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Abstract

A farnesyl diphosphate synthase (FPS) cDNA and promoter region was cloned from Sanghuangporus baumii. The gene
contains a 150-bp 5'-untranslated region (UTR), a 154-bp 3’-UTR, and a 1062-bp open reading frame (ORF) encoding a 354
amino acid polypeptide. The FPS-DNA includes three exons (nucleotides 1-123, 184-321, and 505-1305) and two introns
(nucleotides 124—183 and 322-504). The FPS protein has a molecular weight of 40.73 kDa, it is hydrophilic with a theoreti-
cal isoelectric point of 5.13, and the secondary and three-dimensional structure were analysed. There is a transcription start
site at nucleotides 1318-1368 of the promoter, which includes typical eukaryotic promoter elements (TATA Box, CAAT
Box, ARBE, AT-rich element, G-box, MBS, Sp1, LTR). FPS was expressed in Escherichia coli BL21, and the recombinant
protein (63.41 kDa) was subjected to dodecyl sulphate, sodium salt-polyacrylamide gel electrophoresis (SDS-PAGE). FPS
transcription was measured during different developmental stages, and expression in 11 and 13 days mycelia was upregulated
49.3-fold and 125.4-fold, respectively, compared with 9 days mycelia controls. Through analysing, S. baumii triterpenoid
content was correlated with the transcription level of FPS during different development stages, and the triterpenoid content
peaked at day 15 (7.21 mg/g).
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Introduction

Sanghuangporus baumii, a precious medicinal fungus, is
considered one of the most effective anticancer fungi. S.
baumii was placed in the genus Inonotus (Inonotus baumii),
but it is now in the genus Sanghuangporus [1]. This species
possesses significant anti-tumour [2, 3], anti-oxidation [4],
anti-inflammatory [5], anti-ageing [6], blood sugar-lowering
[7], and immunity enhancement [8] activities. Furthermore,
S. baumii can generate various secondary metabolites such
as polysaccharides, ergosterol, and triterpenoids [9, 10].
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Triterpenoids are important for S. baumii development,
and these medicinal active ingredients can improve human
immunity and exert anti-tumour effects. Previous research
on S. baumii triterpenoids has mainly focussed on separation
and measurement methods [11-13], but the synthetic mecha-
nism has not been reported. There are relatively few exam-
ples of using triterpenoids for medical treatment, largely due
to low production yield.

Farnesyl diphosphate synthase (FPS) catalyses the con-
densation of dimethylallyl diphosphate (DMAPP) with
two units of isopentenyl pyrophosphate (IPP) to produce
farnesyl pyrophosphate (FPP), a key intermediate located
at the branch point in the mevalonate (MVA) pathway and
precursor of several terpenes including sesquiterpenes, ster-
ols, and triterpenes [14]. Triterpenes are synthesised via two
pathways (Fig. 1): the MVA pathway and the non-meva-
lonate pathway through 2C-methyl-p-erythritol-4-phosphate
(MEP) or 1-deoxy-p-xylulose-5-phosphate (DOXP) [15].
The MVA pathway is dominant in most eukaryotes, a few
archaea, and fungi [15], and it provides precursors for algae,
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Fig. 1 The triterpenoid biosynthetic pathway of S. baumii. MVA mevalonate, IPP isopentenyl diphosphate, G3P glyceraldehyde-3-phosphate,
DXP 1-deoxy-p-xylulose-5-phosphate, DMAPP dimethylallyl diphosphate, /DI diphosphate isomerase

cyanobacteria, and plants [16]. Two molecules of acetyl-
CoA are converted to IPP through various chemical reac-
tions in the MVA pathway, and the biosynthesis of FPP is
subsequently catalysed by FPS to generate terpenoids [17,
18] (Fig. 1).

