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ABSTRACT

To further explore the molecular mechanism of triterpenoid biosynthesis and acquire high-
value strain of Sanghuangporus baumii, the Agrobacterium tumefaciens-mediated transform-
ation (ATMT) system was studied. The key triterpenoid biosynthesis-associated gene isopen-
tenyl diphosphate isomerase (IDI) was transformed into S. baumii by ATMT system. Then, the
gRT-PCR technique was used to analyze gene transcript level, and the widely targeted
metabolomics was used to investigate individual triterpenoid content. Total triterpenoid con-
tent and anti-oxidant activity were determined by spectrophotometer. In this study, we for
the first time established an efficient ATMT system and transferred the IDI gene into S. bau-
mii. Relative to the wild-type (WT) strain, the IDI-transformant (IT) strain showed significantly
higher transcript levels of IDI and total triterpenoid content. We then investigated individual
triterpenoids in S. baumii, which led to the identification of 10 distinct triterpenoids. The
contents of individual triterpenoids produced by the IT2 strain were 1.76-10.03 times higher
than those produced by the WT strain. The triterpenoid production showed a significant
positive correlation with the IDI gene expression. Besides, IT2 strain showed better anti-oxi-
dant activity. The findings provide valuable information about the biosynthetic pathway of
triterpenoids and provide a strategy for cultivating high-value S. baumii strains.

ARTICLE HISTORY
Received 22 March 2023
Revised 14 May 2023
Accepted 28 May 2023

KEYWORDS
Sanghuangporus baumii;
isopentenyl diphosphate
isomerase; genetic
transformation; triterpe-
noids; antioxidant

1. Introduction have been applied to increase triterpenoid production,
the yield of triterpenoids still remains insufficient for
widespread medicinal use [9-11].

Exploring triterpenoids using transgenic methods
seems promising [12]. Triterpenoids are synthesized
via the mevalonate (MVA) pathway [13,14]. The
initial substrate acetyl-CoA 1is catalyzed by key
enzymes such as mevalonate pyrophosphate decarb-
oxylase (MVD) and isopentenyl diphosphate isomer-
ase (IDI) to generate dimethylallyl diphosphate
(DMAPP), the common precursor for triterpenoid
synthesis [15]. DMAPP is then converted into vari-
ous types of triterpenoids under the catalysis of key

Various medicinal fungi have been shown to have
important pharmacological effects. Sanghuangporus
baumii (Pilat) LW. Zhou & Y.C. Dai is a widely used
traditional Chinese medicinal fungus with antitumor,
anticancer, anti-inflammatory, antioxidant, immuno-
modulatory, and antigout properties [1-4]. Many
medicinal bioactive ingredients have been discovered
in S. baumii, including triterpenoids, flavonoids, and
polysaccharides [5,6]. It is worth mentioning that the
triterpenoids from S. baumii and other medicinal
fungi have been found to possess medicinal activities.

For example, triterpenoids of S. baumii evidently dis-
play immune-enhancing and anticancer properties;
furthermore, triterpenoid 4 exhibits potent antitumor
promoting activity [5]. The triterpenoid ganoderic acid
(GA) was reported to inhibit the growth and metasta-
sis of lung cancer and induce the apoptosis of cervical
carcinoma HeLa cells [7]. Anti-inflammatory, antioxi-
dant, and anticancer activities have also been found
from triterpenoids [2,8]. As triterpenoids are second-
ary metabolites, their yield in natural organisms is
relatively low. Although numerous induction strategies

downstream enzymes such as squalene epoxidase
(SE) and lanosterol synthase (LS; Figure 1). The
content of DMAPP can determine the yield of
downstream triterpenoid products. Thus, increasing
the DMAPP content is important for ensuring high
triterpenoid yield. DMAPP is synthesized from iso-
pentenyl diphosphate (IPP) under the catalysis of
IDI. Thus, the IDI gene is considered to be a key
regulator in triterpenoid biosynthesis [16]. At pre-
sent, it is unclear if the overexpression of IDI gene
can increase triterpenoid yield in S. baumii.
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Figure 1. The biosynthetic pathway of individual triterpenoids in Sanghuangporus baumii.

