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ABSTRACT

The rare edible and medicinal fungus Antrodia cinnamomea has a substantial potential for
development. In this study, lllumina HiSeq 2000 was used to sequence its transcriptome.
The results were assembled de novo, and 66,589 unigenes with an N50 of 4413 bp were
obtained. Compared with public databases, 6,061, 3,257, and 2,807 unigenes were annotated
to the Non-Redundant, Gene Ontology, and Kyoto Encyclopedia of Genes and Genomes
databases, respectively. The genes related to terpene biosynthesis in the mycelia of A. cinna-
momea were analyzed, and acetyl CoA synthase (ACS2 and ACS4), hydroxymethylglutaryl
CoA reductase (HMGR), farnesyl transferase (FTase), and squalene synthase (SQS) were found
to be upregulated in XZJ (twig of C. camphora) and NZJ (twig of C. kanehirae). Moreover,
ACS5 and 2,3-oxidized squalene cyclase (OCS) were highly expressed in NZJ, while heme IX
farnesyl transferase (IX-FIT) and ACS3 were significantly expressed in XZJ. The differential
expression of ACS1, ACS2, HMGR, IX-FIT, SQS, and OCS was confirmed by real-time quantita-
tive reverse transcription PCR. This study provides a new concept for the additional explor-
ation of the molecular regulatory mechanism of terpenoid biosynthesis and data for the
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biotechnology of terpenoid production.

1. Introduction

Antrodia cinnamomea is a rare fungus that is
endemic to Taiwan, China. It is a large edible and
medicinal fungus that is a member of the
Polyporaceae family [1]. The fruiting body of A. cin-
namomea rots on the inner wall of the decaying
heartwood of Cinnamomum kanehirae, a key con-
servation tree species in Taiwan [2]. Researchers
found more than 70 compounds, including sesqui-
terpenes [3], diterpenes [4], triterpenes, and sterols,
in the fruiting body and mycelia of A. cinnamomea
[5,6]. Triterpenoids are the main active components
of the fruiting body of A. cinnamomea, and they are
the source of its bitterness [7]. Currently, 34 ergo-
stane triterpenoids and 10 lanosterol triterpenoids
have been isolated from the fruiting body of A. cin-
namomea. Ergostane (camphoric acid) compounds
with more prominent biological activities are triter-
penoids that are unique to A. cinnamomea. The
content of triterpenoids in the fruiting bodies of
wild A. cinnamomea > 10%, which is 1-3% higher
than that of Ganoderma lucidum [8]. Its medicinal
uses include protecting the liver [9]; reducing

hypertension, hyperlipidemia, and hyperglycemia
[10]; combatting tumors [11]; and serving as an
antioxidant [12].

The triterpene metabolism of A. cinnamomea is
dominated by the mevalonate (MVA) pathway initi-
ated by the two-molecule compound acetyl coen-
zyme A [13]. Hydroxymethylglutaryl CoA synthase
(HMGS), hydroxymethylglutaryl CoA
(HMGR), mevalonate pyrophosphate decarboxylase
(MPD), squalene synthase (SQS), squalene epoxidase
(SQE), and lanosterol synthase in the MVA pathway
(LSS) and a series of ergostane synthetases are the
key regulatory enzymes in different stages of the tri-
terpene synthesis pathway of A. cinnamomea [2].

Adjustment of the composition of culture
medium can influence the yield of terpenoids in A.
cinnamomea. The triterpene content of A. cinnamo-

reductase

mea cultured in media that contained branch and
leaf extracts of C. camphora was 30.78% higher than
that of the control group [14]. A high-pressure
liquid chromatography chromatogram showed that
the triterpene content of A. cinnamomea mycelia
cultured

in media amended with citrus peel
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increased significantly, and the triterpene content
increased from 99.93 to 1,028.02mg/L. This result
showed that an extract of orange peel in liquid
media promoted the production of triterpenoids in
the A. cinnamomea mycelia [15]. The addition of
ginger extract to the solid media also significantly
enhanced the yield of triterpenoids from A. cinna-
momea and significantly increased its anticancer
activity [16]. In a study of the influence of birch
bark on the yield of triterpenoids of the Chaga
mushroom (Inonotus obliquus), the transcriptome of
I. obliquus cultured in media with birch bark was
sequenced using Illumina RNA-Seq. The expression
of genes for 18 key enzymes in the terpene pathway
had been influenced. The SQS (SQS2) involved in
the terpene metabolic pathway was regulated at the
transcriptional level after the addition of the birch
bark and promoted the production of triterpenoids
[17]. However, regulation of the transcriptional level
of triterpenoid biosynthesis in A. cinnamomea cul-
tured in additives remains unknown.

