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Abstract

accumulation of asperosaponin V.

The ERF transcription factor can regulate the biosynthesis of various secondary metabolites, including

triterpenoid saponins, in plants. DafRF9 has been found to be a potential regulatory factor in the accumulation of
asperosaponin VI in Dipsacus asper. However, its underlying molecular mechanisms remain unclear. Here, we cloned
the transcription factor DaERF9, which promotes the accumulation of asperosaponin VI in D.asper. Metabolomic
analysis showed that wound stress significantly increased the content of asperosaponin VI and jasmonic acid,
while the expression level of DaERF9 was markedly enhanced during this process, suggesting that DafRF9 plays a
regulatory role in the wound-induced synthesis of asperosaponin VI by JA signaling pathway. Transgenic DatRF9
promoted the synthesis of precursor compounds of asperosaponin VI in Arabidopsis, activating the triterpenoid
saponin biosynthesis pathway. MeJA induction enhanced the expression of the key enzyme gene DaHMGCR,
which is involved in the synthesis of asperosaponin VI in transgenic DaERF9. Wound treatment markedly increased
the transcriptional level of DaERF9 and the content of JA, and DaERF9 was able to interact with the DaHMGCR
promoter, activating the activity of DaHMGCR. Overall, our findings suggest that DaERF9 plays a crucial role in the
synthesis of asperosaponin VI in D. asper and elucidate the transcriptional regulatory mechanism of JA-induced
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Introduction

Dipsacus radix is a traditional Chinese medicinal herb
widely used in the field of traditional Chinese medi-
cine. It is primarily employed to treat conditions such as
rheumatism, traumatic injuries, and to promote blood
circulation and muscle relaxation [1].In recent years,
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increasing research has shown that Dipsacus radix not
only has significant therapeutic effects in wound heal-
ing but also demonstrates unique advantages in disease
resistance [2, 3]. In particular, the active compounds in
Dipsacus asper have exhibited various biological activi-
ties in anti-inflammatory, antibacterial, and antiviral
effects, providing important evidence for its application
in disease treatment [4]. Asperosaponin VI, a key natural
active compound in D.asper, has significant advantages
in disease resistance. Whether in anti-inflammatory,
antibacterial, antiviral, immune regulation, or anticancer
effects, asperosaponin VI shows powerful pharmacologi-
cal activity [3, 5, 6].
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The synthesis pathway of asperosaponin VI is a multi-
step reaction process, involving several steps such as the
synthesis of the triterpenoid skeleton, glycosylation mod-
ification, and secondary modifications. The skeleton of
triterpenoid compounds is typically composed of a C30
carbon chain, and the synthesis process relies on either
the mevalonate pathway (MVA) or the methylerythritol
phosphate pathway (MEP), with the MVA pathway being
the primary route for triterpenoid synthesis [7]. Start-
ing from acetyl-CoA, isopentenyl pyrophosphate (IPP)
and dimethylallyl diphosphate (DMAPP) are generated
through the catalysis of enzymes such as acetyl-CoA
C-acetyltransferase (AACT), 3-hydroxy-3-methylglu-
taryl-CoA synthase (HMGS), and 3-hydroxy-3-methyl-
glutaryl-CoA reductase (HMGCR) [8]. In this process,
isoprene units are polymerized into triterpenoid pre-
cursors, and through specific enzymes, such as squalene
synthase (SS) and squalene epoxidase (SE), which are key
enzymes involved in triterpenoid saponin synthesis, the
cyclization reaction is completed to form the triterpenoid
skeleton [9]. Existing research suggests that the triterpe-
noid skeleton of asperosaponin VI is likely derived from
precursors such as oleanolic acid or ursolic acid [10].
After the synthesis of the triterpenoid skeleton, further
glycosylation reactions form saponins. The glycosylation
step of asperosaponin VI relies on sugar sources such as
UDP-glucose [11]. The glycosylation process enhances
the biological activity of asperosaponin VI, improving
its solubility and bioavailability. In the future, optimiz-
ing these pathways could increase the yield and activity
of asperosaponin VI, thereby promoting its application in
drug development and plant protection.

ERF transcription factors play an important role in the
synthesis of triterpenoid saponins by regulating the bio-
synthesis of saponins through the activation or inhibition
of genes associated with saponin biosynthesis. PuERFI,
a positive regulator of triterpenoid saponin biosynthe-
sis in Panax notoginseng, can significantly increase the
expression levels of genes related to triterpenoid sapo-
nin synthesis when overexpressed, thereby increasing
the total saponin content [12]. The transcription fac-
tor PJERFI in Panax japonicus has also been found to
enhance the synthesis of triterpenoid saponins. Trans-
genic studies have shown that overexpression of PJERFI
increases the expression of key biosynthetic genes and
significantly enhances the saponin content in the plants
[13]. Transcriptome analysis of Bupleurum falcatum has
shown that transcription factors from the AP2/ERF fam-
ily are involved in the synthesis of triterpenoid saponins
in Bupleurum. These factors regulate the expression of
genes encoding key enzymes, thereby having a significant
impact on the biosynthesis of saponins [14]. Transcrip-
tome analysis in D. asper has revealed that the AP2/ERF
family may be involved in the jasmonic acid (JA) signaling
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pathway, regulating the biosynthesis of asperosaponin
VI during its accumulation [15]. However, there are few
reports on how ERF transcription factors respond to abi-
otic stress-induced accumulation of asperosaponin VI.

