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Abstract
Background  Astragaloside IV is a main medicinal active ingredient in Astragalus membranaceus Bge. var. mongholicus 
(Bge.) Hsiao, which is also the key biomarker of A. membranaceus quality. Ethylene has been well-documented 
to involve in secondary metabolites biosynthesis in plants. Nevertheless, how ethylene regulates astragaloside 
IV biosynthesis in A. membranaceus is still unclear. Therefore, in the present study different dosages and time-
dependent exogenous application of ethephon (Eth) were employed to analyze astragaloside IV accumulation and its 
biosynthesis genes expression level in hydroponically A. membranaceus.

Results  Exogenous 200 µmol·L− 1Eth supply is most significantly increased astragaloside IV contents in A. 
membranaceus when compared with non-Eth supply. After 12 h 200 µmol·L− 1 Eth treatment, the astragaloside IV 
contents reaching the highest content at 3 d Eth treatment(P ≤ 0.05). Moreover, After Eth treatment, all detected key 
genes involved in astragaloside IV synthesis were significant decrease at 3rd day(P ≤ 0.05). However, SE displayed a 
significant increase at the 3rd day under Eth treatment(P ≤ 0.05). Under Eth treatment, the expression level of FPS, 
HMGR, IDI, SS, and CYP93E3 exhibited significant negative correlations with astragaloside IV content, while expression 
level of SE displayed a significant positive correlation.

Conclusions  These findings suggest that exogenous Eth treatment can influence the synthesis of astragaloside IV 
by regulating the expression of FPS, HMGR, IDI, SS, CYP93E3 and SE. This study provides a theoretical basis for utilizing 
molecular strategies to enhance the quality of A. membranaceus.
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Background
Astragalus membranaceus Bge. var. mongholicus (Bge.) 
Hsiao (A. membranaceus) is a traditional Chinese medic-
inal (TCM) herb renowned for its tonifying properties, 
diuretic effects, cerebral ischemic diseases and immune 
system disorders medicinal efficacy (National Pharmaco-
poeia Committee 2020; Hu et al. 2021; Kong et al. 2018; 
Tsai et al. 2019). However, the quantity of A. membrana-
ceus yield in the field always fails to meet the demands 
required by the market (Liu et al. 2020). Furthermore, the 
quality of A. membranaceus in the field faces the prob-
lem that active ingredients contents are easily decreased 
by unfavorable environmental factors (Yang et al. 2022; 
Chen et al. 2022). To address this issue, hydroponics, a 
soilless cultivation method, has been increasingly con-
cerned as its shorter growth cycles, high yields, improved 
quality, and reduced susceptibility to pests and diseases 
merits (Barrett et al. 2016). Hydroponics has been exten-
sively employed in the organic production of various 
Chinese medicinal herbs, including dandelion, ligularia, 
peppermint, and ginseng (Minling et al. 2022; Wei et al. 
2018; Ćavar Zeljković et al. 2022; Lee et al. 2022). More-
over, it has emerged as a key approach for the cultivation 
of Chinese medicinal herbs in recent years. Our group 
have indicated that Astragaloside IV contents in A. mem-
branaceus grown hydroponically are remarkably higher 
than that in filed growth (Chen et al. 2021).

Astragaloside IV is a major active ingredient in A. 
membranaceus and deploys a tetracyclic triterpenoid 
saponin structure (Li et al. 2017). The biosynthetic 
pathway of tetracyclic triterpenoid saponins primar-
ily involves the mevalonic acid pathway located in the 
cytoplasm (Chen et al. 2015). These genes identified in 
the pathway can be categorized into three groups: (1) 
upstream genes involve in isopentenyl diphosphate (IPP) 
and dimethylallyl diphosphate (DMAPP) biosynthesis, 
including acetoacetyl-cozymeA (CoA) thiolase (AACT) 
and 3-hydroxy-3-methyl glutaryl coenzyme A reductase 
(HMGR). These genes directly catalyze the generation 
of mevalonate (Tian et al. 2015); (2) the genes involve in 
the formation of terpene carbon skeletons and interme-
diates, including squalenesynthase (SS), squaleneepoxi-
dase (SE) and cycloartenolsynthase (CAS). These genes 
catalyze the production of 2, 3-oxidosqualene leading 
to triterpene skeleton cyclization (Yoshioka et al. 2020); 
(3) downstream genes involve in complex structural 
modifications of intermediates and terpene compounds, 
including cytochrome P450 (CYP450) and UDP-glycosyl-
transferases (UGT). These genes play a role in modifying 
the triterpene skeleton, leading to the synthesis of various 
triterpene compounds (Dai et al. 2015; Wang et al. 2020).