In this study, homogenates of C. kanehirae and C.
camphora shoots were used as additives to explore
the effects of different culture conditions on the ter-
penoid metabolism of A. cinnamomea. The transcrip-
tome was analyzed using Illumina HiSeq 2000 high-
throughput sequencing, and the whole transcriptome
was spliced and assembled. The differential expres-
sion was verified by quantitative real-time PCR (RT-
qPCR) to reveal the genes related to the terpene
metabolic pathway in the mycelia of A. cinnamomea.

2. Materials and methods
2.1. Fungal culture and growth conditions

The strain of A. cinnamomea (YAFACO008) that was
used in this experiment was provided by the
Yunnan Academy of Forestry & Grassland Science
(Kunming, Yunnan, China). The strain of A. cinna-
momea was inoculated in PDA, cultured in a con-
stant temperature incubator at 26°C and 60%
humidity for 30 days, and then stored in a refriger-
ator at 4°C.

2.2. Preparation of culture media

Cinnamomum kanehirae and C. camphora seedlings
were planted in the greenhouse of Southwest
Forestry University (Kunming, China) in 28°C for
two years. Clean twigs of C. kanehirae and C. cam-
phora were collected for homogenization for add-
ition to the culture media. The twig homogenates
were obtained by a homogenizer and used as the
additives. Solid media were PDA basal medium con-
taining 1, 10, 20, and 40g/L (W/V) twigs of C.
kanehirae and C. camphora. The media were

autoclaved and then cooled at room temperature. In
addition, 0.5cm? of A. cinnamomea mycelium was
evenly excavated from the edge of the mycelia and
placed in a Petri dish with different substrates for
dark culture at 26°C for 14days. The diameter of
mycelial growth was measured every 2days to
observe the effects of different additives on myce-
lial growth.

2.3. Determination of the triterpene content in
A. cinnamomea mycelia

Vanillin perchloric acid colorimetry was used to
detect the effect of additives of C. kanehirae and C.
camphora on the content of triterpenoids in A. cin-
namomea. The method involved the addition of
40 mL of 75% ethanol to 1.0g of dried A. cinnamo-
mea mycelia, and 0.1 mL of the extract was removed
and placed in a 7mL test tube with a grinding plug,
placed in boiling water for evaporation, and then
0.2mL of a 5% solution of vanillin glacial acetic
acid and 0.8 mL of perchloric acid were added. The
mixture was subsequently placed in a constant tem-
perature water bath at 70°C for 15min and then
cooled to room temperature in ice water for 5min.
Next, 4mL of ethyl acetate was added and mixed
upside down. The absorbance at 550 nm was meas-
ured. Media that contained different additives with-
out A. cinnamomea were also utilized as negative
controls and subjected to the same method.

2.4. RNA extraction and sequencing library
construction

Mycelial samples of A. cinnamomea cultured in the
original medium (PDA) and media with the add-
ition of C. camphora homogenate (XZ]) and C.
kanehirae homogenate (NZ]) were collected for
RNA extraction. RNA was extracted with a
TransZol Up Plus RNA Kit (TransGen Biotech,
Beijing, China), and approximately 3 ug of each
sample was added to an NA 6000 Pico chip (Agilent
Bioanalyzer; Agilent Technologies, Santa Clara, CA,
USA) to identify the RNA. An NEB Next Ultra
RNA Library Prep Kit for Illumina (NEB, Ipswich,
MA, USA) was used to construct the sequencing
library. The constructed library was sequenced by
Personalbio Biotechnology Co., Ltd. (Shanghai,
China) using an Illumina HiSeq 2000 sequencing
platform (San Diego, CA, USA). The sequencing
depth of the independent samples was 6 G.