Plant hormones play an important regulatory role in
the synthesis of triterpenoid saponins. Plant hormones
such as methyl jasmonate (MeJA), ethylene (ET), and
abscisic acid (ABA) influence the synthesis and accumu-
lation of saponin compounds by altering gene expres-
sion, enzyme activity, and metabolic flux. Among them,
MeJA plays a crucial regulatory role in the synthesis of
triterpenoid saponins. In Wang Bu Liu Xing (Vacca-
ria segetalis), UDP-glucose dehydrogenase is affected
by MeJA, which alters the oxidation specificity of cyto-
chrome P450 monooxygenases (CYP) toward triterpene
glycoside products. This thereby promotes the accumu-
lation of monosaccharide and disaccharide triterpenoid
saponins [16]. MeJA can effectively induce the accumula-
tion of ginsenosides Rb1, Rc, Rb2, Rb3, and notoginsen-
osides Fa and Fe in Panax notoginseng leaves. It enhances
the high expression of genes such as PufPS, PuSS, PnSE,
PuDS, and PnliGTs, thereby promoting the biosynthesis
of PPD-type saponins [14]. In Panax ginseng, after treat-
ing cell suspension cultures with MeJA, three ginsen-
osides (Rgl, Re, and Rb1) were detected. After 72 h, the
total saponin content reached four times that of the con-
trol group, indicating that MeJA significantly increased
the synthesis of saponins [17]. Transcriptome analysis
revealed that the levels of JA and its related metabolites
significantly increased during root development. And the
accumulation of asperosaponin VI was detected in the
root tip, indicating that the biosynthesis and signaling of
JA are closely associated with the biosynthesis of aspero-
saponin VI [15].

Mechanical damage can induce plant defense
responses, including the synthesis of triterpene saponins,
in which specific transcription factors play a key role. In
Medicago truncatula, two jasmonic acid-induced bHLH
family transcription factors, MtTSARI and MtTSAR2,
have been found to directly regulate the biosynthesis of
triterpene saponins. These transcription factors activate
the expression of MtHMGRI by binding to the N-box on
its promoter, thereby promoting the synthesis of triter-
pene saponins [18]. In studies of Panax notoginseng, the
transcription factor PubHLH1 has been shown to posi-
tively regulate the biosynthesis of triterpene saponins.
Overexpression of PubHLH]I significantly increases the
expression levels of key triterpene saponin genes, PuDS,
PnSS, and PuSE, thereby enhancing the yield of saponins
[19]. In Salvia miltiorrhiza, the two ERF family transcrip-
tion factors, SmERF6 and SmERFS, can directly bind to
the promoter regions of key enzyme genes in the tanshi-
none biosynthesis pathway, promoting their expression
and thereby increasing the accumulation of tanshinones
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[13]. These studies suggest that transcription factors
enhance plant defense responses to mechanical injury
by regulating the biosynthesis of triterpene saponins,
thereby boosting the plant’s defensive capacity.

Our research group previously identified DaERF9,
an MeJA-induced ERF transcription factor in D. asper.
Given that MeJA treatment promotes asperosaponin VI
synthesis, we hypothesize that DaERF9 plays a key role in
regulating this process [22]. In this study, we cloned the
DaERF9 gene and performed functional analysis, reveal-
ing that it is a wounding-responsive gene. DaERF9 binds
to and activates the expression of DaHMGCR, thereby
promoting the biosynthesis of asperosaponin VI under
mechanical injury conditions. Our findings provide new
insights into the function of ERF transcription factors in
the wounding-induced synthesis of asperosaponin V1.

Materials and methods

Plant materials and stress treatments

The sources of the plants, seeds, and plant materials
involved in this study are as follows: Seeds of D.asper: The
seeds were collected from Longli County, Guizhou Prov-
ince, and were identified as D.asper by Prof. Xiao Cheng-
hong. And is deposited at the Medicinal Herbarium,
Guizhou University of Traditional Chinese Medicine
(Collection Number: GZTM0220136). All D.asper plants
in this study were grown from these seeds. Arabidopsis
thaliana: Columbia ecotype of Arabidopsis thaliana was
used. Nicotiana benthamiana: Nicotiana benthamiana
plants were employed.

D. asper seeds were sown in seedling trays filled with
moist organic nutrient soil and placed in a light-con-
trolled growth chamber at 22 °C (with a 16-hour light/8-
hour dark cycle) for 2 weeks to obtain D. asper seedlings.
After transplantation into flower pots, the seedlings were
cultivated for an additional 4 weeks before being used for
the following experiments.

The D. asper seedlings were transplanted to the experi-
mental field, and roots were collected at 1, 3, 6, 12, and
24 months after transplantation. After 2 years of trans-
plantation, when 60% of the plants had open capitate
inflorescences and 10% had begun to bear fruits, sam-
ples including leaves, roots, stems, flowers, petioles, and
seeds were collected during the flowering and fruiting
period. For sample collection, 15 Astragalus membrana-
ceus plants were selected, randomly grouped into three
replicates, with 5 plants per replicate. The samples were
rapidly frozen in liquid nitrogen and stored in a low-tem-
perature freezer for gene expression analysis at different
time points and tissues.

In the mechanical injury induction experiment, D.
asper was grown in hydroponic trays for 45 days (in a
22 °C growth chamber with a 16-hour light/8-hour dark
cycle). The leaves of the D. asper plants were subjected
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to damage treatment using a 1 ml syringe with the nee-
dle removed. Samples were collected at 6 h, 12 h, 1 day,
and 3 days after treatment. The leaves were used for gene
expression analysis and physiological index measure-
ment, while both leaves and roots were used for metabo-
lite content measurement. The experiment was repeated.

The tobacco used was Nicotiana benthamiana, grown
at 22 °C (with a 16-hour light/8-hour dark cycle) for 1
month for subcellular localization and dual luciferase
reporter gene experiments. The Arabidopsis thaliana
used was of the Columbia type, grown at 22 °C (with a
16-hour light/8-hour dark cycle) in a light-controlled
growth chamber until the floral buds just began to open,
and was used for gene transformation.

RNA extraction and DaERF9 gene cloning

The roots of D. asper seedlings were harvested, RNA
was extracted, and reverse transcription was performed
for gene cloning. The total RNA extraction method was
performed according to the instructions provided in
the Eastep® Super Total RNA Extraction Kit manual
(Pomega). RNA concentration and purity were measured
using a low volume nuclei cacidand protein analyzer
(Implen, Germany). RNA degradation and contamina-
tion were assessed via 1.2% agarose gel electrophoresis.
The quality of the RNA was determined based on these
analyses. The total RNA was then reverse transcribed
into cDNA following the instructions of the Takara Prime
Script™ RT reagent Kit (Perfect Real Time). The cDNA
was stored at -20 °C for future use.