FPS catalyses the synthesis of FPP that serves as a pre-
cursor for various products including terpenoids, lanos-
terol, and dolichols [19]. FPS is located at the first branch
of the isoprenoid biosynthesis pathway, and manipulation
of this enzyme can alter the yield of downstream products
in prokaryotes and eukaryotes [20]. For example, FPS from
Gossypium arboreum is placed under the control of the
CaMV35S promoter, plant expression vectors were trans-
ferred into Artemisia annua via Agrobacterium tumefaciens
LBA4404, and the yield of transgenic A. annua artemisinin
(3.01 mg/g) was 3—4-fold higher than that of the wild-type
plant, demonstrating the FPS plays an important role in bio-
synthesis in this species [21].

FPS not only affects the yield of secondary metabolite,
but also regulates transcription levels of downstream genes
and enhances metabolic flux of triterpenoids. Homologous
FPS is transferred in Panax japonicas, and the expressions
of other key enzyme genes are promoted because the met-
abolic flux of saponins is increased [22]. Overexpression
of the FPS upregulates the transcription levels of SQS and
LS genes and increased production of Ganoderic acids in
Ganoderma lucidum [23]. Overexpression of the Centella
asiatica FPS gene in Panax giseng shows that no differences
are detected in any expression of all genes, but the content
of total ginsenosides is increased than that of the controls
[24]. FPS from S. baumii is of significant interest but it has
not yet been fully characterised. Thus, investigating FPS
expression and its association with triterpenoid production
during different developmental stages is a research priority.
Expression levels of Withania somnifera FPS were found to
be highest in flowers and young leaves [25], and expression
of G. lucidum GIFPS in the primordia is 53.9-fold higher

than in the mycelia, suggesting that GIFPS transcription is
regulated during different developmental stages [26].

In the present study, a farnesyl diphosphate synthase
cDNA and promoter region from S. baumii were cloned and
characterised, and recombinant protein was produced in
Escherichia coli BL21 (DE3). FPS transcription and triter-
penoid content was explored during different developmental
stages.

Materials and Methods
Strain and Plasmids

Sanghuangporus baumii was obtained from Xiaoxing
Anling in Yichun City, Heilongjiang Province, China, and
authenticated by internal transcribed spacer (ITS) sequence
alignment. The pMD18-T vector (TaKaRa, Beijing, China)
and the pET-32a(+) vector were used as cloning and expres-
sion vectors. E. coli DH5a and BL21 (DE3) strains (Tian-
gen, Beijing, China) were used to construct and express
recombinant vectors, and cells were grown in Luria—Bertani
(LB) broth. S. baumii was inoculated on potato dextrose agar
(PDA) medium, incubated without light at 26 °C for 9 days,
placed in liquid PD medium, and cultured in a constant tem-
perature shaking incubator at 26 °C and 180 rpm.

RNA and ¢cDNA Extraction

Mycelia from S. baumii were cultured for 9 days in PD
medium, and mycelia were collected with a sterile gauze
and frozen at — 80 °C. S. baumii total RNA was purified
using a Plant Total RNA Extraction Kit (Tiangen) accord-
ing to the manufacturer’s instructions. S. baumii cDNA was
amplified using a PrimeScript first-strand cDNA synthesis
kit (TaKaRa).
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Amplification of a Specific Fragment of FPS

The FPS sequence was obtained from the S. baumii tran-
scriptome database. Using gene annotation and BLAST,
12 candidate unigenes were identified in the MVA path-
way, and we found an FPS gene fragment (Unigene26476)
[26]. FPS-fl and FPS-rl primers were generated based
on the FPS sequence and used to amplify the FPS-cDNA
fragment (Table 1 Reactions (50 pL) contained 25 pL of
Premix Taq, 19 pL of ddH,0, 2 pL of FPS-f1, 2 pL of
FPS-rl, and 2 pL of S. baumii cDNA. Thermal cycling was
performed at 94 °C 5 min, followed by 35 cycles at 94 °C
for 30 s, 57 °C for 30 s, 72 °C for 40 s, and a final exten-
sion at 72 °C for 10 min. The DNA fragment was purified
and ligated into the pMD18-T vector, and the resulting
construct was transformed into of E. coli DH5« strain for
nucleotide sequencing (Boshi, Harbin, China).