2.5. Transcriptome assembly and
functional annotation

The number and length of original data were
counted after transcriptome sequencing. Clear reads
were obtained from the original data by removing
sequencing joints, repeated redundant sequences,
and low-quality sequence data. The number, total
length, Q20, n%, and GC% of the clear reads were
then counted. Trinity software (Http//trinityrnaseq.-
github.io/) was used for de novo assembly. The
reads with some length overlaps were connected
into N-free fragment contigs, and then different
contigs from the same transcript were connected to
obtain non-redundant sequences that could not be
extended at both ends. A sequence alignment
method was used to quantify the sequence similarity
of unigene, and non-redundant protein (NR), Gene
Ontology (GO), and the Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases (E-value
<107°) were used for functional annotation of the
A. cinnamomea unigenes.

2.6. Functional analysis of differential genes

The annotated transcripts were selected for analysis,
and the expression of each transcript in different
samples was calculated by fragments per kilobase of
transcript per million mapped fragments (FPKM) to
conduct a preliminary analysis of differential gene
expression. DESeq was used for differential screen-
ing analysis, and the threshold was set as Q-value
<0.001 and log,Ratio >1 (the specific algorithm
and parameters had not been determined yet) to
screen the differentially expressed genes (DEGs).
GO enrichment analysis was conducted by goseq to
screen out the significantly enriched GO pathway.
With the KEGG pathway as the unit, a hypergeo-
metric test was used to identify the pathway
with the most significant enrichment in DEGs
compared with the background of the assembled
transcriptome.

2.7. Real time quantitative fluorescence PCR

Specific primers were designed to verify the results
of transcriptome sequencing and the pattern of
expression of the target gene (Table 1). The expres-
sion of the ACS1, ACS2, HMGR, heme IX farnesyl
transferase (IX-FIT), SQS, and 2,3-oxidized squalene
cyclase (OCS) genes were detected using an ABI
7300 Real Time PCR system (Applied Biosystems,
Foster City, CA, USA). The PCR reaction system
conditions were as follows: denaturation procedure
(94°C, 2 min), amplification and quantification pro-
cedure, which was repeated 40 times (94°C, 15s;
65°C, 15s; and 72°C, 45s), and finally, 72°C for
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Table 1. Fluorescence
mer sequence.

quantitative detection of pri-

Primer name Sequence (5'-3)
ACS1F ATCGCAGACGCTGCTATCAG
ACS1R CGGAGGTATAGAGAATAAAC
ACS2F ACACCGGAATGGCAGGTTGT
ACS2R GAGACAATCACCTTCATGAC
ActinF ATGAGCAGGAGATGCGCA
ActinR TCGAGCACCACATGTTCT
HMGRF TGGAGATTGTGGTACTACTT
HMGRR ACGACATTACCGGAGGGTGT
IX-FITF ACCGTTCTGAACGTGTTGGC
IX-FITR GCTGGTTCAGCGTATTCGC
OCSF TTCCACCGTCTTCGGAACCG
OCSR AACAACCAGAGTTCCGGTGT
SQSF AGCTCGAGTTGGCAAACTCG
SQSR CAGCGCCTGTTTCTCGCTCC

10 min. The actin gene was used as an internal regu-
lator of normal gene expression, and three inde-
pendent biological replicates and three technical
replicates per biological replicate were performed.

3. Results

3.1. Effects of Cinnamomum twigs on the
triterpene yield of Antrodia cinnamomea

The triterpenoid contents of the mycelia of A. cin-
namomea were detected using vanillin perchloric
acid colorimetry. This procedure showed that
there were no triterpenoids in the media that con-
tained different additives in the absence of A. cinna-
momea. In the four different concentrations (1, 10,
20, and 40g/L) compared with original PDA, the
triterpene content of the mycelia of A. cinnamomea
increased significantly in media with 1g/L of C.
kanehirae twig homogenate and decreased with
higher concentrations of these homogenates. Similar
results were obtained when the twig homogenates of
C. camphora were added to the media. In addition,
the highest triterpene content was detected in the
mycelia of A. cinnamomea cultured in media
with 10g/L of twig homogenate of C. camphora
(Figure 1).

3.2. Assembly of the transcriptome data from
Antrodia cinnamomea

The transcriptome of the mycelia of A. cinnamomea
grown in three different types of media was
sequenced using Illumina HiSeq 2000. Each treat-
ment had three biological replicates, and three bio-
logical replicates were sequenced together, resulting
in 146,777,202bp raw data (raw reads). The original
data were filtered to obtain 135,499,124 bp of effect-
ive data (clean reads) that comprised 92.3% of the
clean reads to ensure the accuracy of subsequent
biological information analyses. A total of 66,589
transcripts were obtained by de novo splicing and
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Figure 1. Effects of different concentrations of additives on the triterpenoids of Antrodia cinnamomea.