Ethylene is a regulatory molecule in plants as well as 
regulating plant secondary metabolites synthesis (Zhao 
et al. 2005; Shahrajabian et al. 2022). For instances, 

ethylene boosts secondary metabolite production espe-
cially total flavonoid levels in sandalwood leaves (Li et 
al. 2021). Ethylene promotes saponin accumulation by 
upregulating key genes encoding squalene synthase and 
squalene epoxidase in squalene biosynthesis. Application 
of ethylene precursor, 1-aminocyclopropane-1-carbox-
ylic acid (ACC) enhances saponin contents in ginseng 
cells (Rahimi et al. 2015). Ethylene treatment elevates 
the total saponin contents in young Gynostemma leaves 
(Xu et al. 2020). Wang et al. (2022) found that spraying 
ethephon on “Fujiminori” grape ears before color change 
can up-regulate anthocyanin synthesis structural genes 
such as VvPAL, VvC4H VvUFGT, and anthocyanin syn-
thesis regulatory gene VvMYBA1, the expression of 
VvMYBA2 accelerates the accumulation of anthocyanins 
in grapes. Ni et al. (2021) found that ethylene induced 
PpERF105 inhibits anthocyanin biosynthesis by upregu-
lating PpMYB140 expression. Nevertheless, regulation of 
ethylene on triterpenoid saponin biosynthesis in A. mem-
branaceus is still unclear.

To reveal how ethylene regulates astragaloside IV bio-
synthesis and accumulation in A. membranaceus roots, 
A. membranaceus plants were treated with different dos-
ages and time of exogenous ethylene grown hydroponi-
cally. The contents of astragaloside IV and the expression 
levels of relevant key genes including AACT, HMGS, 
HMGR, IDI, FPS, SS, SE, CAS, CYP88D6 and CYP93E3 
were determined.

Materials and methods
Plant materials and growth conditions
Hydroponic experiments were conducted at the Inner 
Mongolia Institute of Science and Technology, Hohhot 
City, Inner Mongolia Autonomous Region (31°24′N, 
121°29′E), Northwest China. Seeds were surface-ster-
ilized and then sown in a ratio mixture of 1: 3 of ver-
miculite with commercial nutrient soils (Xiangzheng 
Agriculture Technology, Hunan). After germination, the 
seedlings were thinned for healthy and strong growth. 
The A. membranaceus plants were cultured a controlled 
growth room with a photoperiod of 16 h at 25 °C and 8 h 
darkness at 22  °C. After 30 d cultivation, uniform seed-
lings of A. membranaceus were selected for hydroponics.

The 30-day-old uniform A. membranaceus seedlings 
were transferred into nutrient solution consisting of 5 
mM KNO3, 2 mM Ca (NO3)2, 2 mM MgSO4, 2.5 mM 
KH2PO4, 14 µM MnCl2, 70 µM H3BO3, 1 µM ZnSO4, 0.5 
µM CuSO4, 0.2 µM Na2MoO4, 0.01 µM CoCl2, 50 µM 
Fe-EDTA, and 4.7 mM MES buffer. After 7 d pre-culti-
vation, different concentrations of ethephon 0 µmol·L− 1, 
50 µmol·L− 1, 200 µmol·L− 1 and 500 µmol·L− 1 were added 
into nutrient solution, collect samples at 0  h, 12  h, 3 d, 
7 d. Roots of A. membranaceus after different dosages 
of ethephon application were washed and dried at 45 °C 
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until constant weight. Contents of astragaloside IV in 
roots treated with different dosages of ethephon were 
determined.

Based on the contents of astragaloside IV, the dosage of 
200 µmol·L− 1 ethephon was selected for further studying 
the time-dependent effects of ethephon on astragaloside 
IV contents. The growth conditions of A. membrana-
ceus seedlings were the same as that in different dosages 
of ethephon application experiment. After 7 d pre-cul-
tivation, 200 µmol·L− 1 ethephon were added into nutri-
ent solution, while non- ethephon addition was taken 
as the control. The samples were harvested at 0 h, 12 h, 
3 d and 7 d after treatment. One part of the roots was 
dried at 45 °C until constant weight for astragaloside IV 
determination. Another part of roots was frozen in liquid 
nitrogen and then stored at -80  °C for genes expression 
determination.