The cloning primers were designed using Premier 5
software. The upstream primer was DaERF9-F: 5'- TCT
CTCAAACACATACACACTAACATCT -3/, and the
downstream primer was DaERF9-R: 5- TGCACATA
AACGGTGATCATTG -3’, synthesized by Shanghai
Shenggong Sequencing Company. PCR amplification was
performed using the cDNA synthesized by reverse tran-
scription as the template. The PCR product was checked
by 1.2% agarose gel electrophoresis. The product was
then ligated into the pMD19-T Vector and transformed
into TOP10 competent cells. The cells were plated on LB
solid media containing 100 mg/L ampicillin and incu-
bated at 37 °C for 12 h. Positive clones were selected and
cultured in LB liquid media (with 100 mg/L ampicillin)
at 37 °C with shaking for 6 h. PCR detection of the bac-
terial culture was performed, and positive clones were
sent for sequencing at Shanghai Shenggong Sequencing
Company.

qRT-PCR analysis

The materials for qRT-PCR analysis of different tissues
were the roots, stems, leaves, petioles and seeds of D.
asper. The samples of different growth and development
periods were the D. asper roots of 1 month, 3 months, 6
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months, 12 months and 24 months. RNA was extracted
from the above samples and reverse-transcribed for qRT-
PCR analysis. Using Primer 5.0 software for real-time flu-
orescence quantitative primer design, the primers were
synthesized by Shanghai Sangon Biotech Co., Ltd., and
the primer sequences are provided in Table S1. Daac-
tin103 was used as the internal reference gene [15], and
RT-qPCR was used to detect the relative gene expression
levels in D. asper. The internal reference for Arabidopsis
was Atactin [20]. RT-qPCR reaction system (10 pL): 5
puL TB Green™ premix Ex Taq™ II, 0.5 uL of forward and
reverse primers each, 4 uL of cDNA template. The results
were analyzed using the 272" method [15].

Subcellular localization

The cloned DaERF9 gene was fused with the pCOA30-
GFP vector plasmid through homologous recombina-
tion, with restriction enzymes Postl and BamHI used
for digestion. Subsequently, the fusion vector DaERF9-
pCOA30-GFP and pBI121-NLS-mCherry were respec-
tively transformed into Agrobacterium tumefaciens
competent cells GV3101. After shaking culture and
resuspension, the mixed bacterial solution of the two
was injected into the leaves of Nicotiana benthamiana
using a needleless syringe. After dark incubation for
24 h, followed by normal incubation for 36 h, the Nico-
tiana benthamiana leaves were subjected to fluorescence
detection under a laser confocal microscope. Observa-
tion was carried out by means of a laser scanning con-
focal microscope (Zeiss LSM900). Confocal parameters:
pCOA30-GFP: excitation wavelength 488 nm, emission
wavelength 507 nm; pBI121-NLS-mCherry: excitation
wavelength 561 nm, emission wavelength 610 nm; peak
width +10 nm.

Establishment of the overexpression DaERF9 genetic
system

Using the method of homologous recombination, the
vector was digested with restriction enzymes Ncol and
EcoRI to construct the 35 S:DaERF9-pCAMBIA3301
overexpression vector. After successful sequencing, the
vector was transformed into Agrobacterium tumefaciens
GV3101 competent cells. Following PCR detection of the
bacterial solution, positive single colony cultures were
selected for Arabidopsis genetic transformation, with
slight adjustments made to the floral dip method [21].
A small amount of positive bacterial solution was trans-
ferred to YPDA liquid medium (with kanamycin and
rifampicin antibiotics) for activation. The bacterial solu-
tion was cultured to increase its volume, bringing the
OD600 to approximately 0.8—0.9. The bacterial solution
was then adjusted to an OD600 of 0.6 using a 5% sucrose
solution, and incubated at room temperature, away from
light, for 1 h. Wild-type Arabidopsis thaliana plants,
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grown under 22 °C light conditions (16 h light/8 hours
dark), had their open flowers and mature pods removed,
leaving only the newly exposed inflorescences and flower
buds. The inflorescences were immersed in the Agro-
bacterium suspension for 2 min, excess bacteria were
blotted off, and the plants were incubated in the dark at
22 °C for 24 h before being returned to normal light con-
ditions (22 °C, 16 h light/8 hours dark). After one week,
the transformation was repeated to obtain infected Ara-
bidopsis thaliana plants.

After the Arabidopsis thaliana seeds from the infected
plants mature, they are collected and dried to obtain TO
generation seeds. The TO seeds are disinfected and sown
onto moist organic nutrient soil under a 16-hour light/8-
hour dark cycle at 22 °C. Basta solution is used to screen
for resistant plants. The healthy, resistant Arabidopsis
thaliana seedlings are selected as T1 generation plants.
A few 1-2 leaves from the T1 Arabidopsis thaliana
plants are collected, and cDNA is extracted and reverse-
transcribed using a kit. PCR is then performed for posi-
tive identification and screening. The positive plants are
further cultivated to harvest T1 generation seeds. Basta
solution is again used for resistance screening of T1 gen-
eration seeds, and the T2 generation transgenic Arabi-
dopsis thaliana plants are obtained for further study.

DaERF9-OE and wounding metabolite content detection in
D.asper
The transgenic samples are the roots of T2 generation
transgenic DaERF9 Arabidopsis thaliana, while the con-
trol group consists of wild-type Arabidopsis thaliana
roots. The mechanical injury detection samples are the
leaves and roots of D. asper three days after mechanical
injury, with the control group consisting of untreated D.
asper leaves and roots.

100 mg of the aforementioned samples were placed in
2 mL centrifuge tubes, with one 6 mm diameter grind-
ing bead added. 800 pL of extraction solution (methanol:
water =4:1 (v: v)) containing four internal standards (e.g.,
L-2-chlorophenylalanine at 0.02 mg/mL) was added for
metabolite extraction. The samples were then ground for
6 min using a cryogenic tissue grinder (-10 °C, 50 Hz),
followed by low-temperature ultrasonic extraction for
30 min (5 °C, 40 kHz). The samples were allowed to sit at
-20 °C for 30 min and then centrifuged for 15 min (4 °C,
13,000 g). The supernatant was transferred to an injec-
tion vial with an insert for analysis. The LC-MS analysis
was conducted using Thermo Fisher’s ultra-high-per-
formance liquid chromatography coupled with Fourier
transform mass spectrometry UHPLC-Q Exactive sys-
tem. The chromatography conditions were as follows: The
C18 column was ACQUITY UPLC BEH C18 (100 mm x
2.1 mm id., 1.7 pm; Waters, Milford, USA). The mobile
phase A was 2% acetonitrile in water (with 0.1% formic
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acid), and mobile phase B was acetonitrile (with 0.1% for-
mic acid). The injection volume was 3 pL, and the column
temperature was set to 40 °C. The analysis was performed
by Shanghai Meiji Biological Pharmaceutical Technology
Co., Ltd., and the data was processed using the Meiji Bio
Cloud Platform (cloud.majorbio.com).