Table 2. De novo assembly of transcriptome of
Antrodia cinnamomea.

Transcript Unigene
Total length (bp) 212645633 21626179
Sequence number 66589 7837
Max. length (bp) 28884 28884
Mean length (bp) 3193.40 2759.50
N50 (bp) 4413 4142
N50 sequence No. 15876 1674
N90 (bp) 1685 1514
N90 sequence No. 45713 4988
GC% 21.96 51.89

the assembly of valid data using the Trinity pro-
gram, and the total length of the transcript was
212,645,633 bp, with an average length of 3193.4bp
and an N50 length of 4413 bp (Table 2).

3.3. Functional annotation, classification, and
metabolic pathway analysis of the unigenes
from A. cinnamomea

The BLAST algorithm was used to compare and
annotate the unigenes with the NR, GO, and KEGG
databases to predict the biological functions of the
coding genes of A. cinnamomea. The annotation
information of the three databases was analyzed,
and a total of 12,125 unigene annotations were suc-
cessfully annotated simultaneously in all databases.
The number of successful annotations of unigenes
in the NR database was 6,061, which comprised
77.34% of the assembled transcripts. A total of 3,257
(41.56%) and 2,807 (35.82%) transcripts were anno-
tated in the GO and KEGG databases, respectively,
and 1,701 (21.78%) unigenes were annotated in all
the databases.

NR is a taxonomic database used to obtain the
similarity between the gene sequences of a species
and its relatives and the functional information of
the genes of a species. The 80,000 unigenes
assembled were compared with the NR library
through BLAST (evaluate <0.00001). A total of
6,061 unigenes were found to have similar sequences
in the NR database (Figure 2).

The results of matching annotation by species are
shown in Figure 2(A). The 6,061 unigenes of A. cin-
namomea had varying degrees of homology with
other known genes, and the five species with more
annotation sequences were the brown rot fungi
Fibroporia radiculosa, chicken of the woods
(Laetiporus  sulphureus),  Daedalea  quercina,
Gelatoporia subvermispora, and Postia placenta,
which comprised 27.47, 25.34, 10.69, 9.16, and
6.15%, respectively. The rest were distributed in
more than 1,300 other species. As shown in the
similarity distribution of matched sequences (Figure
2(B)), 43.38% of sequences demonstrated a similar-
ity of 60-80%; 2.67% had a similarity of >80%, and
8.71% had a similarity of <60%. The E-value distri-
bution (Figure 2(C)) demonstrated that nearly half
(44.65%) of the 6,061 unigenes annotated had E-val-
ues that were distributed in E '"°-E”', while
15.72% were distributed in E '°°-E %, comprising
11.78% when e=0. The E-value and similarity dis-
tribution indicated that the matching degree of A.
cinnamomea was higher in the NR library of NCBI.

The GO function annotation was performed in
accordance with the NR annotation. The GO gene clas-
sification included the annotation and functional ana-
lysis of a large number of annotated genes and their
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Figure 2. Non-redundant protein database functional classification of unigenes from Antrodia cinnamomea.

products in selected organisms. The biological signifi-
cance of the genes could be understood by macroscopic-
ally analyzing the distribution characteristics of the gene
function of A. cinnamomea. The analysis indicated that
3,257 unigenes were divided into three functional cate-
gories: cell component, molecular function, and bio-
logical process, and comprised 67 functional groups
(Figure 3). The results showed that cell components
(35.82%) and biological processes (35.82%) were the
most highly annotated, while cellular process, metabolic
process, and single organization process were the most
abundant in biological processes. Cell, cell part, and
organelle composed the most of cell components, while
cell killing, immune system process, cell junction, and
extracellular matrix involved very few unigenes.
Catalytic activity and binding were the most abundant
in the molecular functional classification.