Determination of astragaloside IV
The detection of Astragaloside IV by HPLC was conducted 
on a 1260 Infinity II Prime LC System (Agilent Technolo-
gies, Beijing, China) which is composed of a 1260 Infinity 
II Diode Array Detector HS, 1260 Infinity II Multisampler, 
and a 1260 Infinity II Binary Pump. A reverse phase C18 
column, Agilent Zorbax sb-c18 column (4.6 × 250 mm), was 
used at 27 °C. The mobile phase was acetonitrile water (32: 
68), the flow rate was 1.0 ml·min− 1. the ELSD parameters 
are as follows: evaporator temperature: 112  °C, nebulizer 
temperature: 85 °C, gas flow rate: 1.5 SLM, data rate: 80 Hz, 
led intensity: 100%, smoothing: 50 (5.0  s), and PMT gain: 
10.0; the theoretical number of astragaloside IV was not 
less than 4 µl, 10 µl, 20 µl, and 10 µl of the reference solu-
tion, and the test solution was, respectively, injected into the 
liquid chromatograph. The determination was carried out 
according to the above chromatographic conditions, and 
the HPLC liquid chromatograms were recorded (Chen et al. 
2021).

RNA extraction and quantitative real-time PCR 
determination
Total RNA of A. membranaceus roots were extracted 
according to the instructions of the Total RNA extraction 
kit (TAKARA, Japan). The RNA was reversedinto cDNA by 
using the PrimeScript™ RT reagent Kit with gDNA Eraser 
(Perfect Real Time) kit (TAKARA, Japan). The relative 
expression levels of AACT, HMGS, HMGR, IDI, FPS, SS, SE, 
CAS, CYP88D6 and CYP93E3 were determined based on 
95 °C for 30 s, 95 °C for 5 s, 60 °C for 30 s, 40 cycles by using 
a real-time PCR machine (Applied Biosystems, Thermo 
Scientific, America). 18  S was used as the internal refer-
ence gene. The three biological replicates were determined 
for each sample. The gene expression levels were analyzed 
using the 2−ΔΔCt method.

Data analysis
The statistical analysis for all the data were conducted using 
software Excel 2010 and SPSS software (version 20.0). All 
the data were presented as the mean values ± standard devi-
ations of three replicates. The significance differences were 
determined according to student t test at the level of 0.05 
and 0.01. Graphs were generated using Origin 2021.

Results
The accumulation of astragaloside IV is affected by 
exogenous ethephon treatment in A. membranaceus
To investigate whether astragaloside IV contents in A. 
membranaceus were in an ethylene-dependent manner, 
exogenous 0 µmol·L− 1, 50 µmol·L− 1, 200 µmol·L− 1 and 
500 µmol·L− 1 ethephon (Eth) were applied. Compared 
with non-Eth addition, exogenous application of Eth all 
significantly increased astragaloside IV contents in roots 
of A. membranaceus (Fig. 1A). Furthermore, A. membra-
naceus were treated with 200 µmol·L− 1 Eth after 0 h, 12 h, 
3 d and 7 d. Astragaloside IV contents in non-Eth-treated 
roots of A. membranaceus were not changed as the time 
increased from 0 h to 7 d. By contrast, astragaloside IV 
contents in roots of A. membranaceus were remarkably 
enhanced by 200 µmol·L− 1 Eth after 12 h and 3 d treat-
ments, while the astragaloside IV contents reached the 
peak after 3 d Eth treatments (Fig. 1B).

Expression levels of key genes involved in the biosynthesis 
of astragaloside IV as regulated by ethylene
In order to further investigate the impact of Eth on the 
expression levels of genes related to astragaloside IV 
biosynthesis in A. membranaceus, ten genes including 
AACT, HMGS, HMGR, IDI, FPS, SS, SE, CAS, CYP88D6 
and CYP93E3 involved in the biosynthetic pathway were 
selected for analysis after 0 h, 12 h, 3 d and 7 d treatments 
with 200 µmol·L− 1 Eth. Under exogenous Eth treatment, 
group. The gene expression level of HMGS and CAS, sig-
nificantly decreased compared to the control at 12  h and 
3th days. The gene expression level of CYP88D6, signifi-
cantly decreased compared to the control at 12 h, 3th days, 
and 7th days. FPS, SS, IDI and CYP93E3 demonstrated 
decreases at 3th days. The AACT exhibited initially decreas-
ing, then increasing expression at 7th days. The gene expres-
sion level of HMGR significantly increased at 12 h, and then 
its expression decreased compared to the control at 3th 
days(P ≤ 0.05). However, the expression of SE significantly 
decreased at 12 h, and then its expression increased com-
pared to the control at 3th days(P ≤ 0.05).