Gene expression analysis of DaERF9-OE and wounding in
D. asper

After disinfecting the T2 generation transgenic Arabi-
dopsis seeds, they were suspended in 1% agar and spread
onto MS solid medium to germinate. After two true
leaves had grown, the seedlings were transplanted. Some
of the transgenic seedlings were transplanted into flower
pots filled with moist organic nutrient soil and placed in a
light incubator (2 °C, 16 h light/8 hours dark). Roots were
collected just before bolting for gene expression analy-
sis. Other transgenic seedlings were transplanted into
seedling trays filled with vermiculite, supplemented with
hydroponic solution, and placed in the light incubator for
1 month (22 °C, 16 h light/8 hours dark). A 150 pmol/L
MeJA solution was sprayed, and after 3 days, the roots
were collected for gene expression analysis. The remain-
ing transgenic seedlings were transplanted into MS solid
medium and placed in a greenhouse (22 °C) for 14 days,
followed by 7 days at 4 °C for low-temperature treatment
and then 3 days of recovery. The roots were collected for
gene expression analysis. The detection method was the
same as described in Sect. 2.3, and the primer sequences
are listed in Table S1.

Wounding injury D.asper RNA extraction was
performed as described in Sect. 2.2, and the detec-
tion method was the same as in Sect. 2.3. The primer
sequences are listed in Table S1.

Measurement of activity of antioxidant enzymes

For the analysis of physiological indicators in D.asper
leaves, 0.1 g of leaf tissue was thoroughly ground using
liquid nitrogen and placed in an enzyme-free centrifuge
tube for detection.

Peroxidase (POD) Activity: POD enzyme activity was
detected using the POD activity detection kit (Solebao,
Beijing) according to the manufacturer’s instructions. To
0.1 g of leaf powder, 1 mL of POD extraction solution was
added and homogenized in an ice bath. The mixture was
centrifuged at 8000 g at 4 °C for 10 min. The superna-
tant (5uL) was placed in a microplate, and 240uL of POD
detection solution was added (Reagent 1: 120uL, Reagent
2 working solution: 30uL, Reagent 3: 30uL, distilled
water: 60pL). The mixture was immediately mixed and
timed, and the absorbance was measured at 470 nm for
30 s (A1) and 1 min 30 s after mixing (A2). The change in
absorbance was calculated as AA=A2 - Al. POD activ-
ity (U/g weight) =9800 * AA / W, where W is the sample
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weight. Each sample was tested in triplicate with three
biological repeats.

Superoxide Dismutase (SOD) Activity: SOD enzyme
activity was detected using the SOD activity detec-
tion kit (Solebao, Beijing) according to the manufactur-
er’s instructions. To 0.1 g of leaf powder, 1 mL of SOD
extraction solution was added and homogenized in an ice
bath. The mixture was centrifuged at 8000 g at 4 °C for
10 min. The supernatant (20uL) was mixed with Reagents
1 (45uL), Reagent 2 working solution (20uL), Reagent 3
(35uL), distilled water (70uL), and finally Reagent 4 work-
ing solution (10puL). The control group and blank group
were set up, with the control group lacking Reagent 2
working solution, and blank group 1 and blank group 2
lacking the supernatant and Reagent 2 working solution,
respectively. After all reagents were added, the mixture
was thoroughly mixed and incubated at 37 °C for 30 min.
The absorbance was measured at 450 nm. The change in
absorbance for the sample was calculated as AA_sam-
ple=A_sample - A_control, and the change in the blank
as AA_blank=A_blankl - A_blank2. The inhibition per-
centage was calculated as (AA_sample - AA_blank) / AA_
blank * 100%. SOD activity (U/g weight) =10 * inhibition
percentage / (1 - inhibition percentage) / W, where W is
the sample weight. Each sample was tested in triplicate
with three biological repeats.

Malondialdehyde (MDA) Detection: MDA content was
detected using the lipid oxidation (MDA) detection kit
(Biyuntian, Shanghai). To 0.1 g of leaf powder, 1mL of IP
cell lysis solution (P0013) was added and homogenized
in an ice bath. The mixture was centrifuged at 12,000 g
at 4 °C for 10 min. The supernatant (100puL) was mixed
with 200pL of MDA detection working solution. A blank
control was set with 100uL of IP cell lysis solution, and
standard samples with concentrations of 1, 2, 5, 10, 20,
and 50uM were used to generate a standard curve. After
mixing the solution, the sample was heated in a boiling
water bath for 15 min, then cooled to room temperature,
and centrifuged at 1000 g for 10 min. The supernatant
(200pL) was transferred to a 96-well plate, and absor-
bance was measured at 532 nm. The MDA content was
calculated based on the standard curve. Each sample was
tested in triplicate with three biological repeats.

DaHMGCR promoter cloning

Based on the cDNA sequence of the DaHMGCR gene
from D.asper and the amplification primers obtained
in previous studies by the research group, genomic
sequence verification was performed. Genome Walking
technology was used for genomic DNA sequence clon-
ing. Specific primers SP1, SP2, and SP3 were designed
to target known sequences and amplify the unknown
flanking sequences of the gene. These primers were
used in three rounds of specific amplification, following
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the instructions provided by the Genome Walking Kit.
After performing the amplification, clear PCR bands
were selected, and the corresponding PCR products were
purified and ligated into the pMD™19-T vector. Positive
bacterial cultures were then confirmed by PCR, and the
plasmid DNA was sent to Shanghai Sangon Biotech Co.,
Ltd. for sequencing.