The emergence of genetic engineering has made it
possible to determine the effect of IDI gene overexpres-
sion on triterpenoid yield. Gene overexpression tech-
nology can be used to regulate the metabolite
biosynthetic pathway of key genes, making it feasible
to improve triterpenoid yield. Further, Agrobacterium
tumefaciens-mediated  transformation (ATMT) has
been applied to increase triterpenoid production in fila-
mentous fungi [14,17]. When ATMT was used to over-
express squalene synthase (SQS) and LS genes in
Ganoderma lucidum, the maximum triterpenoid con-
tents of GA-MK and GA-O were 2.86 and 6.1 times
higher than those of the wild strain, respectively
[13,17]. Similarly, on transforming triterpenoid synthe-
sis gene into Antrodia cinnamomea, the productions of
the triterpenoids dehydrosulphurenic acid and dehy-
droeburicoic acid were found to increase by more than
three times compared to the wild strain [14]. Advances
in ATMT have resulted in the development of increas-
ingly powerful approaches for metabolic engineering
that can be used to improve the triterpenoid yield in
filamentous fungi. However, to our knowledge, ATMT
has not been successfully applied in S. baumii.

Numerous studies have revealed the important
pharmacological effects of triterpenoids. Some inves-
tigations have focused on the efficacy of various tri-
terpenoids, which triterpenoids are mixtures of
individual triterpenoids [18-20]. In this case, it is
difficult to determine which individual triterpenoids
are responsible for the pharmacological effects,
let al.one determine the biosynthetic pathways
through which they are synthesized. Other studies
have evaluated the functions of individual triterpe-
noids and their biosynthetic pathways. For example,

triterpenoids including GA-S, GA-Mk, GA-Me, and
GA-T were identified from G. lucidum, and their
pharmacological activities were evaluated [7,21]. All
studies reported on the pharmacological effects of
triterpenoids in S. baumii have focused on total tri-
terpenoids [22,23]. Considering that no studies have
as yet explored individual triterpenoids, thus, it is
important to investigate them in S. baumii.

In this study, we successfully constructed a genetic
transformation system for S. baumii and transferred
IDI gene into S. baumii. Transformants containing
IDI gene were selected by PCR and Southern blot.
Subsequently, the effects of IDI gene overexpression
on the transcript levels of upstream and downstream
genes and on total and individual triterpenoid pro-
duction were investigated. We found that IDI gene
overexpression significantly upregulated the transcript
levels of downstream genes and increased the con-
tents of individual as well as total triterpenoids. This
study enhances our understanding of how the bio-
synthesis of individual triterpenoids is regulated and
lays the foundation for developing more efficient S.
baumii strains for triterpenoid production.

2. Materials and methods
2.1. Strain, vector, and culture conditions

S. baumii strain DL101 was stored in the China
Center for Type Culture Collection (CCTCC No.
M2011137). The ITS sequence was submitted to the
NCBI GenBank (No. KP974834). Escherichia coli
strain Top 10 and the A. tumefaciens strains were
purchased from Tiangen Biology Company (Beijing,

China). The vector pCAMBIA1301-gpd was



preserved in the forest protection laboratory of
Northeast Forestry University [5]. It was modified
by pCAMBIA1301, replacing the two 35S promoters
in pCAMBIA1301 with the gpd promoters from S.
baumii, and finally named pCAMBIA1301-gpd. The
full sequence of the vector was provided in
Supplementary Data. Pure cultures of S. baumii
mycelia were cultivated on potato dextrose broth
media or potato dextrose agar (PDA). Luria—Bertani
(LB) broth or solid media were used for E. coli
Topl0 and A. tumefaciens cultures. The virulence of
A. tumefaciens was preinduced using induction
medium (IM). A. tumefaciens and S. baumii were
cocultivated on cocultivation medium (Co-IM).
Selection medium (SM) was used to screen positive
transformants.