Correlations of astragaloside IV contents in A. 
membranaceus with the relevant ten key genes expression 
levels
Correlation analysis was conducted to assess the relation-
ship between astragaloside IV content in A. membranaceus 
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Fig. 2  Effects of 200 µmol·L− 1 ethephon on the ten key genes related to astragaloside IV biosynthesis in A. membranaceus after different time treatments. 
Ethylene on the expression of key genes in the roots of A. membranaceus. * and ** represent signifcant correlation in P < 0.05 and P < 0.01 respectively. 
“*” and “**” represent the significant differences between control and the corresponding ethephon treatment at the level of 0.05 and 0.01, respectively

 

Fig. 1  Effects of different dosages of ethephon on the contents of astragaloside IV (A). Effects of different time treatments with 200 µmol·L− 1on the 
contents of astragaloside IV (B). “**” represents the significant differences between control and the corresponding ethephon treatment at the level of 0.01
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roots treated with Eth with the expression levels of key 
enzyme genes. As depicted in Fig.  3, FPS was negatively 
correlated with astragaloside IV contents at the level of 
0.05. Moreover, HMGR, IDI, SS and CYP93E3 were nega-
tively correlated with astragaloside IV contents at the level 
of 0.01. Conversely, only SE exhibited a significant positive 
correlation with astragaloside IV content at the level of 0.01. 
Regarding the five genes that negatively correlated with 
astragaloside IV contents, four of them HMGR, IDI, SS and 
CYP93E3 were also negatively correlated with SE, suggest-
ing SE is a positive role and HMGR, IDI, SS and CYP93E3 
are negative roles in astragaloside IV biosynthesis in A. 
membranaceus as regulated by ethylene.

Discussion
Astragaloside IV has anti-inflammatory, antioxidant, 
anti-apoptotic, and tumor-inhibiting biological activities 
(Liang et al. 2023). Moreover, the content of astragaloside 
IV serves as an important indicator for assessing the qual-
ity of A. membranaceus (Zhang et al. 2020). A. membrana-
ceus grown hydroponically exhibits significantly high levels 
of astragaloside IV compared with field cultivation (Chen 
et al. 2021). Exogenous inducers could modulate the levels 
of secondary metabolites in plants. Ethylene, as a signaling 
molecule, plays a regulatory role in plant secondary metab-
olism (Dubois et al. 2018). For instance, Bae et al. (2006) 
reported that exogenous 50 µM ethylene treatment signifi-
cantly enhanced biomass and ginsenoside accumulation in 
adventitious root of Panax ginseng C.A. Meyer (Bae et al. 

2006). High concentrations of ethylene stimulate the biosyn-
thesis of saponins in Calendula officinalis hairy roots (Mar-
kowski et al. 2022). Exogenous ethylene treatment promotes 
the production of ganoderic acid in Ganoderma lucidum 
(Zhang et al. 2017). In the present study, exogenous applica-
tion of ethylene significantly increased astragaloside IV con-
tents in A. membranaceus roots, and the increase was in a 
time-dependent manner reaching the peak at 3 h ethylene 
supply (Fig. 1).

Ethylene plays a crucial role in regulating the changes in 
active ingredient content in medicinal plants by modu-
lating the expression of key genes involved in secondary 
metabolism pathways (Tahmasebi et al. 2019). Elucidating 
the alterations of key genes is essential for controlling the 
synthesis and accumulation of secondary metabolites (Pan 
et al. 2015). For instance, ethylene regulates FPS, SS, and SE 
involved in ginsenoside synthesis, resulting in an increase of 
ginsenoside contents in Panax ginseng C.A. Mey (Rahimi 
et al. 2015). Similarly, ethylene treatment upregulates key 
genes of the jasmonate alkaloid synthesis pathway, leading 
to the accumulation of jasmonate alkaloids in Catharanthus 
roseus (Pan et al. 2018). In Ganoderma lucidum, the upregu-
lation of genes such as HMGR, SS, and OSC involved in the 
biosynthesis of ganoderic acid by ethylene treatment, con-
tributing to increased ganoderic acid accumulation (Xu et 
al. 2012). Additionally, treatment with an ethylene releaser 
increases the expression of key genes involved in the bio-
synthetic pathways of rhynchophylline (RIN) and isorhyn-
chophylline (IRN) in Uncaria rhynchophylla, resulting in 

Fig. 3  Correlation analysis between astragaloside IV and the ten key genes under ethephon treatment. “*” and “**” represent the significant differences 
between control and the corresponding ethephon treatment at the level of 0.05 and 0.01, respectively

 



Page 6 of 7Wu et al. Botanical Studies           (2024) 65:16 

high RIN and IRN contents in U. rhynchophylla leaves (Li 
et al. 2022). In this study, expression levels of AACT, HMGS, 
HMGR, IDI, FPS, SS, SE, CAS, CYP88D6 and CYP93E3 
were in a time-dependent manner as regulated by ethylene 
(Fig. 2). Further correlation analysis demonstrated that FPS, 
HMGR, IDI, SS and CYP93E3 were negatively correlated 
with astragaloside IV contents, while SE was positively cor-
related with astragaloside IV contents in A. membranaceus 
(Fig.  3). Cultivation of Astragalus membranaceus at high 
altitude can promote the expression of SE, thereby increas-
ing the content of astragaloside IV in Astragalus membrana-
ceus (Wu et al. 2021). Under the regulation of water, the SE 
gene showed a highly significant negative correlation with 
the content of astragaloside IV and was the main regulatory 
gene (Wei et al. 2019). Overexpression of SE or downregu-
lation of FPS, HMGR, IDI, SS and CYP93E3 might be the 
strategies for promoting the astragaloside IV contents in A. 
membranaceus.

