanghai  Personal
Biotechnology Co., Ltd., the transcriptome sequenc-
ing of A. cinnamomea mycelium cultured on

Table 1. De novo assembly of the transcriptome of
Antrodia cinnamomea.

Transcript Unigene
Total Length (bp) 223972512.00 28026308.00
Sequence Number 78729.00 18391.00
Max. Length (bp) 23996.00 23996.00
Mean Length (bp) 2844.85 1523.91
N50 (bp) 4463.00 3502.00
N50 Sequence No. 15982.00 2329.00
N90 (bp) 1489.00 469.00
N90 Sequence No. 48643.00 10761.00
GC% 51.84 51.79

N50 (bp): Arrange all the sequences from the longest to the shortest,
add the sequence lengths in that order, and when the sum reaches
50% of the total length of the sequence, the length of the last
sequence; N90 (bp): Arrange all the sequences from the longest to the
shortest, add the sequence lengths in that order, and when the sum
reaches 90% of the total length of the sequence, the length of the last
sequence; N50 Sequence No.: The total number of sequences with
length greater than N50; N90 Sequence No.. The total number of
sequences whose length is greater than N90; GC%: GC content of the
sequence.

different camphor wood substrates, namely YZM,
XZM, and NZM was performed. Each substrate was
treated with 3 biological replicates and 3 biological
replicates were mixed sequencing (Table S2). A total
of 153,448,716 raw reads were obtained. After
removing the sequence joint and low-quality reads,
144,241,396 clean reads were obtained, accounting
for 93.9% of the raw reads, and the average propor-
tions of Q20 and Q30 were 97.6% and 93.9%,
respectively. The sequenced «clean data was
assembled by splicing using Trinity software (Table
1). A total of 78,729 transcripts, and a total of
18,391 Unites, accounting for 23.4% of the total
transcripts, were obtained. The total sequence length
was 223,972,512bp, the average length was
2844.9bp, and the N50 was 4,463 bp.

3.4. Functional annotation of the unigenes from
A. cinnamomea

The Unigenes obtained by assembling the transcrip-
tome of A. cinnamomea were functionally annotated
with the NR, GO, KEGG, and eggNOG databases,
the gene information was comprehensively obtained,
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and the annotations of each database were counted
(Table S3). The NR and eggNOG databases showed
the most successful Unigenes of about 11,435 and
10,539, respectively, accounting for 62.18% and
57.31% of the assembled transcripts. Of which,
6,947 (37.77%) transcripts were annotated with the
GO database, and 5,994 (32.59%) transcripts were
annotated with the KEGG database.

The Unigene sequences were compared with the
NR database using BLAST, and 11,435 Unigenes
were recorded in the NR database, accounting for
64.45% of the total Unigenes. The results of match-
ing annotation by species are depicted in Figure
S1A. The Unigenes sequenced and assembled by A.
cinnamomea showed similarity with other sequences
at 6,094 or 53.3%, presumably containing its own
gene sequences different from most species. It was
followed by Fibroporia radiculosa with 1,662
Unigenes at 14.54%, and Laetiporus sulphureus with
1,506 Unigenes at 13.17%, with the remaining nearly
1/5 of Unigene distributed in more than 2,171 other
species. The distribution of matching sequence simi-
larities (Figure S1B) showed that the sequences with
60% to 80% similarities accounted for 37.88%, the
sequences with 40% to 60% similarity accounted for
27.63%, 20.72% similarity> 80% to 95%, and 9.95%
similarity <40%. It can be seen from the E-value
distribution (Figure SI1C) that in the annotated
Unigenes, 1/3 (29.69%) of the E-values were
between 0 and 1e-100, 16.01% were between 1le-100
and le-60, and 16.54% were at e=0. The similarity
of matches and E-value distribution results showed
that A. cinnamomea had a high degree of matching
with the NR library of NCBI.