The unigenes in the KEGG database were com-
pared, the metabolic pathway was analyzed in
accordance with the annotation information, which
enabled exploration of the metabolic pathway of
gene products in cells and the function of gene
products. The results showed that 2,870 unigenes
(35.82%) were annotated. The statistical analysis of
metabolic pathways that they may participate in or
be involved with indicated that the unigenes of A.

cinnamomea could be classified into five categories
and 35 subclasses (Figure 4). The results showed
that among the five categories, metabolic-related
pathways accounted for the most (37.14%), followed
by organismal systems (28.57%), while environmen-
tal information processing (8.57%), cellular proc-
esses, and genetic information processing (8.57%)
related pathways comprised 11.42 and 14.28%,
respectively. The unigenes were further subdivided
into subclasses. Metabolism-related pathways could
be subdivided into 11 subclasses, which primarily
included carbohydrate metabolism, amino acid
metabolism, energy metabolism, and lipid metabol-
ism. The other pathways related to environmental
information processing, cellular process, and genetic
information processing included three, four, and
five subclasses, respectively, with most related to
metabolic pathways, indicating that A. cinnamomea
has strong metabolic activities during this period.

3.4. Differential expression analysis of
terpene metabolism

In accordance with the KEGG terpene metabolic
pathway and the data in Table 3, differential expres-
sion analysis was conducted on the database of A.
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Figure 3. Gene ontology functional classification of the unigenes from Antrodia cinnamomea.

cinnamomea. After adjustment, the transcripts that
had p-values <0.05 and differential multiple (log,fc)
> 1 were designated as the transcripts with signifi-
cant differential expression. Among the three com-
parison groups with 359 differentially expressed
transcripts, 1,102 DEGs were identified in the myce-
lia of A. cinnamomea cultured with C. camphora
(PDA versus XZJ),with 128 upregulated and 231
downregulated. The number of transcripts in cells
cultured with C. kanehirae (PDA versus NZJ) was
445, with 213 transcripts upregulated and 232
downregulated. In addition, 51 upregulated differen-
tial genes were found in the two groups (Figure 5),
indicating that adding different camphor tree cul-
ture media could regulate gene expression in the
mycelia of A. cinnamomea and increase the number
of DEGs under different culture conditions.

3.5. Biosynthesis of terpenoids and related
genes in the antrodia cinnamomea mycelia

A total of 23 transcriptional sequences of the
mevalonate pathway involved in the synthesis of ter-
penoids were found in the transcriptome data
of A. cinnamomea (Table 4). The number of DEGs
in PDA versus NZJ was more than that in PDA ver-
sus XZJ, indicating that the addition of C. kanehirae
homogenate has a substantial effect on the terpene
metabolic pathway of A. Genes
involved in the non-mevalonate pathway were not
identified, indicating a deletion in this pathway.

The expression profile data of terpene-related
transcripts of A. cinnamomea were obtained to
explore the expression of terpene-related transcripts
under different growth conditions of A. cinnamo-
mea. An expression interaction heatmap was drawn

cinnamomea.
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Figure 4. KEGG classification of the unigenes from the Antrodia cinnamomea transcriptome. KEGG: Kyoto encyclopedia of

genes and genomes.

Table 3. Functional annotation of the unigenes in
Antrodia cinnamomea.

Database Number Percentage
NR 6,061 77.34
GO 3,257 41.56
KEGG 2,807 35.82
Pfam 3,599 45.92
eggNOG 5,547 70.78
Swissport 4,104 52.37
All 1,707 21.78
Databases

in accordance with the differential expression mode
of the terpene metabolic pathway of A. cinnamomea
cultured with a uniform slurry of young branches of
C. camphora and C. kanehirae (Figure 6). The
expression profile data of the A. cinnamomea ter-
pene transcripts demonstrated that the expression of
these terpene transcripts cultured with C. camphora
branch homogenate (XZJ]) was significantly higher
than culture of the fungus with C. kanehirae branch
homogenate (NZJ). In the A. cinnamomea mycelia,
the expression of upstream precursor genes ACSI
and ACS2 was significantly higher than that of the
downstream specific genes FPPC3 (Sesquiterpene

cyclase) and FTase. From the perspective of a pre-
cursor pathway, ACS2 and ACS4 were highly
expressed in both treatments, indicating that they
were involved in the transcriptional regulation of
NZJ and XZ]. Moreover, HMGR, FTase, FPPC3, IX-
FIT, and SQS were upregulated in the presence of
NZJ] and XZJ. Under XZJ culture conditions, the
expression of FPPS was downregulated, whereas
those of SQS and FPPC3 increased. Thus, the pres-
ence of camphor substrate positively regulated the
biosynthesis of sesquiterpenes and triterpenes. In
contrast, the expression of MPD was downregulated
in the presence of terpene substrates, particularly in
NZJ-cultured A. cinnamomea mycelia. MPD is a key
enzyme in the mevalonate pathway. Thus, the add-
ition of substrates was hypothesized to have pro-
moted a negative feedback regulatory mechanism.