In conclusion, exogenous application ethephon signifi-
cantly increases astragaloside IV contents in A. membra-
naceus roots grown hydroponically. The astragaloside IV 
contents as affected by exogenous application ethephon 
were in a time-dependent manner. In consistent, expression 
levels of the ten key genes related to astragaloside IV bio-
synthesis in A. membranaceus are also differently affected 
by exogenous ethephon as the time changes. Correlation 
analysis exhibits that expression levels of FPS, HMGR, IDI, 
SS, CYP93E3 are negatively correlated with astragaloside 
IV contents in A. membranaceus roots, whereas SE is posi-
tively correlated with astragaloside IV contents (Fig. 4). The 
findings provide new insights into molecular breeding of A. 
membranaceus.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40529-024-00426-y.

Supplementary Material 1: Table S Specific primers for RT-qPCR

Acknowledgements
We thank Science and Technology projects of Inner Mongolia Autonomous 
Region (2021GG0342 and 2022YFDZ0015) for financial supports.

Author contributions
BZQ conceived the research and revised the manuscript. WHN, CH and TY 
performed the experiments, data analysis and wrote the manuscript. WJW and 
ZXJ analyzed data and revised the manuscript.

Data availability
The data and material used during the current study are available from the 
author on reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approval and consent to participate are not required for this 
manuscript.

Consent for publication
Not applicable.

Competing interests
The author declares that they have no competing interests.

Conflict of interest
The authors declare that they don’t have any potentials conflicts of interest.

Received: 24 December 2023 / Accepted: 18 June 2024

References
Bae KH, Choi YE, Shin CG, Kim YY, Kim YS (2006) Enhanced ginsenoside productiv-

ity by combination of ethephon and methyl jasmoante in ginseng (Panax 
ginseng C.A. Meyer) a-dventitious root cultures. Biotechnol Lett 28(15):1163–
1166. https://doi.org/10.1007/s10529-006-9071-1

Barrett G, Alexander PD, Robinson JS, Bragg NC (2016) Achieving environmentally 
sustainable growing media for soilless plant cultivation systems – A review. 
Sci Hort 212:220–234. https://doi.org/10.1016/j.scienta.2016.09.030

Ćavar Zeljković S, Aucique-Perez CE, Štefelová N, De Diego N (2022) Optimiz-
ing growing conditions for hydroponic farming of selected medicinal 

Fig. 4  A model of astragaloside IV biosynthesis by genes as regulated by exogenous ethylene

 

https://doi.org/10.1186/s40529-024-00426-y
https://doi.org/10.1186/s40529-024-00426-y
https://doi.org/10.1007/s10529-006-9071-1
https://doi.org/10.1016/j.scienta.2016.09.030


Page 7 of 7Wu et al. Botanical Studies           (2024) 65:16 

and aromatic plants. Food Chem 375:131845. https://doi.org/10.1016/j.
foodchem.2021.131845

Chen J, Wu XT, Xu YQ, Zhong Y, Li YX, Chen JK, Li X, Nan P (2015) Global transcrip-
tome analysis profiles metabolic pathways in traditional herb Astragalus 
membranaceus Bge. var. mongolicus (Bge.) Hsiao. BMC Genomics.;16 Suppl 
7(Suppl 7): S15. https://doi.org/10.1186/1471-2164-16-S7-S15. Epub 2015 Jun 
11. PMID: 26099797; PMCID: PMC4474414

Chen QY, Bai ZQ, Zhang XJ, Wang SL (2021) An intelligent hydroponic device 
for astragalus membranaceus Bge. Var. Mongolicus (Bge.) Hsiao. J Sens 1–5. 
https://doi.org/10.1155/2021/4967954

Chen Y, Li B, Jia X, Sun S, Su Y, Chen G (2022) Differential expression of calycosin-7-
O-β-D-glucoside biosynthesis genes and accumulation of related metabo-
lites in different organs of Astragalus Membranaceus Bge. Var. Mongholicus 
(Bge.) Hsiao under drought stress. Appl Biochem Biotechnol 194(7):3182–
3195. https://doi.org/10.1007/s12010-022-03883-y