2.2. Construction of the IDI gene expression
vector and transformation into S. baumii

IDI gene was amplified from S. baumii cDNA using
the primers IDI-F; and IDI-R; (Supplementary
Table S1). The amplified fragment was ligated into
the vector pCAMBIA1301-gpd (linearized with Nco
I) to create the pCAMBIA1301-gpd-IDI plasmid by
using an In-Fusion HD Kit (Takara, Dalian, China).
The pCAMBIA1301-gpd-IDI plasmid was trans-
formed into A. tumefaciens EHA105 and pre-
induced for 10 min using IM medium. A suspension
of S. baumii mycelia was treated twice by dounce
homogenizer, 0.2g S. baumii broken mycelia were
mixed with 1 mL preinduced A. tumefaciens solution
for 20min. A 200 L portion of the mixture was
poured onto 15mL of Co-IM medium containing
0.2mM acetosyringone (AS). After incubation at
25°C, 5mL of SM medium was covered on the mix-
ture for 12h. After 15 days of incubation at 25°C,
the visible S. baumii single colony was selected and
transferred to fresh PDA medium containing 4 pg/
mL hygromycin (Hyg). The colonies were subcul-
tured five times to obtain stable S. baumii trans-
formants. All media formulations and culture details
are provided in the Supplementary Data.

2.3. Optimization of the ATMT system and
detection

To obtain a highly efficient transformation system
of S. baumii using the ATMT method, we tested dif-
ferent conditions for optimization. Different strains
of A. tumefaciens (EHA105, AGL1, and LBA4404)
were cocultured with S. baumii broken mycelia, and
the most suitable strain (EHA105) was used. The
mixtures were evenly spread on Co-IM medium
containing various concentrations of AS (0, 0.05,
0.2, and 1mM) and incubated at 25°C for varying
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lengths of coculture duration (12, 24, 36, and 48 h).
The rest of the transgenic methods and procedures
were the same as those stated under 2.2. IDI gene
and Hyg resistance cassette were verified by per-
forming whole-genome PCR with the primers gpd-
F,/Gus-R, and Hyg-F,/Hyg-R, (Supplementary
Table S1). Southern blot was conducted to demon-
strate foreign gene integration into S. baumii
chromosome using the primers SNB-GusF, and
SNB-GusR; (Table S1). Further details are provided
in Supplementary Data.

2.4. Measurement of transcript levels by
qRT-PCR

S. baumii mycelia were harvested and frozen at
—80°C. The total RNA of S. baumii was extracted
using an RNAprep pure kit (Tiangen). Total RNA
(1 ng) was reverse-transcribed using a PrimeScript
RT reagent Kit with gDNA Eraser (Takara); synthe-
sized cDNA was then used for quantitative real-time
PCR (qRT-PCR). The transcript level of MVD, IDI,
SE, and LS genes were evaluated by qRT-PCR,
o-tubulin gene was used as the internal control
gene. The primers for the amplification of five genes
were provided in Supplementary Table S1. qRT-
PCR was performed on a CFX 96 real-time PCR
detection system (Bio-Rad, CA). The transcript level
was normalized to the level of the internal control
gene o-tubulin. The 2-**“ computing method was
used to calculate the transcript levels of other
genes [24].

2.5. Quantification and purification of total
triterpenoids

Mycelia were dried to constant weight at 45°C, then
0.1g dry cell weight (DW) of mycelia were used to
extract total triterpenoids. Total triterpenoid content
was calculated and sample purification according to
the method reported by Liu et al. [25].