Luciferase assay

Based on the sequencing results, specific upstream and
downstream primers were designed for PCR amplifi-
cation. The amplified PCR products were then ligated
into the pGreenll 0800-LUC vector using the ClonEx-
press II One Step Cloning Kit. The vector was digested
with restriction enzymes Pstl and BamHI. The following
engineered plasmids were obtained: DaERF9:LUC and
Pro-DaHMGCR::LUC. The constructed plasmids were
then mixed with the pSOUP plasmid and introduced into
Agrobacterium tumefaciens GV3101 competent cells to
obtain the engineered strain for tobacco transient trans-
formation. Tobacco plants (Nicotiana benthamiana) that
were 1 month old, healthy, and of uniform growth were
selected for Agrobacterium injection. The abaxial side of
the selected tobacco leaves was marked with the injec-
tion area. A 1 mL sterile syringe was used to slowly inject
the bacterial solution into the marked area until the solu-
tion was fully infiltrated. After the injection, the tobacco
plants were placed back into a controlled environment
chamber for dark incubation for 48-72 h. After the
incubation period, the leaves were sprayed with 0.5 mM
D-luciferin potassium salt and immediately placed in the
dark for a 10-minute reaction. Following the reaction, the
LUC fluorescence images were captured using a chemi-
luminescence/fluorescence imaging system (Tanon-5200,
China).

Y1H

To study the role of the GCC-box element in the pro-
moter region, fragments containing the GCC-box
sequence were isolated. The core GCC-box sequence,
along with 20 bp of upstream and downstream flanking
sequences, was extracted. A 45 bp fragment was selected
and inserted into the pLacZi vector, which contains the
LacZi reporter gene. The DaERF9 gene was then sub-
cloned into the pB42AD vector downstream of the AD
domain. Both plasmids were co-transformed into Sac-
charomyces cerevisine EGY48 competent cells. The
transformed cells were plated on SD/-Trp-Ura selection
plates and incubated at 30 °C for 48 h. After incubation,
five colonies from each experimental group with good
growth were selected and cultured in the dark at 30 °C for
2-3 days to observe the color reaction. The results were
recorded by taking photographs of the colonies to docu-
ment the color development.
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Other statistical methods

Statistical analysis of the experimental data was per-
formed using IBM SPSS Statistics 26 software, while
graphs were generated and processed using Origin
2024 and Graphpad Pism9.5. The results are presented
as meanststandard error (SE). Significant differences
between groups (P<0.05) were determined using one-
way analysis of variance (ANOVA) followed by Duncan’s
multiple range test.

Results

DaERF9 response to MeJA induction

In previous studies conducted by the research group,
it was found that the DaERF9 gene clustered together
with stress-related genes PtrERF9, AtERF6, AtERF59,
PtrERFI108, and AT5G511901 into a single group (Sup-
plemental Fig. 1a), suggesting that DaERF9 may play a
role in responding to environmental stress. At the same
time, the content of asperosaponin VI in D.asper sig-
nificantly increased after MeJA treatment (Supplemen-
tal Fig. 1b).Further expression analysis revealed that
the expression of DaERF9 was significantly upregulated
under MeJA induction (Supplemental Fig. 1c), indicating
that the gene may respond to MeJA induction and help
resist environmental stress.

Expression analysis and subcellular localization of DaERF9
The expression level of DaERF9 was detected by qRT-
PCR to analyze its expression pattern in D. asper. The
results showed that DaERF9 had the highest expression
level in the leaves of D. asper, significantly higher than
in other organs, followed by expression in the petioles
and roots (Fig. 1a). In the roots of D. asper at different
developmental stages, the expression level in 24-month-
old roots was significantly higher than in other stages
(Fig. 1b). Subcellular localization analysis indicated that
DaERF9 was expressed in the nucleus (Fig. 1c). Based on
these results, it is speculated that DaERF9 may primarily
regulate the synthesis of asperosaponin VI in the leaves,
and later in the growth stages, it may be transferred to
the roots for accumulation.

Overexpression of DaERF9 promotes the accumulation of
Asperosaponin VI precursors

qRT-PCR analysis of DaERF9 expression in transgenic
Arabidopsis showed that, compared to the wild-type,
the expression levels of DaERF9 were significantly ele-
vated in all three transgenic lines, indicating the success-
ful establishment of the DaERF9 overexpression lines
(Fig. 2a). Ultra-high performance liquid chromatogra-
phy-tandem mass spectrometry (UHPLC-MS/MS) iden-
tifying and annotating 681 chemical composition. There
are 113 secondary metabolic components, including
terpenoids, flavonoids, phenolic acids, indoles, organic
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acids, coumarins, steroids, alkaloids, lignans, quinones,
anthraquinones, and their respective derivatives (Supple-
mental Fig. 2). Based on the characteristics of secondary
metabolites, the overexpression samples of DaERF9 and
the wild-type samples clearly form two distinct clusters
(Supplemental Fig. 3). Among the differential metabo-
lites, terpenoid compounds were the most abundant,
with a total of 82, of which 55 were upregulated and 27
downregulated compared to the wild-type. Notably, 13
triterpenoid compounds were upregulated, while 1 was
downregulated (Fig. 2b). While most monoterpenes, ses-
quiterpenes, and diterpenes also exhibited upregulation,
a subset of these compounds showed downregulation
(Fig. 2c). VIP analysis revealed that the VIP scores of all
triterpenes were greater than 1, and the top 10 metabo-
lites were entirely composed of triterpenes (Fig. 2d). This

suggests that triterpenoid compounds are the primary
contributors to the metabolic differences between the
transgenic Arabidopsis and wild-type plants. Among the
significantly upregulated triterpenoids, oleanolic acid,
soyasapogenol E, glycyrrhetinic acid, and maslinic acid
belong to the oleanane-type pentacyclic triterpenoids,
which exhibit a shared backbone structure with aspero-
saponin VI. Notably, oleanolic acid, serving as a precur-
sor for the synthesis of asperosaponin VI, demonstrated
the highest VIP value of 1.92, thereby contributing
most substantially to the observed metabolic variations
(Fig. 2d). Its content accumulated significantly, being 1.3
times higher than that in the wild-type (Fig. 2e). These
results suggest that DaERF9 significantly promotes the
accumulation of asperosaponin VI precursor compounds
in the Arabidopsis plants.
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Overexpression of DaERF9 activates the triterpene

biosynthetic pathway and responds to MeJA induction

qRT-PCR analysis demonstrated that in DaERF9-overex-
pressing Arabidopsis, the expression of upstream genes
AtHMGS and AtHMGCR in the terpenoid biosynthesis
pathway increased by 2.2-fold and 3.0-fold, respectively,
compared to wild-type plants. Similarly, downstream
genes AtSS and AtSE were upregulated by 1.3-fold and