Dai L, Liu C, Zhu Y, Zhang J, Men Y, Zeng Y, Sun Y (2015) Functional characteriza-
tion of cucurbitadienol synthase and triterpene glycosyltransferase involved 
in biosynthesis of mog-rosides from Siraitia Grosvenorii. Plant Cell Physiol 
56(6):1172–1182. https://doi.org/10.1093/pcp/pcv043

Dubois M, Van den Broeck L, Inzé D (2018) The pivotal role of ethylene in 
plant growth. Trends Plant Sci 23(4):311–323. https://doi.org/10.1016/j.
tplants.2018.01.003

Hu S, Zheng W, Jin L (2021) Astragaloside IV inhibits cell proliferation and 
metastasis of breast cancer via promoting the long noncoding RNA TRHDE-
AS1. Journal of natural medicines. 75(1):156–166. https://doi.org/10.1007/
s11418-020-01469-8

Kong X, Wang F, Niu Y, Wu X, Pan Y (2018) A comparative study on the effect of 
promoting the osteogenic function of osteoblasts using isoflavones from 
Radix Astragalus. Phytother Res 32(1):115–124. https://doi.org/10.1002/
ptr.5955

Lee TK, Lee JY, Cho YJ, Kim JE, Kim SY, Yoon Park JH, Yang H, Lee KW (2022) 
Optimization of the extraction process of high levels of chlorogenic acid 
and ginsenosides from short-term hydroponic-cultured ginseng and evalu-
ation of the extract for the prevention of atopic dermatitis. J Ginseng Res 
46(3):367–375. https://doi.org/10.1016/j.jgr.2021.10.006

Li L, Hou X, Xu R, Liu C, Tu M (2017) Research review on the pharmacological 
effects of astragaloside IV. Fundam Clin Pharmacol 31(1):17–36. https://doi.
org/10.1111/fcp.12232

Li Y, Zhang X, Cheng Q, Teixeira da Silva JA, Fang L, Ma G (2021) Elicitors modulate 
young sandalwood (Santalum album L.) growth, heartwood formation, 
and concrete oil synthesis. Plants (Basel Switzerland) 10(2):339. https://doi.
org/10.3390/plants10020339

Li X, Wang XH, Qiang W, Zheng HJ, ShangGuan LY, Zhang MS (2022) Transcriptome 
revealing the dual regulatory mechanism of ethylene on the rhynchophylline 
and isorhynchophylline in Uncaria rhynchophylla. J Plant Res 135(3):485–500. 
https://doi.org/10.1007/s10265-022-01387-8

Liang Y, Chen B, Liang D, Quan X, Gu R, Meng Z, Gan H, Wu Z, Sun Y, Liu S, Dou 
G (2023) Pharmacological efects of astragaloside IV: a review. Molecules 
28(16):6118. https://doi.org/10.3390/molecules28166118

Liu X, Shang S, Chu W, Ma L, Jiang C, Ding Y, Wang J, Zhang S, Shao B (2020) 
Astragaloside IV ameliorates radiation-induced senescence via antioxidative 
mechanism. J Pharm Pharmacol 72(8):1110–1118. https://doi.org/10.1111/
jphp.13284

Markowski M, Alsoufi ASM, Szakiel A, Długosz M (2022) Effect of ethylene and 
abscisic acid on steroid and triterpenoid synthesis in Calendula officinalis 
hairy roots and saponin release to the culture medium. Plants (Basel Switzer-
land) 11(3):303. https://doi.org/10.3390/plants11030303

Minling G, Dong Y, Wang S, Wang T, Bai L, Song Z (2022) Effect of co-toxicity of 
lead and nanoplastics on the flavonoid biosynthetic pathway in dandelion 
(Taraxacum Asiaticum. Dahlst) Planta 256(5):94. https://doi.org/10.1007/
s00425-022-04008-9

National Pharmacopoeia Committee (2020) Pharmacopoeia of the people’s 
Republic of China. China Medical Science and Technology, Beijing, China

Ni JB, Premathilake AT, Gao YH, Yu WJ, Tao RY, Teng YW, Bai SL (2021) Ethylene‐
activated pperf105 induces the expression of the repressor‐type r2r3‐myb 
gene ppmyb140 to inhibit anthocyanin biosynthesis in red pear fruit. Plant J 
105(1):167–181. https://doi.org/10.1111/tpj.15049

Pan YJ, Liu J, Guo XR, Zu YG, Tang ZH (2015) Gene transcript profiles of the TIA bio-
synthetic pathway in response to ethylene and copper reveal their interac-
tive role in modulating TIA biosynthesis in Catharanthus roseus. Protoplasma 
252(3):813–824. https://doi.org/10.1007/s00709-014-0718-9