RACE-PCR and Amplification the Full Length
of the FPS-cDNA

The 3’ and 5' cDNAs were extracted using a SMARTer
RACE-cDNA amplification kit (Clontech, San Francisco,
USA) according to the specifications. Based on the FPS-
cDNA fragment sequence, homologous primers (FPS-3-1
and FPS-5-1) were designed (Table 1). Using an Advan-
tage 2 PCR kit (Clontech), the 3’ and 5’ ends of FPS were
cloned using the RACE-PCR technique in a 50 pL containing
34.5 pL of PCR-grade water, 5 pL. of 10X Advantage 2 PCR
Buffer, 1 pL of ANTP Mix (10 mM), 1 pL of 50 X Advantage
2 Polymerase Mix, 2.5 pL of 3' RACE-cDNA or 5' RACE-
c¢DNA, 5 pL of UPM (10X), and 1 pL of FPS-3-1 or FPS-5-
1. The 3" and 5" RACE-PCR program consisted of an initial

Table 1 Primers used for PCR amplification

denaturation step at 94 °C for 3 min, followed by 35 cycles
at 94 °C for 30 s, 68 °C for 30 s, 72 °C for 40 s, and a final
extension at 72 °C for 7 min. The 3’ and 5’ fragments were
inserted into the pMD18-T vector, and the resulting construct
was transformed into E. coli DH5a competent cells [13].

Next, the entire FPS-cDNA was deduced by aligning and
splicing the nucleotide sequences of the 3" and 5' RACE
products. Using S. baumii cDNA as template, the whole
FPS-cDNA was cloned with Premix Taq (EX Taq Version
2.0 plus dye; TaKaRa) and primers FPS-f-BamHI (based
on the cDNA sequence from nucleotides 1-31, and contain-
ing an ATG start codon and BamHI restriction enzyme cut-
ting site) and FPS-r-HindlIll (complementary to the DNA
sequence from 1038 to 1071 and containing a TGA stop
codon and Hindlll restriction enzyme cutting site). Ampli-
fication reactions (50 pL) contained 25 pL of Premix Taq,
19 pL of DEPC, 2 pL of FPS-f-BamH]I, 2 pL of FPS-r-Hin-
dIIl, and 2 pL of S. baumii cDNA. Thermal cycling involved
an initial denaturation step at 94 °C for 5 min, followed by
35 cycles at 94 °C for 30 s, 61 °C for 30's, 72 °C for 40 s, and
a final extension at 72 °C for 7 min. The product was purified
using a MiniBEST DNA Fragment Purification Kit Ver.4.0
(TaKaRa), cloned into the pMD18-T vector (pMD18-FPS),
and the resulting construct was transformed into E. coli
DHS5a. Positive single colonies were selected and incubated
in LB medium in a constant temperature shaking incubator
(37 °C, 180 rpm, 7 h). The resulting plasmid was sequenced
by Boshi company (Harbin, China).

Amplification of the FPS-DNA and Promoter

FPS-DNA was amplified from S. baumii mycelia using the
cetyltrimethylammonium ammonium bromide (CTAB)