2.1-fold, respectively (Fig. 3a). This suggests that overex-
pression of DaERF9 can activate the triterpene biosyn-
thetic pathway, contributing to the synthesis of triterpene
compounds in Arabidopsis. It is speculated that the
DaERF9 gene plays an active role in the biosynthesis of

asperosaponin VL.

After MeJA treatment, compared with the wild type,

the key enzyme-encoding

genes AtAACT, AtHMGS,
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AtHMGCR, and AtSS in the triterpene biosynthesis path-
way exhibited significant upregulation in the samples
overexpressing DaERF9. Compared to the untreated
samples, following MeJA treatment, no significant dif-
ferences were observed in the expression levels of genes
such as AtAACT, AtHMGS, AtSS, and AtSE. However,
MeJA treatment markedly increased the expression level
of the AtHMGCR gene, with its expression approximately
doubling that of the control group (Fig. 3b). These results
confirm that the DaERF9 gene can activate the terpe-
noid biosynthesis pathway, respond to MeJA induction,
and subsequently regulate the synthesis of terpenoid
compounds.

Wounding promotes the synthesis of Asperosaponin Vlin
D.asper

Physiological index detection revealed that after mechan-
ical injury, the activities of POD and SOD enzymes in
the leaves of D.asper significantly increased, while the
malondialdehyde (MDA) content also accumulated sig-
nificantly. As the injury time increased, the activities of
POD and SOD enzymes and the MDA content showed
a decreasing trend (Supplemental Fig. 4). These findings

indicate that the cell membrane system of D.asper cells
suffered oxidative damage under mechanical stress, lead-
ing to adverse environmental pressure on the seedlings.
However, over time, the plants gradually adapted to this
environmental stress and developed resistance.

The analysis of secondary metabolites in the leaves
and roots of D. asper revealed significant differences in
metabolic profiles between leaves and roots before and
after mechanical damage (Fig. 4a). A clustering analysis
of terpenoid compounds showed that the metabolites
mainly clustered into two major categories, with signifi-
cant differences in the leaves and roots of D. asper before
and after mechanical injury (Fig. 4b). A statistical analy-
sis of 27 triterpenoid compounds in the leaves revealed
that 16 metabolites with VIP values > 1 were differentially
expressed, with 9 compounds upregulated after mechani-
cal injury. Among the upregulated compounds, the
pentacyclic triterpenoid compounds included Aspero-
saponin V, Lucyoside N, Soyasaponin II, Beta-elemonic
acid, Oleanolic acid, and 28-[Glucosyl-(1->6)-glucosyl]
oleanolic acid 3-arabinoside. Notably, asperosaponin VI
and its precursor Oleanolic acid had significantly higher
concentrations in the injured samples compared to the
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control group (Fig. 4c, e). This suggests that asperosapo-
nin VI may play a crucial role in D. asper’s resistance to
mechanical damage. After leaf mechanical injury, the
content of asperosaponin VI in the roots of D. asper sig-
nificantly decreased, while Oleanolic acid content notably
accumulated (Fig. 4d, e), suggesting that asperosaponin
VI may be transferred from the roots to the leaves to help
resist mechanical damage. These results indicate that
mechanical injury can promote the accumulation of the
stress-resistant component asperosaponin VI in D. asper.

Wounding increases the expression of DaERF9 and genes
involved in Asperosaponin VI synthesis

The results above indicate that D.asper resists external
stress by increasing the accumulation of asperosaponin
VI. qRT-PCR analysis of gene expression showed that the
expression of the DaERF9 gene was significantly upregu-
lated after wounding, with the highest relative expression
observed at 12 h post-injury, followed by 6 h post-injury.
The expression of DaERF9 exhibited an initial increase
followed by a decrease over time (Fig. 5a). Meanwhile,
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compared to the control group, the expression of genes
involved in the asperosaponin VI biosynthesis pathway,
DaHMGCR, was significantly increased after injury. The
expression trends of these genes also followed the pattern
of an initial increase followed by a decrease (Fig. 5b). At
the same time, the content of JA in D.asper after mechan-
ical injury was significantly higher than in the control
group(Fig. 5¢). Based on these findings, it is speculated
that DaERF9 may regulate the expression of genes in the
asperosaponin VI biosynthesis pathway by JA pathway,
thereby promoting the synthesis of asperosaponin VI to
respond to external stress.

DaERF9 binds to and activates the expression of DaHMGCR
Correlation analysis between the asperosaponin VI bio-
synthesis pathway genes and the DaERF9 gene was
conducted before and after mechanical injury. Before
wounding, the expression of DaERF9 demonstrated a
significant positive correlation with key genes involved
in asperosaponin VI biosynthesis, such as DaAACT,
DaHMGCR, DaHMGS, DaSS, and DaSE. This indicates
a potential regulatory relationship between DaERF9
and the biosynthesis pathway under normal conditions.
The correlation between DaERF9 and DaHMGCR was
the strongest, reaching 0.91. After wounding, DaERF9
showed positive correlations with DaHMGCR, DaH-
MGS, and DaSS, with the strongest correlation with
DaHMGCR at 0.73 (Fig. 6a). Based on these results, it
is hypothesized that DaHMGCR is a downstream target
gene of DaERF9 in regulating the synthesis of aspero-
saponin VI. To verify this hypothesis, the full-length
DaHMGCR gene (5883 bp) was obtained through chro-
mosome walking, which contains five intronic regions,
with the longest intron spanning 1638 base pairs (Sup-
plemental Fig. 5a). Additionally, the full-length 1420 bp
DaHMGCR gene promoter was cloned, and cis-acting
element analysis revealed that this region contains three
G-box binding motifs (Supplemental Fig. 5b). The LUC

results showed that the Pro-DaHMGCR and DaERF9
combination injected into tobacco leaves emitted fluores-
cence, whereas the control group showed no fluorescence
(Fig. 6b), indicating an interaction between DaERF9 and
Pro-DaHMGCR. Further verification through yeast one-
hybrid assays showed that both the positive control group
and the DaERF9 plus Pro-DaHMGCR group exhibited
blue coloration on yeast selective media (Fig. 6c), con-
firming the interaction between DaERF9 and Pro-DaH-
MGCR. Based on these results, it can be concluded that
DaERF9 binds to the G-box in Pro-DaHMGCR to regu-
late the expression of the DaHMGCR gene.