Pan YJ, Lin YC, Yu BF, Zu YG, Yu F, Tang ZH (2018) Transcriptomics comparison 
reveals the diversity of ethylene and methyl-jasmonate in roles of TIA 
metabolism in Catharanthus roseus. BMC Genomics 19(1):508. https://doi.
org/10.1186/s12864-018-4879-3

Rahimi S, Kim YJ, Yang DC (2015) Production of ginseng saponins. elicitation strat-
egy and signal transductions Appl Microbiol Biotechnol 99(17), 6987–6996. 
https://doi.org/10.1007/s00253-015-6806-8

Shahrajabian MH, Sun W (2022) Sustainable approaches to boost yield and 
chemical constituents of aromatic and medicinal plants by application of 
biostimulants. Recent Adv food Nutr Agric 13(2):72–92. https://doi.org/10.217
4/2772574X13666221004151822

Tahmasebi A, Ebrahimie E, Pakniyat H, Ebrahimi M, Mohammadi-Dehcheshmeh M 
(2019) Tissue-specific transcriptional biomarkers in medicinal plants: applica-
tion of large-scale meta-analysis and computational systems biology. Gene 
691:114–124. https://doi.org/10.1016/j.gene.2018.12.056

Tian G, Cheng L, Qi X, Ge Z, Niu C, Zhang X, Jin S (2015) Transgenic cotton plants 
expressing double-stranded RNAs target HMG-CoA reductase (HMGR) gene 
inhibits the growth, development and survival of cotton bollworms. Int J Biol 
Sci 11(11):1296–1305. https://doi.org/10.7150/ijbs.12463

Tsai CC, Wu HH, Chang CP, Lin CH, Yang HH (2019) Calycosin-7-O-β-D-glucoside 
reduces myocardial injury in heat stroke rats. J Formos Med Assoc 
118(3):730–738. https://doi.org/10.1016/j.jfma.2018.08.024

Wang J, Liu J, Xie Z, Li J, Li J, Hu L (2020) Design, synthesis, and biological evalua-
tion of mogrol derivatives as a novel class of AMPKα2β1γ1 activators. Bioorg 
Med Chem Lett 30(2):126790. https://doi.org/10.1016/j.bmcl.2019.126790

Wang PP, Ge MQ, Yu AS, Song W, Fang JG, Leng XP (2022) Effects of ethylene on 
berry ripening and anthocyanin accumulation of'Fujiminori' grape in pro-
tected cultivation. J Sci Food Agri 102(3):1124–1136. https://doi.org/10.1002/
jsfa.11449

Wei H, Maniwannan A, Chen Yuze, Jeong BR (2018) Effect of different cultivation 
systems on the accumulation of nutrients and phytochemicals in Ligularia 
Fischeri. Hortic Plant J 01:24–29. https://doi.org/10.1016/j.hpj.2018.01.004

Wei H, Cheng L, Wu P, Han M, Yang LM (2019) Short-term water changes 
response of saponin biosynthesis process in Astragalus Membranceus. 
China J Chin Materia Med 44(3):441–447. https://doi.org/10.19540/j.cnki.
cjcmm.20181204.008

Wu P, Sun Z, Yang LM, Han M (2021) Study on the effect of altitude on the accumu-
lation of main medicinal components of Astragalus membranceus and the 
expression of key enzyme genes. Chin Herb Med 2021(13):4031–4038

Xu JW, Xu YN, Zhong JJ (2012) Enhancement of ganoderic acid accumulation by 
overexpression of an N-terminally truncated 3-hydroxy-3-methylglutaryl 
coenzyme a reductase gene in the basidiomycete Ganoderma Lucidum. 
Appl Environ Microbiol 78(22):7968–7976. https://doi.org/10.1128/
AEM.01263-12

Xu S, Yao S, Huang R, Tan Y, Huang D (2020) Transcriptome-wide analysis of the 
AP2/ERF transcription factor gene family involved in the regulation of 
gypenoside biosynthesis in Gynos-Temma pentaphyllum. Plant Physiol 
Biochem 154:238–247. https://doi.org/10.1016/j.plaphy.2020.05.040

Yang Y, Hong M, Lian WW, Chen Z (2022) Review of the pharmacological effects of 
astragaloside IV and its autophagic mechanism in association with inflamma-
tion. World J Clin Cases 10(28):10004–10016. https://doi.org/10.12998/wjcc.
v10.i28.10004

Yoshioka H, Coates HW, Chua NK, Hashimoto Y, Brown AJ, Ohgane K (2020) A key 
mammalian cholesterol synthesis enzyme, squalene monooxygenase, is 
allosterically stabilized by its substrate. Proceedings of the National Academy 
of Sciences of the United States of America 117(13), 7150–7158. https://doi.
org/10.1073/pnas.1915923117