Primers Sequences (5'- 3") Descriptions

FPS-f1 CACAGATGTCACCTCGTCCCCAACG For FPS-cDNA fragment sequence
amplification

FPS-r1 GTTTCATGCATGAGGTCTAACAGG

FPS-3-1 TCTCCAAGAGCCATGTCAAGCAAAC For RACE

FPS-5-1 TACACTCCAGCCAAGAATTGCCGC

FPS-f-BamHI CGCGGATCCATGTCAAGCAAACAGGACAAGC For full-length FPS-cDNA isolation

FPS-r-Hindlll CCCAAGCTTTCACTTCGTGCGCTTATAGATCTT

FPS-DNA-f ATGTCAAGCAAACAGGACAAGC For full-length FPS-DNA isolation

FPS-DNA-r TCACTTCGTGCGCTTATAGATCTT

FPS-RT-f CCGTGGCATTTCCGTAACAGAC For qRT-PCR analysis

FPS-RT-r CAGCAGGGTTGTCCTCTCCGTGT

B-tubulin-f GCTGAATATCGTTCGTGCCC For qRT-PCR analysis

B-tubulin-r ATCCGCCTTCCTCCTTACAGT

FPS-Pro-f CGGAGTCGTTGGATTCTTCAGTGTA For FPS promoter isolation

FPS-Pro-r TCGCAAGATATTCGATCAGCTCATC
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method. The entire FPS-DNA was obtained by PCR ampli-
fication with primers FPS-DNA-f and FPS-DNA-r (Table 1).
FPS promoter primers (FPS-Pro-f and FPS-Pro-r; Table 1)
were designed based on S. baumii genomic DNA. Thermal
cycling involved an initial denaturation step at 94 °C for
5 min, followed by 35 cycles at 94 °C for 30 s, 60 °C for
30s, 72 °C for 40 s, and a final extension at 72 °C for 7 min.
The resulting fragment was transformed into the pMD18-T
vector and sequenced by Boshi company.

Sequence Analysis

The FPS-cDNA and DNA were compared to verify the size
and location of exons and introns. Subsequently, the FPS
sequence was obtained using ORF Finder (https://www.ncbi.
nlm.nih.gov/orffinder/), and the FPS sequence was compared
using the NCBI database (https://blast.ncbi.nlm.nih.gov/
Blast.cgi?’PROGRAM=blastx&PAGE_TYPE=BlastSearc
h&LINK_LOC=blasthome). Evolutionary trees were con-
structed using the neighbour-joining method in the MEGA
6.0 program, and FPS sequences from other species were
acquired from NCBI.

The molecular weight, amino acid composition, theoreti-
cal isoelectric point (pI), and hydrophilicity of the protein
were predicted by ProtParam software (https://web.expas
y.org/protparam/). The transmembrane region was iden-
tified by TMHMM Sever v.2.0 (https://www.cbs.dtu.dk/
servicessyTMHMMY/). Protein structural and signal peptide
prediction were conducted with the SMART tool (https://
docs.citrix.com/en-us/smart-tools) and SignalP 4.0 Server
software (https://www.cbs.dtu.dk/services/SignalP/), respec-
tively. The secondary structure of FPS was determined by
the predictant protein tool (https://www.predictprotein.ong/).
The three-dimensional structure of FPP was modelled by
SWISS-MODEL (https://www.swissmodel.expasy.org/inter
active). The transcription start site was predicted using the
Berkeley Drosophila Genome Project tool (https://www.
fruitfly.org/seq_tools/promoter.html). The FPS promoter
was analysed using PlantCARE (https://bioinformatics.psb.
ugent.be/webtools/plantcare/html/).

Heterologous Expression of FPS in E. coli

The pMD18-FPS plasmids were extracted using a Plasmid
Mini kit I (OMEGA, Georgia, USA). Amplification products
were double-digested with restriction enzymes (QuickCut
BamHI and HindIIl; TaKaRa) and inserted into the line-
arised pET-32a(+) vector (pET-FPS) using T4 DNA Ligase