The GO classification is an international standar-
dized classification system applicable to various spe-
cies and can define and describe the genes. The GO
functional analysis of the Unigene of A. cinnamo-
mea mycelium was performed. About 6,947
Unigenes were annotated and divided into 67
branches in three broad categories: biological proc-
esses, cell composition, and molecular function
(Figure S2). The number of genes in each class
showed that in the biological process, the metabolic
process, cellular process, and single-organism pro-
cess were higher, and the cell, cell part, organelle,
and membrane accounted for a relatively higher
proportion of the cell components. The molecular
function classification was abundant in catalyst
activity and binding.

The KEGG database can be used to classify the
genes according to the pathways involved or their
functions and analyze the metabolic pathways of
genes in the cells and their functions. A total of
5,994 Unigenes were annotated with the KEGG
database for metabolic classification analysis. They
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were classified into 5 categories and 35 subclasses
(Figure 3). The results showed that among the five
categories, the  metabolism-related  pathways
accounted for the largest proportion (41.83%),
which could be subdivided into 13 subcategories,
mainly carbohydrate metabolism, overview, energy
metabolism, amino acid metabolism, and lipid
metabolism. It was followed by the Organic
Systems-related pathways, accounting for 17.09%,
which could be subdivided into 10 subcategories,
dominated by the immune system and the endo-
crine system. In contrast, the Environmental
Information Processing, Cellular Processes, and
Genetic Information Processing-related pathways
accounted for a relatively small proportion, includ-
ing only 3, 4, and 5 subcategories, respectively. The
combined results of GO and KEGG database anno-
tation revealed that A. cinnamomea had active meta-
bolic activity and synthesized various metabolites.
The genes were annotated with eggNOG compar-
isons, and the eggNOG number of the best com-
parison results was assigned to the corresponding
genes. A total of 10,539 Unigenes (Figure S3) were
assembled from the transcriptome sequencing
results of A. cinnamomea: of which, the gene with
the unknown function was the largest (2,622),
accounting for 19.48%, which was speculated to be
the specific gene of A. cinnamomea. It was followed
by General function prediction only, accounting for
15.37%, with 2,068 Unigenes, Posttranslational
modification, protein turnover, chaperones, and
Energy production, and conversion classes with
1006 and 795, accounting for 7.9% and 5.9%,
respectively. Additionally, 590 (4.38%) Unigenes
participated in the synthesis, transport, and catabol-
ism of secondary metabolites. Further analysis of the
function of these genes helped to clarify the molecu-
lar mechanisms of the biosynthesis of these potent
components of A. cinnamomea. However, only 9
Unigenes were associated with Cell motility and
only 10 with Extracellular structures. These results
demonstrated that the Unigenes covered various
transcripts of the A. cinnamomea genome.

3.5. Differential expression analysis of terpene
metabolism

Based on the KEGG terpene metabolic pathway
depicted in Venn (Figure 4), the differential expres-
sion analysis was performed using the mycelium
database of A. cinnamomea, and the transcripts of
adjusted P-value < 0.05 and multiple differences
(log2FC) >1 were designated as the transcripts with
significant differential expression. In the three com-
parison groups, about 1,387 differential genes were
identified, and the mycelium of A. cinnamomea
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Figure 3. The KEGG metabolic pathway map of Antrodia cinnamomea Unigene transcriptome.
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Figure 4. Venn diagram of differentially expressed genes in the transcriptome of Antrodia cinnamomea. The sum of the num-
bers in each circle represents the total number of differential genes in the comparison combination, and the overlap of the
circles represents the common differential genes between the two comparison groups. (A)Venn diagrams showing the up-
regulated DEGs; (B)Venn diagrams showing the down-regulated DEGs.

cultured on XZM and NZM showed a total of 497  and NZM was 572, with 389 upregulated transcripts
differentially expressed transcripts. Of which, 346  and 183 down-regulated transcripts. The number of
were upregulated, and 151 were down-regulated. = mycelia cultured on YNM and XZM showed a total
Similarly, the number of mycelia cultured on YNM  of 318 differentially expressed transcripts of A.



cinnamomea; of which, 164 transcripts were upregu-
lated and 154 were down-regulated, showing 3 upre-
gulated differential genes and 3 downregulated
differential genes in these 3 groups. This result indi-
cated that the cultivation of A. cinnamomea on dif-
ferent wood substrates could regulate the mycelial
gene expression and increase the number of upregu-
lated DEGs under different culture conditions.
These DEGs might be the key factors affecting the
terpenoid genes of A. cinnamomea grown on differ-
ent wood substrates.