Zhang G, Ren A, Wu F, Yu H, Shi L, Zhao M (2017) Ethylene promotes mycelial 
growth an-d ganoderic acid biosynthesis in Ganoderma Lucidum. Biotechnol 
Lett 39(2):269–275. https://doi.org/10.1007/s10529-016-2238-5

Zhang J, Wu C, Gao L, Du G, Qin X (2020) Astragaloside IV derived from Astragalus 
membranaceus: a research review on the pharmacological effects. Advances 
in pharmacology (San Diego. Calif ) 87:89–112. https://doi.org/10.1016/
bs.apha.2019.08.002

Zhao J, Davis LC, Verpoorte R (2005) Elicitor signal transduction leading to produc-
tion of pl-ant secondary metabolites. Biotechnol Adv 23(4):283–333. https://
doi.org/10.1016/j.biotechadv

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1016/j.foodchem.2021.131845
https://doi.org/10.1016/j.foodchem.2021.131845
https://doi.org/10.1186/1471-2164-16-S7-S15
https://doi.org/10.1155/2021/4967954
https://doi.org/10.1007/s12010-022-03883-y
https://doi.org/10.1093/pcp/pcv043
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1016/j.tplants.2018.01.003
https://doi.org/10.1007/s11418-020-01469-8
https://doi.org/10.1007/s11418-020-01469-8
https://doi.org/10.1002/ptr.5955
https://doi.org/10.1002/ptr.5955
https://doi.org/10.1016/j.jgr.2021.10.006
https://doi.org/10.1111/fcp.12232
https://doi.org/10.1111/fcp.12232
https://doi.org/10.3390/plants10020339
https://doi.org/10.3390/plants10020339
https://doi.org/10.1007/s10265-022-01387-8
https://doi.org/10.3390/molecules28166118
https://doi.org/10.1111/jphp.13284
https://doi.org/10.1111/jphp.13284
https://doi.org/10.3390/plants11030303
https://doi.org/10.1007/s00425-022-04008-9
https://doi.org/10.1007/s00425-022-04008-9
https://doi.org/10.1111/tpj.15049
https://doi.org/10.1007/s00709-014-0718-9
https://doi.org/10.1186/s12864-018-4879-3
https://doi.org/10.1186/s12864-018-4879-3
https://doi.org/10.1007/s00253-015-6806-8
https://doi.org/10.2174/2772574X13666221004151822
https://doi.org/10.2174/2772574X13666221004151822
https://doi.org/10.1016/j.gene.2018.12.056
https://doi.org/10.7150/ijbs.12463
https://doi.org/10.1016/j.jfma.2018.08.024
https://doi.org/10.1016/j.bmcl.2019.126790
https://doi.org/10.1002/jsfa.11449
https://doi.org/10.1002/jsfa.11449
https://doi.org/10.1016/j.hpj.2018.01.004
https://doi.org/10.19540/j.cnki.cjcmm.20181204.008
https://doi.org/10.19540/j.cnki.cjcmm.20181204.008
https://doi.org/10.1128/AEM.01263-12
https://doi.org/10.1128/AEM.01263-12
https://doi.org/10.1016/j.plaphy.2020.05.040
https://doi.org/10.12998/wjcc.v10.i28.10004
https://doi.org/10.12998/wjcc.v10.i28.10004
https://doi.org/10.1073/pnas.1915923117
https://doi.org/10.1073/pnas.1915923117
https://doi.org/10.1007/s10529-016-2238-5
https://doi.org/10.1016/bs.apha.2019.08.002
https://doi.org/10.1016/bs.apha.2019.08.002
https://doi.org/10.1016/j.biotechadv
https://doi.org/10.1016/j.biotechadv

	﻿Exogenous ethephon treatment on the biosynthesis and accumulation of astragaloside IV in ﻿Astragalus membranaceus﻿ Bge. Var. ﻿Mongholicus﻿ (Bge.) Hsiao
	﻿Abstract
	﻿Background
	﻿Materials and methods
	﻿Plant materials and growth conditions
	﻿Determination of astragaloside IV
	﻿RNA extraction and quantitative real-time PCR determination
	﻿Data analysis

	﻿Results
	﻿﻿﻿The accumulation of astragaloside IV is affected by exogenous ethephon treatment in ﻿A. membranaceus﻿
	﻿Expression levels of key genes involved in the biosynthesis of astragaloside IV as regulated by ethylene
	﻿Correlations of astragaloside IV contents in ﻿A. membranaceus﻿ with the relevant ten key genes expression levels

	﻿Discussion
	﻿References