(TaKaRa). The resulting pET-FPS plasmids were transferred
into E. coli DH5a and E. coli BL21 (DE3). E. coli BL21
cells containing the pET-FPS plasmids were confirmed by
PCR and double digestion. E. coli BL21 cells containing
pET-FPS plasmids were inoculated into 50 mL LB liquid
medium and incubated in a 37 °C constant temperature incu-
bator (200 rpm) to an optical density at 600 nm (OD600)
of 0.5-0.8, and 1 mL of bacterial solution was taken out
as a negative control. E. coli BL21 cells containing only
the pET-32a(+) vector were also used as controls. Protein
expression was induced with 1 mM isopropyl b-p-1-thioga-
lactopyranoside (IPTG) and culturing was continued at
28 °C with shaking at 200 rpm. A 1 mL sample of bacte-
rial solution was collected every 2 h until 10 h, centrifuged
at 10,000 rpm for 10 min, and cells were resuspended in
100 pL of 4 x dodecyl sulphate, sodium salt-polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer (Solarbio,
Beijing, China) with dithiothreitol (DTT) and incubated in
boiling water for 10 min. Proteins (8 pL) were separated
using a TRIS-Tricine-SDS-PAGE kit (Solarbio) and com-
pared with a 10 pL sample of 14.4-97.4 kD Protein Markers
(Solarbio). The voltage for electrophoresis was 80 V ini-
tially, then 120 V when the sample reached the separating
gel. The gel was soaked in Coomassie Brilliant Blue Fast
Staining solution (Solarbio) for 4-5 h and then placed in
decolourising solution.

Transcription Analysis of FPS in S. baumii

Total RNA from mycelia, primordia, and young fruiting bod-
ies was extracted using an RNAprep pure PlantKit (Tiangen)
according to the manufacturer’s instructions, and first-strand
cDNA was produced using a PrimeScript RT Reagent Kit
with gDNA Eraser (Takara). Subsequently, quantitative real-
time PCR (qRT-PCR) was performed using SYBR Green-
Master Mix (Takara) on an Mx3000P Sequence Detection
System (Agilent Technologies, California, USA). Reactions
(20 pL) contained 1 pL of cDNA template, 0.4 pL of For-
ward Primer (10 pM), 0.4 pL of Reverse Primer (10 pM),
10 pL of 2 x Real Star Green Power Mixture, and 8.2 pL
of ddH,0. Primers were designed for qRT-PCR (Table 1),
and thermal cycling involved an initial denaturation step at
95 °C for 3 min, followed by 40 cycles at 95 °C for 30 s,
57 °C for 30 s, 72 °C for 1 min, and a final extension at 72 °C
for 10 min. Each sample was repeated in triplicate. Mycelia
from day 9 served as a control sample, and f-tubulin was
used as an internal reference gene. Transcription levels were
calculated using the 2744C method [27]. Statistical analysis

@ Springer
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was performed using analysis of variance (ANOVO), and a
p-value of 0.05 was considered statistically significant.

Measuring S. baumii Triterpenoids

In order to explore the relationship between FPS transcrip-
tion level and triterpenoids, the S. baumii triterpenoid con-
tent was measured in mycelia, primordia, and young fruit-
ing bodies. S. baumii triterpenoids contain ursolic acid [28].
Therefore, a standard curve was generated using ursolic acid
(Shanghai Yuanye Bio-technology company, Shanghai,
China) [29]. Determination of S. baumii triterpenoids was
performed as described previously [11]. S. baumii myce-
lia, primordia, and young fruiting bodies were pulverised
using a pulveriser (Taisite, Tianjin, China). S. baumii pow-
der was sifted using a sifter (aperture 0.25 mm; Jiangshan,
China), dissolved in 70% ethyl alcohol at 500 mg/mL and
then placed in a KQ ultrasonic cleaning machine (Kunshan
Ultrasonic Instruments, Kunshan, China) for 40 min at 60 °C
and 100 W (40 kHz). Extracts were filtered through a quali-
tative filter paper (15-20 pm) (Hangzhou Fuyang Wood
Pulp Paper Company, Hangzhou, China). A 50 pL sample
of filtered extract was placed in a centrifuge tube and dried
at 70 °C in a thermostatic water bath (Senxin, Shanghai,
China). Residues were resuspended in 4 mL 5% vanillin-
acetic acid and 1 mL perchloric acid, incubated at 60 °C
for 20 min, and cooled rapidly. Subsequently, 5 mL glacial
acetic acid was added and incubated at 25 °C for 15 min.
The absorbance at 548 nm was measured using a spectro-
photometer (Youke, Shanghai, China), and absorbance data
were used to calculate triterpenoids content according to the
standard curve.