3.6. Validation of the RNA-Seq gene expression
data by qRT-PCR

qRT-PCR was used to analyze the specific expres-
sion of terpene metabolism-related genes in A. cin-
namomea cultured with C. camphora and C.
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Figure 5. A Venn diagram of differentially expressed genes (DEGs) in the transcriptome of Antrodia cinnamomea. The sum of
the numbers in each circle represents the total number of DEGs in the comparison combination, and the overlap of the circles
represents the common DEGs between the two groups compared.

Table 4. Genes of terpenoid metabolic biosynthesis in Antrodia cinnamomea.

Name Length (nt) Top annotation Species Accession number
ACS1 3984 Acetyl-CoA synthase Fibroporia radiculosa XP_012181777.1
ACS2 6664 Acetyl-CoA synthase Daedalea quercina KZT63516.1
ACS3 3207 Acetyl-CoA synthase Trametes versicolor XP_008032375.1
ACS4 4734 Acetyl-CoA synthase Laetiporus sulphureus KZT11408.1
ACS5 2626 Acetyl-CoA synthase Laetiporus sulphureus KZT10799.1
ACS6 2305 Acetyl-CoA synthase Laetiporus sulphureus KZT07086.1
ACS7 2797 Acetyl-CoA synthase Laetiporus sulphureus KZT05908.1
ACS8 2584 Acetyl-CoA synthase Dichomitus squalens XP_007360963.1
ACC 7323 Acetyl-coA carboxylase Laetiporus sulphureus KZT07489.1
HMGS 2899 Hydroxymethyl glutaryl coenzyme A synthase Fibroporia radiculosa XP_012177012.1
HMGR 4410 3-Hydroxy-3-methylglutaryl coenzyme A reductase Laetiporus sulphureus KZT00677.1
HMGCL 11137 Hydroxymethyl glutaryl coenzyme A lyase Fibroporia radiculosa XP_012184672.1
MPD 4705 Mevalonate pyrophosphate decarboxylase Taiwanofungus camphoratus ALI96784.1

IPI 1090 Isopentenyl pyrophosphate isomerase Laetiporus sulphureus KZT02691.1
FPPS 1883 Hexaprenyl pyrophosphate synthase Laetiporus sulphureus KZT08607.1
FTase 3080 Farnesyl transferase Laetiporus sulphureus KZT05705.1
IX-FIT 2535 Protoheme IX farnesyl transferase Laetiporus sulphureus KZT02900.1
FPPC1 4438 Sesquiterpene cyclase Laetiporus sulphureus KZT12294.1
FPPC2 4112 Sesquiterpene cyclase Laetiporus sulphureus KZT00027.1
FPPC3 2877 Sesquiterpene cyclase Laetiporus sulphureus KZT00027.1

SQs 7851 Squalene synthase Taiwanofungus camphoratus AHF22383.1
SQE 1899 Squalene epoxidase Fibroporia radiculosa XP_012182339.1
0cs 2720 Oxidosqualene cyclase Taiwanofungus camphoratus Al010969.1

kanehirae. The qRT-PCR analysis showed that the
relative expression of six genes was consistent with
the trend of transcriptome expression profile ana-
lysis (Figure 7). In the presence of a terpene sub-
strate, ACS1, ACS2, HMGR, SQS, and OCS were
upregulated, indicating that they were involved in
the positive regulation of terpene synthesis. In con-
trast, IX-FIT was downregulated in the presence of
NZJ, whereas SQS and OCS were upregulated, sug-
gesting that terpenoids, such as farnesyl diphosphate
(FPP), exist in the twig residues of C. camphora. In

conclusion, when terpene substrates exist in the
mycelia of A. cinnamomea, several key response
genes in the terpene pathway are regulated at the
transcriptional level.