Discussion and conclusion
Wounding-induced Asperosaponin VI biosynthesis and its
association with the JA signaling
In previous studies conducted by our research group, it
was demonstrated that MeJA treatment can promote the
synthesis of asperosaponin VI. To investigate the regula-
tory mechanisms underlying asperosaponin VI biosyn-
thesis, we screened the transcriptome of D. asper and
identified the AP2/ERF family as closely associated with
both JA signaling and asperosaponin VI synthesis [15].
Through phylogenetic tree and gene expression analy-
sis, we identified that the DaERF9 gene exhibits high
homology with stress-responsive genes. Additionally, the
expression level of DaERF9 significantly increased under
MeJA induction [22]. We hypothesize that DaERF9 is
a key regulatory gene involved in the biosynthesis of
asperosaponin VI. Therefore, this study focuses on the
cloning and functional verification of this gene, providing
a foundational basis for elucidating the regulatory mech-
anisms and biosynthetic pathways of asperosaponin VI.
MeJA is a plant hormone that is widely involved in the
regulation of plant secondary metabolites, particularly in
the synthesis of triterpenoid saponins. MeJA promotes
the synthesis of glycyrrhizin by inducing the expression
of genes such as B-amyrin synthase (B-AS) and UGT
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(uridine diphosphate glycosyltransferase) [23]. After
MeJA treatment, the saponin content in jujube signifi-
cantly increased, and the genes of several key enzymes in
its biosynthesis pathway, such as HMGS, HMGCR, and
SE, were significantly activated [24]. MeJA can signifi-
cantly upregulate the expression of several key enzyme
genes, such as HMGR, SS, and UGT, thereby promot-
ing the synthesis of triterpenoid compounds in Polygo-
num cuspidatum [25]. In D.asper, MeJA treatment
significantly increases the expression of genes involved
in the biosynthesis pathway of asperosaponin VI, such
as AACT, HMGCR, and HMGS, thereby promoting
the accumulation of asperosaponin VI content [15]. By
studying the mechanism of MeJA’s effect on triterpenoid
saponin synthesis, it can provide theoretical support for
the accumulation of secondary metabolites in medicinal
plants and offer important technical approaches for the
industrial production of triterpenoid saponins.

The role of MeJA in plant mechanical injury, especially
in the aspect of secondary metabolite production for

stress resistance, is of significant importance. MeJA can
significantly promote the synthesis of various second-
ary metabolites, such as terpenoids, flavonoids, phenolic
compounds, and volatile organic compounds. The terpe-
noids and alkaloids synthesized by plants in response to
MeJA have natural antimicrobial and antiviral proper-
ties, which effectively defend against pathogen infection
at the wound site [26]. At the same time, MeJA can also
activate the plant’s antioxidant enzyme system, reduc-
ing oxidative damage caused by mechanical injury [27].
MeJA enhances the plant’s resistance to pests and dis-
eases during mechanical injury by promoting the syn-
thesis of secondary metabolites. For example, MeJA can
induce the production of volatile organic compounds
(VOCGs) in plants. These compounds not only attract
predatory natural enemies through their aroma to con-
trol pests but also inhibit the growth and spread of cer-
tain pathogenic microorganisms [28]. MeJA promotes
the accumulation of secondary metabolites by activat-
ing the expression of plant defense-related genes. These
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genes include those involved in antioxidant responses,
cell wall reinforcement, and the synthesis of defense pro-
teins [29]. In our results, mechanical injury promoted
the content of jasmonic acid and asperosaponin VI in
D.asper. 1t is speculated that the JA signaling pathway
plays an important role in the synthesis of asperosaponin
VI In this way, MeJA enhances the overall stress resis-
tance of plants, particularly by accumulating secondary
metabolites to cope with the various stresses induced
by mechanical injury. In summary, MeJA plays a crucial
role in plant mechanical injury by regulating the synthe-
sis and accumulation of secondary metabolites. This pro-
cess enhances plant resistance, protects against pathogen
invasion, reduces oxidative damage, and improves the
plant’s ability to adapt to external stresses by strengthen-
ing its natural defense system.

Wounding is a common form of abiotic stress in plants,
and it can induce the synthesis of secondary metabolites,
including triterpenoid saponins, by activating signal-
ing pathways. Mechanical damage rapidly activates the
JA signaling pathway, inducing the expression of genes
related to the synthesis of triterpenoid saponins, such as
HMGR and SS, thereby promoting the synthesis of sapo-
nins in Elaeocarpus sylvestris and Illicium henryi [30].
Mechanical injury induces the release of endogenous
MeJA in plants, thereby activating the expression of a
series of defense-related genes, including those associ-
ated with the synthesis of triterpenoid saponins. Exog-
enous MeJA, on the other hand, enhances the plant’s
response to mechanical injury through long-distance sig-
naling, increasing the synthesis of secondary metabolites.
This synergistic effect not only strengthens the plant’s
stress resistance but also significantly improves the yield
of secondary metabolites such as triterpenoid saponins
[31, 32]. In D.asper, exogenous MeJA treatment promotes
the accumulation of asperosaponin VI content and signif-
icantly increases the expression of genes involved in the
synthesis pathway of asperosaponin VI. At the same time,
after mechanical injury, the content of asperosaponin VI
and its precursor, oleanolic acid, significantly increases,
activating the synthesis pathway of asperosaponin VI
This indicates that mechanical injury can promote the
synthesis of asperosaponin VI in D.asper, suggesting that
asperosaponin VI may be a key resistance component in
the plant’s response to mechanical damage.