2.6. Individual triterpenoid identification and
quantification

Ultrahigh-performance liquid chromatography elec-
trospray ionization tandem mass spectrometry
(UHPLC-MS/MS) was used to determine the types
and relative contents of individual triterpenoids in
the IDI-transformed (IT) and the wild-type (WT)
strains. The freeze-dried samples were crushed and
extracted following the method of Maamoun et al.
[26]. The treated samples were stored at —80°C
until needed for UHPLC-MS/MS analysis.

UHPLC separation was carried out using an
EXIONLC System (Sciex, Framingham, MA, USA)


https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164
https://doi.org/10.1080/12298093.2023.2220164

172 (&) Z LU ET AL

by Guangzhou Magigene Biotechnology Company
(Guangzhou, China). Mobile phase A was 0.1% for-
mic acid in water, while mobile phase B was aceto-
nitrile. The column temperature was set at 40°C.
The autosampler temperature was 4°C, and the
injection volume was 2uL. Sciex 6500 Q-TRAP
LC/MS/MS system equipped with an Ion Drive
Turbo V ESI ion source (Sciex Technologies) was
applied for assay development. Quantitative analyses
of metabolites were accomplished by multiple reac-
tion monitoring. The typical ion source parameters
follows: ion  spray voltage =
+5500/—4500 V; curtain gas pressure = 35 psi; tem-
perature = 400°C; ion source gas pressure =
1:60 psi; ion source gas pressure= 2:60psi; and
debunching voltage (DP) = £100V. Individual tri-
terpenoids with variable importance in the projec-
tion > 1 and p < 0.05 were considered as
significantly changed metabolites.

were as

2.7. Analysis of antioxidant activity

The three classical antioxidant assays, ferric reduc-
ing antioxidant power (FRAP), O,  scavenging cap-
acity assays, and DPPH radical scavenging capacity
were carried out according to previous described
[27]. Total triterpenoid sample (0.1 g) was set as the
test group, and 0.1 g BHT (butylated hydroxy tolu-
ene) was set as a positive control.

2.8. Statistical analysis

Data including qRT-PCR data, total and individual
triterpenoid contents, antioxidant activity and bio-
mass data were derived from three independent bio-
logical replicates. Error bars show standard
deviation. Statistical significance and correlation
were calculated with SPSS 17.0 using Duncan’s test
and Spearman’s method, respectively. Differences
were considered significant at p < 0.05.

3. Results

3.1. Construction of the S. baumii IT strain with
overexpressed IDI gene

The IDI gene was constructed between the gpd pro-
moter and Gus gene via homologous recombination
to obtain the new plasmid pCAMBIA1301-gpd-IDI
(Figure 2(A)). The primers gpd-F,/Gus-R, and Hyg-
F,/Hyg-R, were used for PCR validation. The results
showed amplicon bands that were consistent with
theoretical results (supplemental Figure SI).
Subsequently, IDI and Hyg genes were transferred
into S. baumii mycelia using the ATMT system.
Positive IT strains mediated by EHA105 still showed
growth on SM after five generations of subculture,

while the WT and IT strains mediated by AGL1 and
LBA4404 did not grow on SM medium; subsequent
transformation experiments were thus performed
with EHA105.

The length of coculture and concentration of AS
also had a certain effect on the efficiency of ATMT.
When AS concentration was 0.2mM, three IT
strains that continued to stably grow for 12h and
24h of cocultivation were encoded as IT1-3 (Figure
2(B)) and IT4-6 (Figure 2(C)). Similarly, two IT
strains that continued to stably grow for 36h of
cocultivation were encoded as IT7-8 (Figure 2(D)).
However, no IT strains showed growth on pro-
longed cocultivation (>48h). To ensure successful
completion of the ATMT protocol, 12h was chosen
as the coculture duration for subsequent assays,
whereas the optimal AS concentration was selected
to be 0.2mM (Figure 2(B)). Two IT strains that
continued to stably grow in the presence of
0.05mM AS were encoded as IT9-10 (Figure 2(E)),
but no positive colonies were obtained in cocultures
with either 0mM or 1 mM AS. Based on these find-
ings, cocultivation of EHA105 at 25°C for 12h in
Co-IM containing 0.2 mM AS was determined to be
the optimal conditions for high efficiency transform-
ation in S. baumii.