4. Discussion

The high-throughput sequencing platform Illumina
RNA-Seq has been developed and used for tran-
scriptome sequencing of model and non-model
plants. Its reading sequence coverage is uniform,
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Figure 6. Interactive heatmap of transcriptome expression
of terpenoid biosynthetases encoded by the Antrodia cinna-
momea transcriptome.

and the data quality is equal. It can be used to study
DEGs among different species and detect new gene
functions [18]. The alteration of growth conditions
can activate the production of fungal secondary
metabolites, and it can also help to reveal the bio-
synthesis of bioactive compounds [19]. The yield of
triterpenoids could be increased in A. cinnamomea
cocultured with Saccharomyces cerevisiae [20].
Fermentation media with bark increased the accu-
mulation of lanosterol in I obliquus and Phellinus
[21,22]. These results showed that the culture
medium and method will influence the content of
triterpenoids in fungi. However, the molecular
mechanism remains unclear, and few studies have
conducted transcriptome-level research on the influ-
ence of additives on fungal metabolism.

In this study, the mycelial transcriptome of A.
cinnamomea cultured in original PDA and modified
PDA with homogenates of C. camphora and C.
kanehirae twigs was sequenced using an Illumina
HiSeq 2000 platform. A total of 66,589 unigenes
were obtained, and 23 genes related to the terpene
pathway were identified. An analysis of the DEGs
showed that the expression of HMGR in both NZJ
and XZ] was higher than that in PDA, and the
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expression of HMGR in NZJ was significantly higher
than that in XZ]J. HMGR is a key rate-limiting
enzyme in the MVA pathway. It catalyzes HMG-
CoA to form mevalonate (MVA), accelerates the
synthesis of downstream terpenes, and improves
their yield [23,24]. The expression of HMGR in the
A. cinnamomea mycelia differed significantly when
carbon and nitrogen sources were added to different
media and basic media, indicating that different cul-
ture conditions could induce the expression of
HMGR [25]. Zou et al. identified the involvement of
HMGR (GenBank: AEX09818) in terpene synthesis
in I obliquus, and its expression was upregulated by
I obliquus in birch bark [22]. This suggests that
additives from the plant could stimulate the biosyn-
thesis of triterpenes by upregulating the expression
of HMGR.

Exploring the transcriptome-related genes of A.
cinnamomea showed that it contained SQS, SQE,
and OCS. The expression of SQS was upregulated in
NZJ and XZ]J, while that of SQE was significantly
downregulated. Squalene is the common precursor
of all triterpenoids. SQS catalyzes the synthesis of
squalene from two molecules of farnesyl pyrophos-
phate. It is the first key enzyme in the synthesis path-
way of triterpenoids. The activity and concentration
of SQS determine the yield of triterpenoid products
[26,27]. The upregulated expression of SQS in Panax
ginseng significantly improved the biosynthesis of tri-
terpenoids and sterols [28]. The expression of SQS
also increased in I obliquus cultured with betulin,
and the production of triterpenoids increased [17].

Sesquiterpenes are catalyzed by the activity of ses-
quiterpene synthase on FPP, which plays an import-
ant role in the sesquiterpene skeleton structure
[29-31]. Lee et al. used transcriptomics to analyze
the molecular mechanism of sesquiterpene synthesis
in white rot fungi and identified that germacrene A
synthase and trichodiene synthase were involved in
sesquiterpene biosynthesis [32]. Three sesquiterpene
cyclase genes (FPPCI, FPPC2, and FPPC3) were
identified based on the transcriptome of A. cinna-
momea. FPPC2 and FPPC3 were 61% homologous,
and the expression of FPPC2 and FPPC3 was upre-
gulated after adding camphor as a substrate, while
the expression of the precursor FPPS was downregu-
lated in NZJ and XZ]J.

In this study, the mycelia of A. cinnamomea cul-
tured in medium with additives of C. kanehirae and
C. camphora were used as materials to first deter-
mine the contents of triterpenes and perform a tran-
scriptome analysis. We found that the additives
stimulated the production of triterpenes in A. cinna-
momea by regulating the key gene expression of
HMGR and SQS involved in triterpene biosynthesis.
This study will provide new information for the
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Figure 7. Relative expression of differentially expressed genes by gRT-PCR. (A) ACS1; (B) ACS2; (C) HMGR; (D) IX-FIT; (E) OCS;

(F) SQS; gRT-PCR: real-time quantitative reverse transcription PCR.

regulation of triterpene biosynthesis in A. cinnamo-
mea. Future study will entail the separation of the
compounds of the additives from C. kanehirae and
C. camphora and confirmation that these chemicals
stimulate triterpene production in A cinnamomea.
We will also confirm the metabolic network of tri-
terpene biosynthesis in A. cinnamomea.
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