3.6. Biosynthesis of terpenoids and related
genes in the A. cinnamomea mycelia

According to the molecular pathway of terpenoid bio-
synthesis, 37 Unigenes (Table S4) of the synthetic MVA
pathway were identified in the transcriptome data of A.
cinnamomea; of which, the number of DEGs on NZM
was significantly higher than XZM and YZM. This result
indicated that NZM had a greater influence on the ter-
pene metabolic pathway of A. cinnamomea mycelium.
The expression profiles of terpene-related transcripts of
A. cinnamomea were obtained according to the differen-
tial expression patterns of the terpenoid metabolic path-
ways of A. cinnamomea grown on three species of wood
substrates, and the expression interaction heat map was
plotted (Figure 5).

According to the annotation results, the synthesis
pathway of terpenoids could be divided into three
stages: synthesis of terpenoid precursors, sesquiter-
pene synthesis pathway, and synthesis of the triter-
penoid skeleton. The enzymes associated with the
biosynthesis of precursor substances in the upstream
stage include AACT of the MVA pathway, HMGS,
HMGR, mevalonate kinase (MVK), and IDI. The
differential expression analysis showed that the
expression of ACS4 gene in the precursor pathway
on YZM was higher than that of NZM and XZM,
indicating that both were involved in the transcrip-
tional regulation of YZM. The expression of
AACT2, MCAD, HMG-CoA, MVD, and IDI in
NZM was significantly higher than that of the other
two wood substrates, and the MVA pathway gene
was highly expressed on NZM, which might pro-
mote mycelial terpenoids biosynthesis.

The midstream stage was passed by geranyl pyro-
phosphate synthase (GPPS), farnesyl diphosphate syn-
thase (FPPS), geranylgeranyl pyrophosphate synthase
(GGPPS), squalene synthase (SS), and squalene epoxi-
dase (SE), and the formation of o - amyrin was cata-
lyzed by amyrin synthase (AS). The results showed that
the expression of GGT1 on YZM was significantly
higher than that of NZM and XZM, and the expression
of FTase2 on XZM was higher, while the expressions of
OCS, SQS, and SE were higher on NZM than that of
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Figure 5. Interactive heat map of transcriptome expression
of terpenoid biosynthetases encoded by Antrodia cinnamo-
mea transcriptome. Each column represents an experimental
sample (NZM, XZM, and YZM) and each row represents a
gene. High expression levels are shown in red. Low expres-
sion levels are shown in blue.

XZM and YZM. The expression of TPS was higher on
these three wood substrates. The expression level of
YZM was 3 times higher than that of NZM. Under the
culture conditions of NZM, the expression of FTase2
was down-regulated, and the expression of TPS, SQS,
OCS, and SE was upregulated. Therefore, it was specu-
lated that the sesquiterpene and triterpenes biosynthesis
were positively regulated under NZM. Meanwhile, the
expression of MVD was upregulated under the culture
conditions of NZM, which is a key enzyme in the MVA
pathway, indicating that NZM promoted the positive
regulation of terpenoids in A. cinnamomea mycelium.

3.7. Validation of the RNA-Seq gene expression
data by QRT-PCR

The specific expression of terpene metabolism-
related genes on NZM, XZM, and YZM was


https://doi.org/10.1080/12298093.2023.2175434

56 @ J-). CHEN ET AL.