Whole-genome PCR was then performed to
detect the integrated IDI and Hyg genes of the
transformants. The presence of integrated IDI and
Hyg genes in the IT strain and positive control were
confirmed using the primers gpd-F,/Gus-R, (Figure
2(F)) and Hyg-F,/Hyg-R, (Figure 2(G)); no corre-
sponding bands were found for the WT strain,
false-positive strain (IT10), and negative control
(Figure 2(F)). We obtained a total of 10 transgenic
strains, of which IT10 was a false positive. We
believe that IT10 contained only Hyg. To be precise,
only nine stable transformants were obtained.

3.2. Effects of IDI gene overexpression on the
transcript levels of upstream and downstream
genes

The effects of IDI gene overexpression on the tran-
script levels of upstream and downstream genes in
S. baumii were evaluated by qRT-PCR. The IDI
transcript level was higher in the IT1-9 strains com-
pared to that in the WT strain; the maximum tran-
script level was 9.29 times higher in the IT2 strain
on day 9 (Figure 3(A)). The transcript level of the
upstream MVD gene was not very significantly dif-
ferent between the IT and WT strains on day 9 and
12 (Figure 3(B)). However, the transcript levels of
downstream genes were significantly higher in the
IT1-9 strain than in the WT strain. The trends in
the SE and LS genes over time were nearly the
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same, with the highest transcript levels observed on
day 12, being 7.64 and 7.60 times higher than those
in the WT strain, respectively (Figure 3(C,D)).
These findings also proved that IT10 showed no
exogenous IDI gene integration.

3.3. Overexpression of the IDI gene increased
total triterpenoid production

To detect the effects of IDI gene overexpression on
total triterpenoid contents and biomass production
in S. baumii, samples were collected and analyzed
after day 9 and 12 of cultivation. A spectrophotom-
eter was used to measure absorption at 551 nm. In
case of both strains, total triterpenoid content
increased from day 9 to day 12 (Figure 4(A)), being
significantly higher in the IT1-9 strain than in the
WT strain on both days. Besides, total triterpenoid

content of the IT1-9 strain on day 9 was even
higher than that of the WT strain on day 12
(18.31+0.36 mg/g). This further confirmed that
IT10 had no exogenous IDI gene expression. The
mycelia DW were not extremely significantly differ-
ent between the IT and WT strains on the 9th and
12th days. The maximum DW for the IT5 and WT
strains were 3.76 and 3.97g/L, respectively
(Figure 4(B)).

3.4. Effects of IDI gene overexpression on
individual triterpenoid contents

The above results suggest that IT2 strain on day 12
shows high total triterpenoid productivity,
11.42mg/g higher than WT strains, and IT2 strain
has also been proved to have two copies of foreign

gene  (Supplementary Figure S2). However,
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individual triterpenoids that responded to IT strain
are still unclear. Thus, the IT2 and WT strains on
day 12 were selected to further investigate changes
in the yields of individual triterpenoids. UHPLC-
MS/MS analysis identified a total of 10 individual
triterpenoids (Supplementary Table S2). Compared
to the WT strain, the contents of all individual tri-
terpenoids were higher in the IT2 strain. The con-
tents of 11-keto-f-boswellic acid, dammarenediol II,
friedelin, ganoderal A, germanicol, glycyrrhetic acid
3-O-mono-f-p-glucuronide, jangomolide, limonexic
acid, rutaevin, and simiarenol in the IT2 strain were
6.00, 10.03, 5.98, 3.70, 5.60, 2.00, 1.82, 1.76, 3.14,
and 3.73 times higher than those in the WT strain,
respectively (Figure 5(A-J)). In addition, individual
triterpenoids showed a significant positive correl-
ation with the transcript levels of the IDI gene
(Figure 5(K)), indicating that IDI gene plays a key
role in triterpenoid biosynthesis.