D. asper resists mechanical damage by eliminating ROS

Mechanical injury triggers the production of reac-
tive oxygen species (ROS), creating an oxidative stress
within the plant, which, to some extent, helps activate
defense mechanisms. However, excessive accumulation
of ROS can lead to cellular damage, prompting plants to
rely on their antioxidant systems to regulate ROS levels
and prevent excessive oxidation from harming the cells.
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Mechanical injury results in the overproduction of ROS,
thereby inducing oxidative stress. For example, in sun-
flower seedlings, mechanical injury significantly increases
ROS production, leading to higher levels of lipid peroxi-
dation products like MDA, which is a typical marker of
oxidative stress [33]. Enzymatic antioxidants such as SOD
and POD effectively scavenge ROS, thereby preventing
oxidative damage to cells. These enzymes play a crucial
role in maintaining cellular homeostasis by detoxifying
reactive oxygen species and protecting the plant from
oxidative stress-induced damage [34, 35]. Our results
indicate that after mechanical injury to D.asper leaves,
the MDA content in the leaves significantly increased,
suggesting that the plant experienced stress and oxi-
dative stress. Meanwhile, the enzymatic antioxidant
activities of SOD and POD were significantly elevated,
confirming that D.asper mounts a resistance response to
mechanical injury. Additionally, the ROS accumulation
triggered by mechanical injury may promote the synthe-
sis of plant secondary metabolites, such as terpenes and
other antioxidant compounds. These secondary metabo-
lites can enhance the plant’s ability to adapt to external
stresses. In Catharanthus roseus, mechanical injury also
leads to increased ROS content, which helps reduce oxi-
dative damage by boosting the synthesis of secondary
metabolites [36]. In Daucus carota (carrot), the signifi-
cant accumulation of secondary metabolites can reduce
the damage caused by ROS to cells and mitigate exter-
nal stress. These secondary metabolites act as protective
compounds, enhancing the plant’s ability to resist oxida-
tive damage and improve its overall stress tolerance [37].
In this study, mechanical injury significantly increased
the expression of genes involved in the synthesis pathway
of asperosaponin VI and the accumulation of aspero-
saponin VI content. It is speculated that asperosaponin
VI serves as a hallmark component for D.asper in resist-
ing damage, mitigating the harm caused by mechanical
injury by eliminating oxidative damage.

DaERF9 enhances the biosynthesis of Asperosaponin VI
through the regulation of DaHMGCR expression

The ERF transcription factor, a member of the AP2/ERF
superfamily, is closely related to the regulation of plant
secondary metabolism, particularly playing an impor-
tant role in promoting triterpenoid saponin synthesis.
ERF transcription factors activate the transcription of
key genes involved in the triterpenoid saponin biosyn-
thesis pathway, such as HMGR, FPS, SS, and UGT genes,
by directly binding to the promoters of these genes,
thereby enhancing the synthesis of triterpenoid saponins
[38]. The precursor of glycyrrhizin saponins, p-amyrin,
is synthesized through a series of enzymatic reactions,
including enzymes such as CYP88D6, CYP72A15, and
CYP93E6. Additionally, the gene expression regulation
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in the biosynthesis pathway of glycyrrhizin saponins
involves various transcription factors, such as MYB,
FKRP, bHLH, and ERF [39]. In Panax ginseng, studies
have shown that PgERFI20 significantly enhances the
accumulation of ginsenosides by binding to the promot-
ers of key enzymes in triterpenoid saponin synthesis,
such as HMGR and SQS [40]. Similar to our results, the
content of the precursor oleanolic acid for the synthesis
of asperosaponin VI significantly accumulated in trans-
genic Arabidopsis with DaERF9. At the same time, the
key enzyme genes involved in the synthesis of aspero-
saponin VI were significantly upregulated, confirming
that DaERF9 regulates the synthesis of asperosaponin
VI. After MeJA treatment, only the DaHMGCR gene in
transgenic DaERF9 showed a significant upregulation,
suggesting that DaHMGCR is a downstream target gene
regulated by DaERF9. Using gene scaling after mechani-
cal injury for correlation analysis, the most significantly
correlated gene with DaERF9 was identified as DaH-
MGCR. This confirms that DaHMGCR is a downstream
target gene regulated by DaERFO.

ERF transcription factors regulate the synthesis of
secondary metabolites by binding to the G-box in tar-
get genes. In Litsea cubeba, LcERF19 binds to the GCC
box element in the promoter of LcTPS42, promoting
its activity. This activation enhances the biosynthesis of
citronellal and nerolidol by upregulating the expression
of LcTPS42 [41]. In the JA signaling pathway, ERF tran-
scription factors such as ERF109 can bind to the G-box
sequence in the promoters of JA-responsive genes,
thereby regulating the expression of these genes. This,
in turn, affects the synthesis of plant secondary metabo-
lites like anthocyanins [42]. In Catharanthus roseus, ERF
transcription factors bind to the G-box in the promot-
ers of key genes, thereby regulating the biosynthesis of
vincristine [43]. In this study, the DaHMGCR promoter
was obtained through chromosome walking, and a cis-
element analysis revealed the presence of multiple G-box
binding elements. The interaction between DaERF9 and
the DaHMGCR promoter was validated using LUC and
Y1H assays. Thus, it was concluded that DaERF9 pro-
motes the biosynthesis of asperosaponin VI by binding to
the G-box elements in the DaHMGCR promoter.

Based on the above, DaERF9 regulates the key enzyme
genes involved in the synthesis of asperosaponin VI by
responding to JA, significantly upregulating them under
mechanical injury. Furthermore, DaERF9 can bind to
the G-box in the DaHMGCR promoter, regulating the
synthesis of asperosaponin VI under mechanical injury,
thereby helping D.asper resist stress.

Abbreviations

AACT Acetyl-CoA acetyltransferase
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MDA Malondialdehyde
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ROS Reactive oxygen species
SE Squalene epoxidase
SOD Superoxide dismutase
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