Results
Sequence Analysis of the FPS
A 626-bp FPS fragment was identified in the S. baumii tran-

scriptome data, and this gene fragment was similar to other
FPS fragments in the NCBI database. The 5’ and 3' cDNA

FPS —
5

ends were determined using electronic splicing, an a 1375-
bp S. baumii FPS sequence was obtained that includes a
5'-untranslated region (UTR) of 159 bp, a 3'-UTR (154 bp),
and an open reading frame (ORF) of 1062-bp encoding a
354 amino acid polypeptide. Comparison of the nucleotide
sequence of the FPS-DNA (1305 bp) with that of the FPS-
cDNA revealed that the gene contains three exons (nucle-
otides 1-123, 184-319, and 503-1303) and two introns
(124-183 bp and 320-502 bp; Fig. 2).

Analysis of the Deduced Protein Sequence

The FPS cDNA sequence had be deposited in the Gen-
Bankdata base (GenBank accession number: MN006823)
and shares highest sequence similarity and query coverage
with its homolog in Schizopora paradoxa (71% and 100%,
respectively). The S. baumii FPS sequence was BLAST
searched against the NCBI database, and 27 homologous
protein sequences were used for phylogenetic tree construc-
tion (Fig. 3), which showed that FPS from S. baumii is
most similar to FPS from Schizopora paradoxa, but more
distantly related to Rhodotorula toruloides FPS and Tre-
mella mesenterica FPS. Using the ProtParam tool, the
molecular weight of FPS is predicted to be 40.73 kDa, the
theoretical pl is 5.13, and there are 54 negatively charged
amino acid residues (Asp + Glu) and 42 positively charged
amino acid residues (Arg + Lys). Leucine (Leu) accounted
for the highest proportion (11%), and tryptophan (Trp)
accounted for the lowest proportion (1.1%) in the amino
acid sequence.

The protein instability index is 45.18, indicating that FPS
is unstable according to the Guruprasad K method [27].
Hydrophobicity (2.14) is highest for the 200-250 amino
acid region, and hydrophilicity (— 2.51) is highest for the
0-50 amino acid region. There are more hydrophilic than
hydrophobic amino acids, suggesting that the protein is
hydrophilic overall.

Analysis of FPS using the TMHMM Server (v.2.0) demon-
strated that amino acids 1 to 187 are located at the cell mem-
brane surface, and residues 108 to 210 form a typical trans-
membrane helix region. A signal peptide does not appear to

oip 30000 1000 So0p

Legend

Exon = Intron

Fig.2 Exons and introns in S. baumii FPS
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Fig.3 Phylogenetic tree of FPS protein sequences of various species

be present. Analysis of structural functional domains revealed
highly a conserved structural domain spanning resides 41 to
311, and secondary structural prediction indicates 44.76%
a-helix, 11.61% p-sheet, and 43.63% random coil [29]. Three-
dimensional structure prediction was performed based on the
X-ray and a homologous protein sharing 49.12% sequence
similarity with S. baumii FPS [30-36] (Fig. 4).

Analysis of the FPS Promoter

The 1754-bp FPS promoter contains a 50-bp FPS-cDNA
spanning nucleotides 1318-1368 (GenBank accession
number MNO006823). The FPS promoter contains typical
eukaryotic promoter elements, including 16 TATA boxes
(with a core promoter element 30-bp upstream of the tran-
scription start site), 17 CAAT boxes (common cis-acting ele-
ment in promoter and enhancer regions), an ARBE sequence

XP 019030400.1 Tsuchiyaea wingfieldii CBS 7118

KZT20542.1 Neolentinus lepideus HHB14362 ss-1
KZS96956.1 Sistotremastrum niveocremeum HHB9708
100 KWU42715.1Rhodotorula sp. JG-1b