3.5. Analysis of the antioxidant capacities of
triterpenoids between WT and IT strains

Oxidative damage is a negative effect produced by
free radicals in vivo and is considered an important
factor leading to aging and disease [27]. To evaluate
the antioxidant capacities of WT and IT strains,
three classic antioxidant assays (FRAP, O, , and
DPPH) were carried out. Overall, all samples
showed antioxidant capacity, and the antioxidant
capacity of FRAP (Figure 6(A)), O, (Figure 6(B)),
and DPPH (Figure 6(C)) of IT strain was signifi-
cantly higher than that of WT strain, and even close

to the antioxidant BHT, indicating that the triterpe-
noids of S. baumii have the potential to become nat-
ural antioxidants.

4, Discussion

ATMT has been widely used in the genetic trans-
formation of various plant species because of its effi-
ciency and technical simplicity [28]. In later studies,
ATMT was also found to be suitable for the genetic
transformation of filamentous fungi [14,17,29-31].
In this study, we successfully established an efficient
transformation system for S. baumii using ATMT
and obtained nine positive transgenic strains, dem-
onstrating that ATMT is applicable to S. baumii.
Herein, we found that stable genetic transformants
were obtained only by EHA105-mediated transform-
ation, and not by AGL1- or LBA4404-mediated
transformation, indicating that the transformation
efficiency of A. tumefaciens is affected by certain dif-
ferences and preferences [32,33]. In addition to the
influence of A. tumefaciens on genetic transform-
ation efficiency, variations in cocultivation time and
AS concentrations also led to differences in trans-
formation efficiency [34,35]. These data suggest that
appropriate conditions are pivotal for achieving
good transformation efficiency and also for obtain-
ing positive transformants.

In fungi, overexpression of the genes involved in
triterpenoid biosynthesis can significantly increase
the transcript levels of these genes themselves as
well as of downstream genes and enhance triterpen-
oid production [7,13,17]. Our results were consistent
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with those previously reported; overexpression of
the IDI gene increased the transcript levels of not
only IDI but also downstream genes, and also
increased individual triterpenoid content and total
triterpenoid production. The transcript level of the
upstream MVD gene was not significantly different
between the IT and WT strains on either day 9 or
12, which has been previously reported as well
[7,13]. This suggests that the overexpression of
downstream genes in the triterpenoid biosynthetic

pathway does not affect the transcript levels of
upstream genes. IDI gene overexpression increased
the production of both total triterpenoid and indi-
vidual triterpenoids, while it did not significantly
affect cell growth. These findings concur with those
of previous studies in which overexpression of the
target gene had no extremely significantly affected
on cell growth [7,36].

It is notable that the functions of the IDI gene
have been mostly demonstrated in prokaryotes
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[16,37,38], our results lay the foundation for IDI
gene overexpression to increase triterpenoid produc-
tion in eukaryotes. Seven individual triterpenoids
were significantly increased by IDI gene overexpres-
sion in S. baumii, and these individual triterpenoids
have obvious medicinal effects, including anti-
inflammatory [39], hypoglycemic [40], anticancer
[41-43], antioxidant [44], and cholesterol lowering
[45] effects, indicating that the strain producing
more triterpenoids has higher medicinal value, this
result has been confirmed in this study and previous
reports [2]. Further studies are warranted to explore
how squalene 2,3-epoxide, a diverse substrate of tri-
terpenoids, forms individual triterpenoids under the
catalysis of oxidosqualene cyclases, which construct
the basic triterpenoid skeletons; cytochrome P450
monooxygenases, which mediate oxidations; and
uridine diphosphate-dependent glycosyltransferases,
which catalyze glycosylations [46].
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