2.5

A YZM XZM NZM

YZM XZM

6.0
5.0
4.0
3.0
2.0
1.0

0.0
YZM

1.0

0.5

0.0

YZM NZM

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

YZM XZM NZM

I

D YZM

2.5

2.0

L.5

0.5

0.0

YZM NZM

1.4
1.2
1.0
0.8
0.6
0.4
0.2
0.0

XZM NZM

YZM XZM NZM

YZM NZM

YZM

XZM NZM

Figure 6. Relative expression of differentially expressed genes by gRT-PCR. (A) ACS13; (B) AACT2; (C) ACC1; (D) AOG; (E) HMG-
CoA; (F) MVD; (G) OCS; (H) SQS; (I) SE; (J) HMGS2; qRT-PCR: real-time quantitative reverse transcription PCR. Error bars indicate
the standard deviation of three independent biological replicates. Different letters indicate significant differences at p < 0.05.

analyzed using QRT-PCR (Figure 6). The results
showed that the relative expression of 10 genes was
consistent with the transcriptome expression profil-
ing trend. Compared with YZM, the expression of
ACS13, AACT2, AOC, HMG-CoA, MVD, OCS,
SQS, SE, and HMGS2 in the mycelium cultured on
NZM was up-regulated, indicating that NZM was

involved in the positive regulation of terpenoid syn-
thesis. However, under XZM culture, the expression
of ACS13, AACT2, HMG-CoA, MVD, OCS, SQS,
SE, and HMGS2 was down-regulated, which might
inhibit the transcriptional regulation of XZM.
Overall, the terpenoids were found in the mycelium
of A. cinnamomea cultured on NZM, and multiple



key response genes in the terpenoid pathway were
involved in the regulation at a transcriptional level.

4, Discussion

The RNA-Seq high-throughput sequencing is a
rapid technology to interpret the non-model organ-
ism gene information, discover new genes, and
study the gene functions. Besides, it is effective in
analyzing the differently expressed genes between
species and new gene function tests due to its uni-
form read order, coverage, and comparable data
quality [23]. So far, many studies have successively
applied transcriptome sequencing techniques to ana-
lyze the gene function annotation and metabolic
pathways of Coprinus cinereus [24], Pleurotus ostrea-
tus [25,26], Ganoderma lucidum [27], Lentinula edo-
des (28], Flammulina velutipes [29], A.cinnamomea
[15] and other fungi. Yu et al. [30] obtained many
functional genes in the mycelium of Ganoderma
lucidum through transcriptome sequencing. Huang
et al. [31] identified the genes associated with sterol
biosynthesis in the mycelium of Phellinus linteus
through transcriptome sequencing. Plaza et al. [32]
sequenced the transcriptomes of the vegetative
hyphae and protoplasmic stages of C. cinereus and
found a conservative transcriptional circuit in the
transcription loop during the fruiting body forma-
tion, containing a protein upregulation with the
Velvet domain.

The fungi have potential drug-active constituents
with diverse and unique secondary metabolites. As
such, analyzing the changes in terpenoid metabolic
genes could provide insights into the key synthetic
genes and associated metabolites of A.cinnamomea
[33]. Accumulating studies have reported that differ-
ent culture media affect the metabolism of A. cinna-
momea, including its compounds and genes. Meng
et al. added various vegetable oils to the fermenta-
tion broth of A. cinnamomea to improve the growth
of fungi and the production of terpenoids and found
that the biomass and triterpenoid content increased
with the addition of corn oil, while the triterpenoids
content increased by four folds compared with the
blank control. Furthermore, the transcriptome dif-
ference analysis showed that the corn oil was signifi-
cantly enriched in several metabolic pathways,
including glycolysis/gluconeogenesis, propionic acid
metabolism, and transmembrane hydrophobic pro-
tein [34]. In addition, Antro Quinonol was synthe-
sized by adding coenzyme Q and p-hydroxybenzoic
acid to A. cinnamomea mycelium in liquid fermen-
tation [35]. Researchers have also found that differ-
ent camphor plant varieties could promote the
growth of the hyphae of A. cinnamomea to varying
degrees [36]. Lin et al. [22] reported that the
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metabolites of A. cinnamomea cultured on C. kane-
hirae wood substrates were more abundant and dis-
tinctly different from those cultured on other wood
substrates, such as ergostane and lanostane triter-
penes. As the only natural host of A. cinnamomea,
camphor trees contain special metabolite compo-
nents not possessed by other camphor plants.
However, the camphor plants that can be cultured
on wood substrates should contain one or more
common A. cinnamomea  growth-promoting
substances.