KDEO7734.1 Microbotryum lychnidis-dioicae p1A1 Lamole

100 OCHB84930.1 Obba rivulosa
.

KIY72871.1 Cylindrobasidium torrendii FP15055 ss-10

100 0BZ72800.1 Grifola frondosa
I

KZT68300.1 Daedalea quercina L-15889
XP 027485190.1 Malassezia restricta

KZT04621.1 Laetiporus sulphureus

100 AFR13038.1 Wolfiporia cocos
70 BBE10610.1 Rhodotorula toruloides

RXK40259.1 Tremella mesenterica

Fig.4 Three-dimensional structure prediction and schematic repre-
sentation of the S. baumii FPS protein
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Fig.5 Heterologous expression of S. baumii FPS in E. coli via IPTG
induction (1 mM) at 37 °C for 0, 2, 4, 6, 8, and 10 h. Lane 1, E. coli
harbouring empty vector; Lane 2-7, E. coli harbouring the pET-32a-
abf construct induced by IPTG (1 mM) for 0, 2, 4, 6, 8, and 10 h;
Lane 8, protein markers (14.4-97.4 kDa)

(cis-acting element involved in abscisic acid responsive-
ness), two G-boxes (cis-acting regulatory element involved
in light responsiveness), an AT-rich element (binding site
for AT-rich DNA-binding proteins), an Spl motif (light-
responsive element), an MBS sequence (MYB-binding site
involved in drought inducibility), and an LTR motif (cis-
acting element mediating low-temperature responsiveness).

Expression of Recombinant FPS

Escherichia coli BL21 cells containing pET-FPS plas-
mids were induced by IPTG for 2, 4, 6, 8, and 10 h in
order to test FPS expression. The expected protein bands
(40.73 kDa+22.68 kDa tag protein) were identified in SDS-
PAGE analysis (Fig. 5). The FPS protease yield was not
correlated with induction time.

Transcription of FPS During Different Development
Stages

Sanghuangporus baumii FPS was expressed in all six
developmental stages tested, and differences between

Fig.6 Expression level of the
FPS gene in S. baumii during
different developmental stages 180 r

160 -
140 r
120 -
100
80 -
60 r

Relative quntification

20 +
cC

m9d mycelia

B8 15d mycelia

stages were significant (Fig. 6). FPS transcription
increased continuously over time and reached a relatively
high level on day 13 in mycelia. The transcription level
then decreased gradually thereafter. Transcription of FPS
in mycelia after 11 and 13 days was upregulated 49.3-fold
and 125.4-fold, respectively, and upregulation was sig-
nificant after only 9 days, compared with controls. FPS
transcription levels in FPS primordia and young fruiting
bodies were approximately 8.5-fold and 6.3-fold higher
than controls, respectively. FPS is placed at the branch
point in the isoprenoid biosynthesis pathway and is a
crucial enzyme in isoprenoid biosynthesis [14]. Thus, its
transcription can have a dramatic effect on the production
of triterpenoids.

Sanghuangporus baumii Triterpenoid Content
During Different Development stages

The triterpenoid content in S. baumii mycelia was found to
differ significantly between different developmental stages
(Fig. 7). It gradually increased from day 9 and peaked at
day 15 (7.21 mg/g) and then decreased to 5.02 mg/g. Mean-
while, triterpenoid levels in young fruiting bodies reached
6.26 mg/g.

Discussion

Sanghuangporus baumii strains frequently produce low
levels of triterpenoids, which is a barrier to their use in
medical treatments. Therefore, modifying strains through
molecular biology-based and genetic engineering strategies
to enhance metabolite yield is a research priority. Triterpe-
noids from S. baumii are useful medicinal ingredients, but
the genes encoding enzymes responsible for the isoprenoid
biosynthesis pathway are poorly characterised. In the present

B 11d mycelia ® 13d mycelia
B primordia Oyoung fruiting bodies
aA
cBC
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Fig.7 Sanghuangporus baumii
triterpenoid content during dif-
ferent developmental stages
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study, the S. baumii FPS sequence was cloned for the first
time using RACE technology. The sequence was analysed
by bioinformatics software, and the results indicated 71%
similarity between S. baumii and S. paradoxa homologs. The
S. baumii FPS has a molecular weight of 40.73 kDa and it
is hydrophilic. The 1305-bp FPS-DNA contains three exons
and two introns. The size of the FPS gene in archaea (Aero-
pyrum pernix) [37], yeast (Saccharomyces cerevisiae) [38],
fungi (Ganoderma lucidum) [26], and plants (Artemisia tri-
dentata and Maize) [39, 40] ranges from 1 to 2.1 kb. Plant
(Arabidopsis and apple) FPS genes contain 11-12 exons, but
fungi contain four exons. Available information of fungal
FPS is limited; hence, studies on FPS exons and introns
should be helpful for future work on protein expression and
triterpenoid biosynthesis.

The S. baumii FPS promoter contains typical fungal pro-
moter elements and shares some similarities with the G.
Lucidum FPS promoter, including a TATA box, a CAAT
box, an ARBE motif, a G-box, an MBS sequence, and
Spl and LTR motifs [41]. Research on the FPS promoter
sequence may be favourable for understanding gene func-
tions in triterpenoid biosynthesis and may provide general
insight into the triterpenoid biosynthesis pathway.

In addition, transcription of FPS in S. baumii was inves-
tigated during different development stages. On day 13
of mycelia fermentation, transcription levels of FPS were
higher than in primordia and young fruiting bodies. In past
studies, transcription levels of G. Lucidum FPS were found
to be highest in primordia [41]. S. baumii might therefore
produce a larger quantity of triterpenoids during the myce-
lial growth stage. Zhang [11] showed that the content of
triterpenoids in Inonotus baumii mycelia is higher than in
fruiting bodies, which is consistent with our current results.

In order to investigate FPS function and regulation,
the S. baumii triterpenoid content was measured, and this
peaked in mycelia after 15 days. The triterpenoid content
in primordia initially decreased, albeit the transcription

level began to decrease in mycelia after 15 days. The
triterpenoids content enhanced again in young fruiting
bodies, but the transcription level did not increase signifi-
cantly. This could be because gene expression is depend-
ent on a series of reactions and processes, including pro-
tein dimerisation, protein, and gene binding interactions,
transcription, and translation. Protein dimerisation and
gene binding interactions are generally rapid. However,
transcription and translation are slow and involve mul-
tiple complex steps, potentially leading to a pronounced
lag phase. Therefore, S. baumii triterpenoid content was
correlated with the transcription level of FPS during dif-
ferent development stages, as described previously [42].
After expression of FPS was upregulated, the triterpenoid
content was also upregulated. Additionally, FPS is not only
responsible for the synthesis of the precursor of S. baumii
triterpenoids, but also cholesterol and sterols. Therefore,
FPS may directly increase levels of cholesterol and ster-
ols. Consistently, S. baumii triterpenoid content and FPS
transcription levels are known to fluctuate during different
stages [43].

Previous triterpenoid studies have focussed on extrac-
tion and purification processes, but the relationship
between triterpenoid content and expression levels of key
genes has not been fully explored. There may be a delay
between changing triterpenoid content and FPS expression
levels. Studies such as this may provide useful informa-
tion for investigating FPS gene function and ultimately for
improving triterpenoid production.

Herein, the S. baumii FPS-cDNA, DNA, and promoter
regions were cloned for the first time, and analysed by bio-
informatics. The expression level of FPS and the S. baumii
triterpenoid content were then explored during different
developmental stages, and recombinant FPS was produced
in E. coli BL21. This type of analysis has not been car-
ried out before, and the results may provide insight into
the MVA pathway in S. baumii, and knowledge that may
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be applicable to other medical fungi. However, methods
other than bioinformatics and prokaryotic expression are
needed to more fully explore gene function. To this end,
we are currently establishing an Agrobacterium-mediated
transformation system for overexpression and inhibition
of FPS in future studies.
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