In this study, the differential expression of genes
of A. cinnamomea mycelium and the dynamic
changes in the terpene metabolite contents under
different camphor culture conditions were explored,
and a total of 78,729 transcripts were obtained by
assembling on the Illumina HiSeq 2 000
Transcriptome High-Throughput Sequencing
Platform. Unigenes had 18,391, and N50 had
4,463 bp. The Unigenes obtained from the assembly
of A. cinnamomea transcriptome with the NR, GO,
KEGG, and eggNOG databases were annotated and
classified using the BLAST algorithm. GO function
was divided into 67 branches and three categories:
biological processes, cell composition, and molecular
function; of which, metabolic process, cellular pro-
cess, cell, cell part, catalytic activity, and binding
were more concentrated. Lee et al. [37] identified
the differentially expressed genes related to terpen-
oid metabolism in Polyporus brumalis, and the GO
enrichment analysis results showed that the
Unigenes of mycelium were divided into 46 func-
tional groups, mainly biological processes, cellular
components, and molecular functions, which were
significantly enriched in the membranes, organelles,
catalytic activities, and cellular metabolic processes.
These results were consistent with the present study
results. A total of 5,994 Unigenes were obtained
through the KEGG metabolic classification analysis;
of which, the metabolism-related pathways
accounted for the largest proportion (41.83%).
Similarly, in the studies of Chaga Bacterium, the
Unigenes and the biosynthesis of secondary metabo-
lites pathways were significantly enriched through
the KEGG pathway [38], suggesting that the related
genes in both pathways could maintain the mycelial
metabolic activity.

The analysis of transcriptome-related genes of
A.cinnamomea cultured on different wood substrates
showed that the expression of OCS, SQS, and SE
was higher on NZM compared to XZM and YZM.
Squalene is the common precursor of all triterpe-
noids. SQS catalyzes the synthesis of squalene from
two molecules of farnesyl pyrophosphate. It is the
first key enzyme in the triterpenoid synthesis path-
way. The concentration and activity in vivo
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determine the yield of subsequent products [39,40].
Kim et al. [41] reported that the upregulated expres-
sion of SQS in Panax ginseng significantly improved
the biosynthesis of triterpenoids and sterols. The
expression of SQS2 during the synthesis of terpenes
in I obliquus significantly increased with the add-
ition of substrates, indicating its involvement in tri-
terpenoid production [42]. The expressions of OCS,
SQS, and SE in A. cinnamomea were higher under
the culture conditions of NZM, indicating that the
NZM culture method positively regulated triterpene
biosynthesis. This result verified that camphor
plants, as the only natural host of A. cinnamomea,
were more suitable for the growth of A. cinnamo-
mea than other species.

In this study, the mycelium of A. cinnamomea
angustifolia was selected as the research object, and
the dynamic changes of terpene metabolite contents
in A. cinnamomea under different wood cultures
conditions were analyzed using transcriptome
sequencing and qRT-PCR. The results demonstrated
that different wood substrates showed different ter-
penoid gene expressions, thus affecting the content
of triterpenoids. This result indicates that different
culture conditions have a significant impact on the
growth of fungi and secondary metabolites synthe-
sis. Additionally, the key genes involved in the ter-
pene metabolism of A. cinnamomea angustifolia
sinensis were discovered, which provided a reference
for the genome research of A. cinnamomea angusti-
folia and other medicinal fungi. In the future, we
will use the technology of compound separation and
purification to separate and purify the compounds
induced by A. cinnamomea under different wood
cultures conditions, and further study the compos-
ition and content differences of terpenoid
metabolites.
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